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Abstract
Stringent regulation of biochemical signalling pathways involves feedback and feedforward loops,
which underlie robust cellular responses to external stimuli. Regulation occurs in all horizontal
layers of signalling networks, primarily by proteins that mediate internalization of receptor–ligand
complexes, dephosphorylation of kinases and their substrates, as well as transcriptional repression.
Recent studies have unveiled the role of miRNAs (microRNAs), post-transcriptional regulators
that control mRNA stability, as key modulators of signal propagation. By acting as genetic
switches or fine-tuners, miRNAs can directly and multiply regulate cellular outcomes in response
to diverse extracellular signals. Conversely, signalling networks temporally control stability,
biogenesis and abundance of miRNAs, by regulating layers of the miRNA biogenesis pathway. In
the present mini-review, we use a set of examples to illustrate the extensive interdependence
between miRNAs and signalling networks.
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Introduction
Growth factors are compact polypeptides that transmit fate-determining signals to target
cells expressing the cognate receptors. The latter are transmembrane glycoproteins whose
cytoplasmic portions harbour protein kinase activity [1]. Stimulation of such receptor
kinases leads to downstream activation of instructive signalling through cascades of protein
kinases and other biochemical pathways, which culminate in phenotype-encoding genetic
programmes. Years of studies of the biochemical mechanisms underlying linear signal
transmission have not been able to reconcile a major difficulty: how can a cell transform the
gradual changes in the concentration of different ligand growth factors, using only a handful
of signalling pathways, into discrete (sometimes binary) outputs? Initial answers indicate
that intrinsic hard-wired regulatory mechanisms shape the linear inputs into a non-linear
output [2]. FFLs (feedback and feedforward loops) determine the duration, amplitude and
frequency of a signal, