
The first report of a regulatory microRNA (miRNA) was 
made in 1993 with the discovery that a Caenorhabditis 
elegans gene, lin‑4, which controls diverse postembry-
onic cell lineages, does not encode a protein but rather a 
small RNA that represses the expression of a target gene 
(lin‑14) with which it shares extensive sequence comple-
mentarity1. Since then, more than 2,500  mi RNAs have 
been annotated in humans (miRBase v. 21, September 
2016), and considerable detail is now known about 
their biogenesis2, mechanisms of action3 and func-
tions.  mi RNAs are short (19–25 nucleotides in length) 
non-coding RNAs that serve as the target-recognition 
element of an RNA–protein complex known as the 
RNA-induced silencing complex (RISC), which contains an 
Argonaute (AGO) family protein that binds the miRNA, 
along with a range of accessory components4. The 5′ end 
of the miRNA (the seed region) forms the major target 
recognition element5,6, and is of such importance that 
mi RNAs are grouped into families on the basis of shared 
seed sequences (FIG. 1a). Structural studies show that the 
5′ end of the miRNA is stacked in the AGO protein such 
that the Watson–Crick edges of bases 2–8 are ideally 
positioned for interaction with target mRNAs7–9. When 
bound to a target mRNA, the RISC complex reduces 
the rate of translation of the mRNA and accelerates the 
shortening of the poly(A) tail, resulting in faster mRNA 
degradation3.

mi RNAs have important roles regulating gene- 
expression programmes that underlie normal and 
pathologic cellular processes, including cancer. Some 

mi RNAs act as tumour suppressors, whereas others, 
when aberrantly overexpressed, can promote tumour 
initiation, growth and/or progression to metastasis10,11. 
Presumably because of their small size, mi RNAs with 
point mutations are rarely observed; by contrast, how-
ever, their dysregulation is common in many cancers. 
mi RNAs can also be globally depleted in tumours rela-
tive to normal tissue12, and cancer growth is accelerated 
in models in which miRNA biogenesis is disrupted13. 
In such contexts, decreased miRNA levels would cause 
widespread de-repression of targets and an unbuffering 
of gene expression, which would be expected to result in 
increased genetic ‘noise’ and an associated increase 
in the clonal heterogeneity of cancer cells14,15. This in 
turn may increase cancer adaptability and survival 
in a manner analogous to genetic noise increasing the 
survival of yeast and bacteria in response to chan ging 
environmental conditions16,17. Multiple reports now 
also suggest that miRNA expression signatures derived 
from either tumour tissue or liquid biopsies  enable more 
accurate diagnosis and prognosis to be made in patients 
with cancer18–20 and that mi RNAs could even represent 
therapeutic targets in their own right21.

Our abilities to understand miRNA functions in 
a network context and to map the consequences that 
their dysregulation can have in cancer have been greatly 
expanded by recent advances. These include methods 
of genome-wide identification of miRNA–target inter-
actions, the application of RNA sequencing to detect 
consequences of miRNA overexpression or inhibition, 
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MicroRNA
(miRNA). Short (~19–25 
nucleotides in length) 
non-coding RNA that forms the 
target recognition component 
of the RNA-induced silencing 
complex.

RNA-induced silencing 
complex
(RISC). Ribonucleoprotein 
complex containing an 
Argonaute-bound microRNA 
that enables target recognition 
and accessory proteins that 
collectively mediate target 
destabilization and 
translational inhibition.
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Abstract | MicroRNAs (mi RNAs) participate in most aspects of cellular differentiation and 
homeostasis, and consequently have roles in many pathologies, including cancer. These small 
non-coding RNAs exert their effects in the context of complex regulatory networks, often made 
all the more extensive by the inclusion of transcription factors as their direct targets. In recent 
years, the increased availability of gene expression data and the development of methodologies 
that profile miRNA targets en masse have fuelled our understanding of miRNA functions, and of 
the sources and consequences of miRNA dysregulation. Advances in experimental and 
computational approaches are revealing not just cancer pathways controlled by single mi RNAs 
but also intermeshed regulatory networks controlled by multiple mi RNAs, which often engage in 
reciprocal feedback interactions with the targets that they regulate.
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Figure 1 | An example of microRNAs from a single gene that jointly 
regulate multiple targets in a network. a | In epithelial cells, miR-200a and 
miR-200b strongly repress expression of the transcription factor zinc-finger 
E-box-binding homeobox 1 (ZEB1) through multiple sites in the ZEB1 
3′ untranslated region (3′ UTR). They also repress numerous targets involved 
in cytoskeletal dynamics, cell migration and stemness. If ZEB1 expression is 
induced (for example, by transforming growth factor-β), ZEB1 represses the 
miR-200 gene and numerous other epithelial genes, thereby promoting 
epithelial–mesenchymal transition. A handful of key post- transcriptional 

targets are indicated in part a, more are indicated in part b. b | Experimentally 
verified targets (starBase217) of the polycistronically encoded miR-200a and 
miR-200b are mapped onto the regulation of the actin cytoskeleton pathway, 
adapted from Kyoto Encyclopedia of Genes and Genomes (KEGG) map 
#hsa04810. This illustrates the capacity for co-expressed microRNAs to jointly 
target multiple genes in a pathway. Functionally, the miR-200 family is known 
to regulate cytoskeletal processes, including adherens junctions, focal 
adhesion turnover and invadopodia30. Blue arrows show functional outcomes. 
Part b is adapted, with permission, from REFS 218, 219, Kanehisa Laboratories.
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Argonaute
(AGO). The microRNA-binding 
protein in RNA-induced 
silencing complex. Four 
different AGO proteins,  
AGO1–AGO4, are present 
in mammals.

Seed region
The predominant 
target-recognition region  
of a microRNA, typically 
nucleotides 2–8 from the  
5′ end. In recognition of  
the importance of the seed, 
microRNAs are grouped  
into families of shared  
seed sequence.

Liquid biopsies
Analyses of gene expression 
from circulating tumour cells 
and cell-free tumour DNA 
released into the blood or 
lymphatic system. Used as a 
means to improve diagnosis 
and treatment strategy.

Focal adhesion
Dynamic membrane-
associated protein complexes 
through which the internal cell 
cytoskeleton connects with the 
surrounding extracellular 
matrix.

Invadopodia
Actin-rich extensions of the cell 
membrane that are associated 
with extracellular matrix 
degradation in cancer cell 
invasion.

Polycistronic cluster
Two or more genes or 
microRNAs that are encoded 
(and presumably co-expressed) 
from a single parental 
transcript.

3′ untranslated regions
(3′ UTRs). The part of the 
mRNA transcript 3′ to the 
protein coding region that 
constitutes the main functional 
microRNA-targeting region.

KEGG
(Kyoto Encyclopedia of Genes 
and Genomes). Database of 
biological pathways commonly 
used as a resource for 
understanding high-level 
functions of a biological system 
from gene-level information 
derived from high-throughput 
experimental techniques.

the availability of gene and miRNA expression data 
from both cell lines and patients, and the recognition 
of the role that competing endogenous RNAs may have 
on the availability of mi RNAs to function in a cell.

In this Review, we discuss the operation of individual 
and co-expressed mi RNAs acting at multiple levels in 
signalling networks, and we highlight the intricate and 
reciprocal relationship that exists between mi RNAs 
and transcription factors — the largest families of post- 
transcriptional and transcriptional gene regulators, 
respectively. We also discuss recent work describing how 
miRNA dysregulation underlies cancer progression and 
argue for the importance of using genome-wide experi-
mental and bioinformatic tools to examine miRNA 
function from a network-biology perspective.

Features of miRNA-regulated networks
Simultaneous regulation of multiple genes. Post-
transcriptional gene regulation by mi RNAs is medi-
ated through mechanisms of translational inhibition 
and mRNA destabilization. Conveniently for the study 
of miRNA function, most targets show evidence of 
depleted mRNA levels22,23, and mRNA destabilization 
is the dominant effect of mi RNAs by the time that sub-
stantial target repression occurs24. However, in the vast 
majority of cases, the magnitude of miRNA-directed 
mRNA depletion is mild22,25–29, which seems surpris-
ing given the extensive roles that mi RNAs have across 
different biological processes and pathologies. How is 
it then possible that such crucial regulators of cellular 
processes seem to have such modest effects on most of 
their targets? The answer lies largely with the capacity 
of individual mi RNAs to simultaneously regulate large 
cohorts of genes, coupled with the effects that arise 
from the direct suppression of transcriptional regulators 
(FIG. 1a). If targets are enriched for genes whose prod-
ucts participate in common signalling pathways, then 
the sum of typically modest interactions — sometimes 
coupled with a small subset of strongly regulated target 
genes — can facilitate a stronger response than might be 
achieved through the direct regulation of any one gene 
in isolation. One such example is the regulation of cell 
motility and invasion by miR-200b, which is achieved 
through the multi-level targeting of cytoskeletal genes 
that control the formation of such structures as focal 
adhesions and invadopodia30 (FIG. 1b). The simultaneous 
targeting of multiple genes may also facilitate more 
specific fine-tuning through the regulation of distinct 
sub-networks.

Polycistrons as cooperative functional units. About 
two-thirds of mi RNAs are encoded in polycistronic 
 clusters; that is, they are co-transcribed with their clus-
ter partners31. mi RNAs in polycistrons should there-
fore be regarded as cooperative functional units, and 
their actions should be considered collectively. Such 
co- regulated mi RNAs expressed from the same clus-
ter have a tendency to target the same gene32 or target 
different genes in the same pathways33; this reinforces 
the network- regulating roles of these mi RNAs, as exem-
plified by the co-targeting of the actin cytoskeleton 

pathway by members of the miR-200 family (FIG. 1). 
This aspect is considered further below in the section 
‘Co-regulation of common biological processes by 
 multiple mi RNAs’.

Dominant regulatory roles of network hubs. The tar-
geting of many genes by each miRNA, the targeting of 
individual genes by multiple mi RNAs and the down-
stream effects that result from the miRNA-mediated 
regulation of transcription factors lead to highly com-
plex networks of mi RNAs and their target genes34 (FIG. 1). 
The nodes of these networks (which can be individual 
mi RNAs or mRNAs, including transcription factors), are 
typically connected to many other nodes in the complex 
regulatory webs. It is useful to identify nodes with atypi-
cally high numbers of connections (‘hubs’) because these 
represent sites of signalling convergence with potentially 
large explanatory power for network behaviour or utility 
for clinical prognosis and therapy35.

Hub mRNAs tend to possess longer than average 
3′ untranslated regions (3′ UTRs) with a higher than 
average density of target sites, which indicate their evo-
lutionary selection as prominent points of regulation36. 
Conversely, ‘housekeeping’ and highly expressed tissue- 
specific genes typically have low densities of target sites 
for co-expressed mi RNAs and are therefore less subject 
to direct miRNA-mediated suppression37. Individual 
mi RNAs that constitute highly connected hubs are 
predicted to have dominant roles in the gene regula-
tory web. In a recent study, researchers determined the 
enrichment of miRNA target sites in groups of genes of 
similar function and applied network representation to 
examine connectivity patterns33. They found that a rela-
tively small number of miRNA nodes could account for 
the majority of network connections, an observation that 
was not explicable simply by differences in the sizes of 
the predicted target gene sets between mi RNAs33. Similar 
findings were gained from the investigation of mi RNAs 
that are thought to be responsible for gene expression 
changes that occur during cancer progression. For 
example, in serous ovarian cancer, 89% of genes that 
identified a mesenchymal cancer subtype associated 
with poor patient survival were regulated by only eight 
mi RNAs (representing seven distinct seed families)20. 
Similarly, 21 hub mi RNAs were predicted to target 70% 
of the genes that are differentially expressed between 
grade II and grade III–IV gliomas38. Collectively, these 
studies indicate that (relatively) small numbers of indi-
vidual mi RNAs can play important parts in establishing 
and maintaining gene expression patterns.

Challenges in understanding miRNA function
Central to understanding miRNA function is the 
identi fication of miRNA targets; if the targets of a given 
miRNA are enriched in a biological process or pathway, 
then it is reasonable to infer that the regulating miRNA 
is involved in that process. A number of strategies have 
been used over the past decade to identify miRNA 
targets through sequence-based prediction, physical 
associ ation and/or correlative gene expression (BOX 1). 
Lists of target genes can then be examined collectively 
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in the contexts of KEGG pathways39–41 (FIG. 1b), protein–
protein interaction networks42–45 and enrichment anal-
ysis for common gene ontology terms46,47. Collectively, 
these approaches aim to reveal the biological function 
of mi RNAs, predicated on the assumption that this will 
be revealed through the high representation of miRNA 
targets in common pathways, protein complexes or pre-
viously annotated roles. Several computational tools for 

target enrichment analysis facilitate the identification 
of hierarchical functions of mi RNAs in gene regulatory 
networks (TABLE 1). 

The participation of mi RNAs in extensively con-
nected genetic networks provides a challenge to under-
standing their function, because if the level of evidence 
required to establish miRNA–target relationships is set 
too low, genuine interactions become obscured by noise. 

Box 1 | Predictive and experimental methods of target identification

Target-identification 
strategies are described 
briefly here and in further 
detail elsewhere199–201.

In silico target prediction
In silico prediction 
programs39,202–208 differentially 
weigh various features of 
microRNA (miRNA)–mRNA 
target interaction to rank the 
predicted strength of target 
suppression. Key 
determinants include the 
length and complementarity associated with the primary site of miRNA–target interaction (the seed site; see the figure 
part a), and other factors such as the presence or absence of additional 3′ pairing (see the figure, part b); AU richness of the 
surrounding sequence (see the figure, part c); site conservation between species (see the figure, part d); and the location of 
the interaction site (3′ untranslated region (3′ UTR) sites, especially towards the beginning and end of the 3′ UTR, are 
generally more highly functional than sites in the coding sequence; see the figure, part e). Accurate target prediction is 
important in that it helps the interpretation of genomic data, guides further research and enables the modelling of systems 
that are difficult to study experimentally. Correctly weighing noise versus sensitivity and the contribution of abundant 
‘non-canonical’, short or otherwise imperfect target sites remains a challenge.

Quantification of gene expression after miRNA manipulation
Reduced levels of target mRNAs, or depletion of target protein levels, are observable after ectopic miRNA expression and 
can be measured en masse using microarrays, RNA sequencing or global proteomic techniques. Techniques are also 
available to screen candidate 3′ UTR-luciferase reporter genes (and corresponding controls possessing mutated target 
sites) for targeting by co-transfected mi RNAs209, or to engage the high-throughput screening of mi RNAs for the 
suppression of a directed panel of protein targets26,210. Similarly, ribosome profiling211 or ribosome footprinting23 can be 
used to measure the differential translation of genes after miRNA manipulation. These techniques are advantageous in 
their genome-wide scale and the fact that they attempt to approximate the degree of regulation, although, with the 
exception of luciferase reporter assays, they identify both direct and indirect targets and fail to precisely identify the target 
site sequence.

Argonaute and miRNA immunoprecipitation or pulldown methodologies
Several biochemical approaches have been developed to capture and sequence miRNA–target complexes from cells on a 
global scale. mi RNAs, and mRNAs in the process of being regulated, can be co-precipitated with Argonaute (AGO)211. The 
efficiency of this procedure was further enhanced by the use of ultraviolet (UV) light to crosslink RNA–protein complexes 
and by the incorporation of an RNase step to more precisely identify the miRNA binding site (HITS–CLIP)212. Incorporation 
of photoreactive 4-thiouridine into RNA followed by UVA crosslinking (photoactivatable ribonucleoside-enhanced 
crosslinked immunoprecipitation (PAR-CLIP)) enhanced the capture of target mRNAs61. The further incorporation of a 
ligase step in the crosslinking, immunoprecipitation and sequencing of hybrids (CLASH) procedure enables the sequencing 
of miRNA–target mRNA pairs in a single continuous sequencing read, eliminating uncertainty over the identity of the 
miRNA that is responsible for any given site of AGO binding. The efficiency of this protocol at present, however, is low60. 
Analternative strategy is available whereby miRNA–mRNA complexes are identified through streptavidin pulldown of 
exogenous biotinylated mi RNAs213. Collectively, these strategies offer a major advantage in their exclusion of inaccessible 
sites, and their ability to experimentally identify non-canonical sites, although challenges remain in identifying the 
interactions of functional significance from among the many interactants detected.

Genetic screening
Target prediction, expression analysis and the identification of physical interactions all serve as indicators of function, 
yet none directly addresses functional significance. Genetic screening aims to do this, combining the above measures to 
identify candidate genes of interest, then screening for the suppression of miRNA mutant phenotypes in vivo after the 
individual knockdown of candidate genes214. Although the functional significance of such assays is a clear advantage, 
genetic screening is not discriminatory for direct or indirect targets, is difficult to perform in mammals and is not well 
attuned to identifying the coordinated activities of multiple genes.
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Epithelial–mesenchymal 
transition
(EMT). A process regulated by 
a complex gene-expression 
programme through which 
epithelial cells, which normally 
maintain close contacts with 
their neighbours through tight 
junctions, adherens junctions 
and desmosomes, transition 
towards a mesenchymal 
phenotype, whereby cells 
dissociate from their 
neighbours and become 
motile. Carcinomas, the most 
common form of solid tumours, 
arise from epithelial cells, with 
EMT being an important 
(although controversial) step in 
the progression to metastasis.

Conversely, establishing overly stringent thresholds may 
cause the loss of too much information to allow the 
modelling of sufficiently detailed networks. Several fac-
tors add challenges to understanding miRNA function, 
which we discuss below.

Accuracy of target prediction. Each miRNA has hun-
dreds (or thousands) of potential targets, but the 
accurate identification of functionally relevant target 
genes remains challenging and has been beset by high 
false-positive and false-negative rates48. Accurate predic-
tion is hampered by the inability to effectively model sec-
ondary structures in RNA that preclude miRNA– target 
interaction, the influence of RNA binding proteins on 
target-site accessibility and the effect of competition 
between potential binding sites49. It is made even more 
difficult by the occasional and unpredictable toler-
ance of mismatches in the seed region, as well as the 
potential for non-seed interaction through central and 
3′ pairing50–53 (BOX 2).

However, our ability to predict the contribution of 
different sequence features to the effectiveness of target-
ing continues to improve54 and has been complemented 
by the advent of experimental transcriptome- wide 
techniques to identify miRNA–mRNA inter actions 
for specific mi RNAs en  masse through the co- 
immunoprecipitation of AGO–miRNA–mRNA com-
plexes or the pulldown of biotinylated mi RNAs30,55–58 
(BOX 1). Nevertheless, regulatory relationships remain 
difficult to disentangle owing to the large numbers of 
binding interactions that can be detected and the failure 
of many sites of physical interaction to bestow signifi-
cant target repression at endogenous levels of miRNA 
expression. This is particularly the case for binding inter-
faces that are short (~6 nucleotides in length) or contain 
 mismatched nucleotides30,50,54,59–61.

Indirect effects. mi RNAs act on their direct targets at 
the levels of both transcript stability and translational 
suppression, but can also initiate indirect effects on 
gene expression through the downstream activities 
of miRNA- targeted transcription factors. Such is the 
importance of miRNA–transcription factor interactions 
that most changes in mRNA level after miRNA manipu-
lation may actually be due to altered transcription and 
not the direct transcript-destabilizing effects of the 
mi RNAs themselves29. A standout example of this can 
be seen in the profound effect the miR-200 family has 
on controlling epithelial–mesenchymal transition (EMT) 
through its repression of the master EMT regulators 
ZEB1 (zinc-finger E-box-binding homeobox 1)62 and 
SNAI163. The presence of multiple target sites in the 
ZEB1 3′ UTR bestows unusually strong suppression that 
is mediated by miR-200, although there are also other, 
equally prominent examples, such as repression of the 
HMGA2 oncogene by the tumour-suppressor miRNA 
let-7 (REFS 64,65).

Context-dependent effects. The same miRNA can have 
different, or even opposite, functional outcomes in dif-
ferent contexts. For example, miR-182-5p is reported to 
behave as an oncogene in breast56, ovarian66 and bladder 
cancer67, but as a tumour suppressor in lung cancer68. 
Similarly, in hepatocellular and colorectal carcinoma, 
miR-17-5p is oncogenic69,70, whereas it behaves as a 
tumour suppressor in cervical cancer71. miR-200 can 
also either promote72 or inhibit73,74 metastasis, depending 
on the cell model used. These discrepancies are likely to 
reflect the differential expression of target genes between 
tissues and serve both as a reminder of the complexities 
associated with mi RNAs and as a cautionary note for 
the rigid assignment of any given miRNA to one specific 
role or function.

Table 1 | Web-tools for miRNA target enrichment analysis

Name Web site Refs

miTEA (miRNA Target Enrichment Analysis) http://cbl-gorilla.cs.technion.ac.il/miTEA 220

DIANA mirPath http://snf-515788.vm.okeanos.grnet.gr/ 221

miRTrail http://mirtrail.bioinf.uni-sb.de 222

CoMeTa http://cometa.tigem.it/index.php 105

mirTarVis http://hcil.snu.ac.kr/~rati/miRTarVis/index 223

miRNet http://www.mirnet.ca 224

Mirin http://mirin.ym.edu.tw 225

MAGIA (miRNA and Genes Integrated Analysis) http://gencomp.bio.unipd.it/magia 226

miEAA (miRNA Enrichment Analysis and Annotation) http://www.ccb.uni-saarland.de/mieaa_tool 227

TAM (Tool for Annotations of mi RNAs) http://cmbi.bjmu.edu.cn/tam 228

miRSystem http://mirsystem.cgm.ntu.edu.tw 229

CORNA http://corna.sf.net 230

MMIA (miRNA and mRNA Integrated Analysis) http://epigenomics.snu.ac.kr/MMIA/mmia_main.html 231

FAME (Functional Assignment of mi RNAs by 
Enrichment)

http://acgt.cs.tau.ac.il/fame 232

miSEA (miRNA Set Enrichment Analysis) http://www.baskent.edu.tr/~hogul/misea 233

miRNA, microRNA.
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The influence of competitive endogenous RNAs. The 
effectiveness of a miRNA relies on there being suffi-
cient copies of the miRNA within the cell to bind all its 
targets. Consequently, miRNA function can potentially 
be affected by the number and affinity of targets in the 
transcriptome75,76 and the ‘sponging’ activities of spe-
cific pseudogenes77, long non-coding RNAs78–80, circu-
lar RNAs81,82 and transcripts of protein-coding genes65 
that have high miRNA-binding capacity. However, the 
extent to which competing endogenous RNAs (ceRNAs) 
modulate the effects of individual mi RNAs is currently 
controversial (see REFS 83–85 for recent discussions). 
Susceptibility to competition by ceRNAs may mostly 
be limited to mi RNAs that are at relatively low abun-
dance86, but might become influential even for abundant 
 mi RNAs in some scenarios, such as gene amplification of 
a target. For example, amplification of the MYCN gene 
in neuroblastomas can attenuate the tumour- suppressor 
function of the let-7 family of mi RNAs87. Predicting the 
effects of the transcriptomic milieu on the activity of 
individual mi RNAs remains a challenge.

A cautionary note on ontological enrichment. Despite 
the widespread use and utility of ontological enrichment 
and pathway mapping as means to identify miRNA 
function on a global scale, there is a cautionary note with 
regard to biases that may be introduced in such ana lyses. 
These biases include spurious or incomplete assign-
ment of gene function or the over-representation in 

pathways of better-studied genes88. Furthermore, biases 
in the lists of genes generally predicted to be targeted 
by mi RNAs mean that the assumption of uniform sam-
pling that is required to calculate statistical enrichment 
may not be reasonable, and it is not helpful to report 
enriched gene ontology terms for mi RNAs of interest 
if an equally strong enrichment is likely to be obtained 
for randomly picked mi RNAs89. To correct for this, an 
alternative sampling strategy has been proposed that 
measures enrichment against lists of predicted targets 
for other mi RNAs89.

Cooperative regulation by mi RNAs
Multi-level targeting of cancer pathways by indi-
vidual mi RNAs. There are now many examples of 
 cancer pathways that are regulated at multiple points 
by mi RNAs (FIG. 2). The first experimental demon-
stration of such targeting involved the promotion of 
G0/G1 cell cycle arrest by miR-16 (REF. 90). The inhib-
ition of no single gene alone (to a level of inhibition 
that is equivalent to that mediated by miR-16) fully 
re-capitulated the cell cycle arrest induced by miR-16 
itself. Subsequently, network regulatory functions 
for other mi RNAs have been found; the insulin-like 
growth factor (IGF), nuclear factor-κB (NF-κB), AKT 
kinase and receptor tyrosine kinase signalling pathways 
are regulated at multiple levels by miR-486 (REF. 91), 
miR-892b92, miR-542-3p93 and miR-133a94, respectively. 
miR-23b regulates cytoskeletal dynamics95 and miR-634 

Box 2 | Sequence determinants of microRNA target selection

The strength of target repression strongly correlates with the length and degree of complementarity between the 
microRNA (miRNA) seed region (nucleotides 2–8) and the target22,30,50,118 (BOX 1). Although the number of potential targets 
decreases with progressively longer classes of target site, the likelihood that such sites will bestow strong repression of the 
target increases (see the figure), as shown, for example, by the higher proportion of 8-mer seed match targets that are 
downregulated by more than twofold at the mRNA level after transient expression of miR-200a. This indicates that not only 
are longer seed matches more effective but also most targets are not strongly regulated, at least at the mRNA level. Many 
target-prediction algorithms are largely, or solely, seed-sequence dependent. Despite this, various types of sequence 
mismatching may be tolerated, including G:U pairing ‘wobbles’ (REFS 50,208,215,216), single-nucleotide mismatches and 
the insertion or deletion of single nucleotides in the seed, creating seed ‘nucleation bulges’ (REF. 53). Furthermore, 
interaction sites may be seed-independent, as with ‘central-pairing’ interactions involving nucleotides 4–15 of the 
miRNA52, or may utilize additional base pairing in the 3′ regions of the miRNA (especially nucleotides 12–17) (BOX 1). These 
are termed supplementary or complementary sites depending on whether they function in addition to the seed or serve to 
strengthen imperfect seed matches50,51. Global target identification studies report that these ‘non-canonical’, imperfectly 
paired sites are the most abundant, although generally target suppression is weaker than for canonical seed sites, with the 
continuous pairing of 7–8 nucleotides22,30,50,118. This increases the difficulty of interpreting data when considering whether 
to include such sites in putative miRNA-regulated networks. To further complicate matters, the same targeting ‘rules’ may 
not be universally applicable to all mi RNAs: for example, physical-interaction data obtained using crosslinking, immuno-
precipitation and sequencing of hybrids (CLASH) suggest predominant central-paired and 3′ interaction sites for miR-222 
and miR-92a, respectively60.

R E V I E W S

6 | ADVANCE ONLINE PUBLICATION www.nature.com/nrg

©
 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved. ©

 
2016

 
Macmillan

 
Publishers

 
Limited,

 
part

 
of

 
Springer

 
Nature.

 
All

 
rights

 
reserved.



Nature Reviews | Genetics

GSK3β

KLF4

CTNNB1

MMP2

AKT1

Invasion

ILK

a

PIK3R1

eIF-4FBP

miR-542-3p

TAZ

MST1

Growth, EMT, metastasis

miR-135b

MOB1

βTCRP

NDR2

MER1

AKT

mTOR

PIK3R1

SGK2

b

RAF

MEK/ERK

RAS

Proliferation, motility, survival 

SPRY1

GRB2, SOS

miR-21 miR-206ERBB4

miR-193a-5p

miR-193a-3p

LATS2

RASA1 SPRED1

Drosha
The nuclear RNase-type III 
enzyme in the microprocessor 
complex (along with DGCR8) 
that cleaves the precursor 
microRNA stem–loop from 
the microRNA primary 
transcript (pri-miRNA).

Dicer
A second RNase-type III 
enzyme that operates in the 
biogenesis pathway 
downstream of Drosha to 
cleave precursor microRNAs  
in the cytoplasm to generate 
mature microRNAs that are 
loaded onto Argonaute.

enhances chemotherapy-induced cytotoxicity through 
mitochondrial and apoptotic pathways96. In most of 
the aforementioned examples, the miRNA exerts a 
tumour-suppressive effect. Conversely, miR-135b was 
found to promote lung cancer metastasis through 
 multi-level modulation of Hippo signalling97.

The studies mentioned above all derived miRNA tar-
gets from in silico prediction, often coupled with expres-
sion analysis. As outlined above, target prediction is beset 
by questions of accuracy, and the incorporation of gene 
expression data, albeit useful, is complicated by indirect 
effects and the fact that miRNA targets may not necessar-
ily be strongly regulated at the RNA level. In an effort to 
overcome such limitations, biochemical techniques have 
been developed to experimentally identify targets in a 
comprehensive and unbiased manner through the direct 
immunoprecipitation of mi RNAs or RISC components 
(BOX 1). One such technique, the pulldown of biotiny-
lated miRNA, was applied to find direct targets of the 
tumour suppressor miR-34a, revealing an enrichment of 
factors associated with the cell cycle and growth-factor 
signalling55. The capture of biotinylated mi RNAs simi-
larly revealed roles for miR-182-5p in the DNA damage 
response56 and for miR-139-5p as a regulator of metastatic 
signalling57. Cancer regulatory roles were also found for 
miR-522 on the basis of its targets identified through 

biotinylated-miRNA pulldown58, which were enriched 
for genes associated with the cell cycle, proliferation, 
apoptosis and the EMT-associated processes of morphol-
ogy, motility and cytoskeletal organization. Importantly, 
knockdown of individual targets only partially recapitu-
lated aspects of miR-522 expression, strongly suggesting 
that the phenotypic actions of miR-522 come about as a 
result of the direct regulation of multiple genes.

Our group drew a similar conclusion when investi-
gating targets of the prominent EMT regulators 
miR-200a and miR-200b, both of which contribute to 
coordinated effects on RHO–RHO-associated protein 
kinase (ROCK) signalling, invadopodia formation and 
focal adhesions through the regulation of multiple tar-
gets30 (FIG. 1b). Moreover, miR-200c, which has the same 
seed sequence as miR-200b (FIG. 1a), was found by pull-
down of a biotinylated form of the miRNA to interact 
with an enrichment of components of the transforming 
growth factor-β (TGFβ) and epidermal growth factor 
(EGF)–mitogen-activated protein kinase (MAPK) sig-
nalling pathways and multiple components of the ZEB1 
and SNAI1-containing co-repressor complexes that 
orchestrate a pro-mesenchymal transcriptional pro-
gramme63. Thus, for the miR-200 family, the influence 
on cells is particularly multi-level, affecting high level 
‘master controller’ transcription factors62,98,99 and their 
repressor-complex partners63, as well as having extensive 
effects on the networks that regulate actin cytoskeleton 
dynamics30 and growth factor signalling63.

Multi-level targeting of pathways by naturally  occurring 
miRNA variants. Typically, mi RNAs are annotated as a 
single defined sequence, although many recent RNA 
sequencing studies show that mi RNAs are actually 
expressed as a range of naturally occurring variants, 
known as ‘isomiRs’ (REF. 100). These may arise through 
variable cleavage activity by Drosha and Dicer in the con-
ventional biogenesis pathway, through the ‘nibbling’ 
activities of exonucleases, from the post-transcriptional 
addition of nucleotides (primarily A and U) to the 3′ ter-
mini or from the activity of RNA-editing enzymes (which 
occurs less frequently). Regardless of the mechanism, 
sequence variation can lead to differential targeting activ-
ities, particularly if this variation is located at the 5′ end of 
the miRNA, thereby shifting the location and sequence 
of the seed site.

IsomiRs are generally expressed in similar patterns 
to their canonical counterparts and drive similar pro-
cesses101. Seed-shifted isomiRs, however, can target 
different genes, as shown by the miR-142-3p isomiRs, 
which coordinately regulate the actin cytoskeleton 
through combinations of shared and different genes 
in the cytoskeletal network102. Intriguingly, different 
isomiRs can also have opposing roles, as demonstrated 
by the differential (and probably indirect) effects of seed-
shifted miR-183-5p isomiRs on the expression of such 
genes as EGFR and NRAS103. IsomiRs of miR-183-5p 
(and miR-375) were also identified as high-ranking 
hubs in the type 2 diabetes network through the predic-
tion of miRNA targets coupled with the modelling of  
high-confidence protein–protein interactions104.

Figure 2 | Individual and co-expressed microRNAs target multiple genes in common 
pathways to mediate effects. a, b | Individual (part a) and multiple (part b) microRNAs 
(mi RNAs) affect biological processes through multi-level regulation of common 
pathways. This leads to a stronger degree of regulation than would be possible 
through the targeting of any single gene or through the actions of any individual miRNA. 
EMT, epithelial–mesenchymal transition. 
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Mammosphere
Spherical structures that are 
formed from the clonal growth 
of mammary-derived cells that 
have stem cell-like properties.

Xenograft
Cell, tissue or organ transplant 
from the donor of one species 
into a recipient of another 
species.

OncomiR
A microRNA that has been 
functionally associated with 
the promotion of cancer.

Axial patterning
Control of body morphology 
through the actions of 
homeotic genes.

Network motif
Recurrent and statistically 
significant patterns of genetic 
interconnections in complex 
biological networks.

Co-regulation of common biological processes by 
 multiple mi RNAs. Different mi RNAs can operate in 
miRNA ‘communities’, whereby cooperative effects 
are exerted by the convergent targeting of a common 
gene or pathway105. This is best established for mi RNAs 
co-expressed in polycistrons31. These may represent 
either mi RNAs from the same family that target the 
same or similar subsets of genes owing to their related 
seed sequences or mi RNAs with different targeting spe-
cificities that nevertheless target the same pathway or 
process. Bioinformatic studies suggest that clustered 
mi RNAs co-regulate genes in shared protein–protein 
interaction networks and that the closer the proximity 
of proteins in the network, the more likely they are to be 
targeted by mi RNAs from the same cluster44. There are 
a number of experimentally validated examples whereby 
the coordinate actions of polycistronically encoded 
 mi RNAs regulate some aspect of cancer. For example, 
the miR-192–miR-194–miR-215 clusters (which are 
spread across two loci) coordinately supress tumour 
progression in renal cell carcinoma106,107, and each mem-
ber of the let7c–miR-99b–miR-125b cluster directly 
targets interleukin-6 receptor (IL-6R) and other com-
ponents of the IL-6–signal transducer and activator of 
transcription 3 (STAT3) signalling pathway to decrease 
 mammosphere growth, invasion and the metastatic 
spread of tumours in xenograft mouse models108. EMT is 
suppressed by the two polycistronic genes that encode 
the five members of the miR-200 family62,98,99,109,110 
(FIG. 1a), and by a seven-miRNA cluster that collectively 
targets various pro-mesenchymal transcription factors, 
including ZEB1, TWIST and BMI1 (REF. 111). Conversely, 
EMT and metastasis are promoted by the coordinated 
actions of miR-96, miR-182 and miR-183 (REF. 112).

A special form of ‘polycistronic’ production of 
 mi RNAs arises when both RNA strands produced by 
Dicer-mediated cleavage of the pre-miR are incorporated 
into RISC complexes and hence are functional. For many 
mi RNAs, just one strand is selectively incorporated and 
the other is degraded, but in some cases either strand can 
be incorporated, in which case the miRNA name includes 
‘-5p’ or ‘-3p’ to designate the strand, based on its location 
in the pre-miR. These products can have co-regulatory 
roles, as reported for miR-193a, for which both 5p- 
and 3p-derived mi RNAs downregulate the oestrogen- 
related receptor-β (ERRB)–AKT pathway to suppress 
EMT and its accompanying effects on cell invasion and 
metastasis113.

Perhaps the best-studied miRNA cluster is the 
miR-17~92 polycistron, which contains six mi RNAs 
that represent four seed classes. Such is the degree of 
overexpression of this cluster in haematopoietic malig-
nancies114,115 and solid tumours116,117 that it is also known 
as an oncomiR, specifically ‘oncomiR-1’. Several studies 
demonstrate cooperative targeting. In one study, quanti-
tative mass spectrometry was applied to measure protein 
response in a tetracycline-inducible model of miR-17~92 
expression. Here, with the curious exception of miR-18, 
genes possessing sites for each of the other miR-17~92 
family members were enriched in the pool of downregu-
lated genes. Furthermore, ontology analysis revealed an 

over-representation of genes associated with TGFβ, RAS 
and oestrogen signalling pathways among the targets118. 
In another study, targeted deletions of single or multiple 
mi RNAs from this cluster in mouse models indicated 
functionally cooperative roles28. For example, axial 
patterning was predominantly disrupted by the loss of 
miR-17, but further exacerbated by the additional loss 
of miR-18, whereas the loss of miR-19a and miR-19b 
impaired MYC-driven tumorigenesis. Cooperativity was 
further seen at the gene-expression level: the total num-
ber of genes disrupted by deleting the entire miR-17~92 
cluster was far higher than the total number of genes 
disrupted by individual deletion of the corresponding 
individual mi RNAs28. 

Similar cooperativity is also reported for non- 
polycistronic mi RNAs, including a small subset of mi R-
NAs that mediate the cell cycle re-entry of terminally 
differentiated myotubes in response to the E1A onco-
gene119. Here, cooperativity was shown by the absence 
of a phenotypic impact when low levels of individual 
mi RNAs were transfected; additionally, co-transfection 
of multiple mi RNAs (at equally low levels) facilitated 
a decrease in proliferation and increased differenti-
ation. In other studies, the use of antisense inhibitors 
to miR-21, miR-23a and miR-27a together showed syn-
ergistic effects on reducing the proliferation of cells in 
culture and the growth of xenograft tumours in mice to 
a greater extent than the inhibition of single mi RNAs 
alone120. Similarly, the transcription factor Krüppel-like 
factor 4 (KLF4) activates the expression of miR-21 and 
miR-206, both of which target RAS GTPase-activating 
protein 1 (RASA1) and sprouty-related EVH1 domain- 
containing protein 1 (SPRED1) to de-repress RAS–
extracellular signal-related kinase (ERK) signalling121 
(FIG. 2). Cooperative effects of at least pairs of mi RNAs 
on their mutual targets may represent a frequent mech-
anism for fine-tuning target-gene expression: a compu-
tational modelling approach has identified thousands of 
putative targets of such cooperative gene regulation122.

miRNA–transcription factor co-regulation
Increasing evidence suggests that a complex interplay 
exists between the two largest classes of transcriptional 
and post-transcriptional regulators — transcription fac-
tors and mi RNAs — to buffer gene expression and/or 
potentiate signalling. From the early days of miRNA- 
network biology, it was observed that predicted miRNA 
targets were enriched for transcriptional regulators123,124 
and that many miRNA target hubs in genetic networks 
are themselves transcription factors36. Furthermore, 
reciprocal feedback loops in which a miRNA and tran-
scription factor co-regulate the expression of one another 
constitute a recurring network motif that occurs more 
often than predicted by chance125. Other network motifs 
between mi RNAs and transcription factors are also 
common, including coherent and incoherent feedfor-
ward loops, whereby mi RNAs and transcription factors 
regulate common targets126,127 (FIG. 3). In coherent feed-
forward loops, targets are regulated in the same direc-
tion (coordinated repression) such that the activities of 
both the miRNA and transcription factor reinforce each 
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other. In incoherent feedforward loops, the miRNA and 
transcription factor carry out opposing functions, which 
enables precise modulation of gene expression to reduce 
noise and confer stability15,128,129 (FIG. 3). Genes encoding 
transcription factors that are highly connected in the 
overall gene network tend to regulate mi RNAs more 
extensively than they regulate other genes, and are them-
selves more likely than other genes to be regulated by 
these same mi RNAs130,131. mi RNAs are also more likely 
to regulate a pair of transcription factors if the transcrip-
tion factors physically interact, further underscoring the 
function of mi RNAs in downmodulating entire func-
tional units131. Accordingly, numerous reports identify 
linked miRNA–transcription factor pairs in establishing 
and maintaining cell phenotype109,132–139.

To elucidate the mechanisms that control cell 
responses, high-throughput transcriptomic data can be 
combined with known or predicted interactions between 
mi RNAs, transcription factors and target genes, thereby 
uncovering regulatory networks in a way that would 
not be possible through the consideration of individual 
targets in isolation. In one example of this approach, 
chromatin immunoprecipitation followed by sequen-
cing (ChIP–seq) experiments examining the binding 
sites of 119 different transcription factors were coupled 
with gene-expression and miRNA-target-site prediction 
to reveal thousands of putative miRNA–transcription 
factor– target interactions131. In a separate approach, 
experi mental and predicted regulatory relationships 

drawing on 25 separate databases were combined to 
identify network motifs between mi RNAs, transcription 
factors and target genes in both human and mouse140. 
In both studies, specific subtypes of feedforward motifs 
were enriched, which may prove useful in future for 
identifying the types of regulatory relationships of 
 highest importance in biological systems.

A striking recent report describes the extent to which 
the influence of mi RNAs is mediated not just directly 
through their primary targets but also indirectly through 
the action of the transcription factors they regulate29. 
When comparing the profiles of wild-type and Dicer-
knockout fibroblasts (which are consequently depleted 
of most mi RNAs), it was found that, as expected, the 
direct targets that were identified by HITS–CLIP were 
regulated post-transcriptionally. However, most of the 
overall gene expression changes after miRNA pertur-
bation occurred at the level of transcription, with these 
changes being greater in both number and magnitude 
than post-transcriptional changes29. Solely characteriz-
ing direct targets therefore fails to capture the impact 
that mi RNAs have on regulatory networks. Only effects 
mediated by miRNA-regulated transcription factors 
were considered in this study, though there remains an 
intriguing possibility that mi RNAs themselves may also 
directly regulate some of these transcriptional effects in 
the nucleus, modulating transcription through direct 
binding to promoters141,142. Regardless of the mechanism 
(or mechanisms), it is clear that one must consider the 
transcriptional outcomes of miRNA manipulation when 
considering miRNA function. The propagation of signal 
through transcription-factor interactions also provides 
further explanation as to how mi RNAs can have a major 
impact on cell behaviour, yet only modestly regulate 
most of their direct targets.

Mechanisms of miRNA dysregulation in cancer
The mechanisms responsible for the dysregulation of 
mi RNAs in cancer are numerous and varied, as cancer 
cells seem capable of commandeering almost every step 
of the miRNA biogenesis pathway to promote dysregu-
lated expression (for detailed reviews, see REFS 2,143). 
Many human miRNA genes are located at fragile sites or 
in other genomic regions that are subject to mutation, 
deletion, amplification or translocation in cancer144,145. 
Increased transcription of oncomeric mi RNAs, such as 
activation of the miR-17~92 cluster by MYC146,147, can 
promote cancer, as can hypermethylation of the pro-
moters of tumour-suppressive mi RNAs, which results 
in their aberrant epigenetic silencing148. Transcriptional 
regulators can also have surprising post-transcrip-
tional roles. For example, receptor-regulated SMADs 
(R-SMADs), which are signal transducers of TGFβ and 
BMP signalling, associate with a sequence element in the 
stem loop of the miR-21 oncomiR to increase its pro-
cessing by Drosha149. Similarly, the RNA-binding protein 
KH-type splicing regulatory protein (KSRP; also known 
as FUSE-binding protein 2) binds the terminal loop of 
a subset of primary mi RNAs (pri-mi RNAs) to promote 
their processing by Drosha150. By contrast, the Drosha 
processing step is inhibited by Yes-associated protein 1 

Figure 3 | Schematic representation of common microRNA–transcription factor 
auto-regulatory network motifs. Three major classes of microRNA (miRNA)-associated 
signalling feedback loops are represented. a | Direct reciprocal feedback between 
mi RNAs and transcription factors (TFs). b | Coherent feedforward in which a transcription 
factor and miRNA regulate a target in a complementary direction (either activating or 
repressing). c | Incoherent feedforward, whereby the transcription factors and mi RNAs 
have opposing (buffering) effects. Prominent known examples of each class are shown.
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(YAP1), a downstream product of the Hippo signalling 
pathway that binds and sequesters the Drosha-associated 
RNA helicase p72 (REF. 151).

Most typically, it is the loss of Drosha or Dicer that is 
implicated in a diverse range of cancers152–159, although 
Drosha overexpression is associated with advanced 
oesophageal and cervical cancers, and Dicer is over-
expressed in prostate-cancer metastasis152. Perhaps 
the most direct and convincing evidence that mi RNAs 
have a marked functional role in cancer is the finding 
that germline heterozygous loss-of-function mutations 
in Dicer cause an autosomal-dominant familial tumour 
predisposition syndrome, often referred to as Dicer syn-
drome152,156,160. Given that disruption of Dicer or Drosha 
will affect the production of all canonically produced 
mi RNAs, the specific mi RNAs responsible for cancer 
progression in the context of Drosha or Dicer mutations 
are likely to be numerous and varied. Nonetheless, one 
study demonstrates a crucial role for a fibroblast growth 
factor 9 (FGF9)–miR-140 signalling axis in pleuro-
pulmonary blastoma, a rare cancer that originates in 
the lung or plural cavity and that features cysts lined 
with both benign-appearing epithelium and mesenchy-
mal cells that are susceptible to malignant transforma-
tion156. Yin et al.161 demonstrated that miR-140, which 
is expressed in the lung epithelium, directly regulates 
the expression of FGF9, a growth factor that becomes 
overexpressed in the lung epithelium of mice lacking 
epithelial Dicer (and hence lacking miR-140) in the ini-
tial stage of pleuropulmonary blastoma. Increased levels 
of secreted FGF9 then promote mesenchymal-cell trans-
formation in a  cell-autonomous manner to further drive 
cancer progression.

It should, however, be noted that miRNA- 
independent roles have been described for Drosha, Dicer 
and the AGO proteins in the direct miRNA-independent 
cleavage of mRNA targets162–165, ribosomal RNA process-
ing166,167 and the production of various small RNAs168,169. 
It is therefore possible that some aspects of the knockout 
and mutation phenotypes of these genes may also reflect 
such miRNA-independent functions.

Circumventing miRNA regulation in cancer
Given that mi RNAs have widespread homeostatic roles, it 
is not surprising that cancer cells can acquire mechanisms 
that result in not only the dysregulation of miRNA expres-
sion but also the capacity to circumvent miRNA-mediated 
regulation. Proliferating cancer cells express substantial 
amounts of mRNA isoforms with shortened 3′ UTRs that 
result from alternative cleavage and polyadenylation170,171. 
The shortening of the 3′ UTR can lead to a loss of miR-
NA-mediated repression, increased protein production 
and the increased efficiency of oncogenic transforma-
tion, as proto-oncogenes with shortened 3′ UTRs are 
expressed at higher levels relative to their longer 3′ UTR 
counterparts170. This is likely to result in far stronger 
effects than individual target-site mutations, as 3′ short-
ening simultaneously removes multiple miRNA binding 
sites, which have a combinatorial effect on protein out-
put22. 3′ UTR shortening of the programmed cell death 1 
ligand 1 (PDL1) transcript has recently been reported to 

increase the survival of a diverse range of cancers through 
the upregulation of this immunity-suppressing protein172. 
Although avoidance of miRNA-mediated regulation was 
not demonstrated, it is noteworthy that the shortened 
3′ UTR loses target sites for mi RNAs such as miR-34 and 
miR-200. 3′ UTR shortening as a generalized phenom-
enon also occurs during T cell activation173, neuronal 
 activation174 and early in embryonic development175.

Single-nucleotide polymorphisms (SNPs) have also 
been extensively characterized in the genes required for 
miRNA biogenesis and in miRNA genes themselves, and 
they may affect the transcription, processing or target 
specificity of mi RNAs176–180. Furthermore, correlative 
and causative SNPs have been identified in the 3ʹ UTRs 
of cancer-associated genes that create or disrupt miRNA 
binding sites to promote carcinogenesis. Mutation of 
the let-7 regulatory site of KRAS in non-small cell lung 
carcinoma181,182, the miR-199a site of hypoxia-inducible 
factor 1α (HIF1A) in pancreatic ductal carcinoma183 
and the miR-367 regulatory site of ryanodine recep-
tor 3 (RYR3)184 in breast cancer are prominent examples 
of how cancers escape miRNA-mediated regulation. 
Evolutionarily, there is negative selection against 3′ UTR 
SNPs in predicted miRNA binding sites compared with 
the background frequency of SNPs in 3′ UTRs185.

Concluding remarks
Although mi RNAs typically only have a mild effect 
on individual targets, combinatorial miRNA–target 
networks have been shaped by evolution to produce 
profound effects of mi RNAs on cellular properties, 
including their regulation of many processes whose dys-
regulation leads to cancer. The widespread occurrence of 
aberrations of miRNA expression or action in cancer can 
result from genetic or epigenetic changes in the miRNA 
genes, aberrations in their regulators or changes in their 
targets. Our further understanding of miRNA function 
rests on the successful identification of their many tar-
get genes, which has been facilitated by the development 
of method ologies to profile targets en masse. However, 
as  the technologies to identify these  targets have 
improved, the task of accurately model ling the inter-
actions that exist between these genes has become ever 
more complex. This is especially true when one consid-
ers the close relationships between mi RNAs and tran-
scription factors: indeed, the number of gene- expression 
changes caused by miRNA- mediated effects on tran-
scription factors rivals the number of changes that 
result from direct miRNA interaction29. Furthermore, 
many mi RNAs are subject to epigenetic regulation 
and/or act on epigenetic regulators186–188, with impor-
tant consequences for development, cancer and other 
diseases. Comprehending this complexity will require 
transcriptome-wide and proteome-wide analyses along 
with network- biology and  mathematical-modelling189 
approaches to the  integration of data.

A move towards clinically relevant discoveries will 
be further aided through the integration of data from 
such resources as The Cancer Genome Atlas and the 
International Cancer Genome Consortium, which 
have or are currently generating staggering amounts of 
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mRNA, miRNA and epigenetic sequencing data derived 
from hundreds of cancer types and thousands of sam-
ples190. These data are publically available in different 
formats and can be analysed and accessed through 
numerous public portals191,192. They have already been 
used for differential expression studies, to find diagnos-
tic and prognostic miRNA signatures, to identify targets 
through correlative expression with mRNAs and to iden-
tify miRNA mutations in cancer193. System approaches 
will be required to harness this wealth of data, which 
should lead to testable predictions of the structures of 

regulatory networks that mi RNAs participate in, and to 
the identification of both miRNA and mRNA signalling 
hubs that may be amenable to targeting to inhibit cancer 
growth or progression. The use of miRNA mimics and 
miRNA inhibitors as therapeutics has promise but, aside 
from a few exceptions194–198, still awaits the development 
of efficient delivery systems to become a clinical reality. 
However, we envision that network-based approaches 
will be used to guide the identification of combinations 
of genes for therapeutic targeting, using combinations of 
drugs at low doses that act with synergistic effect.
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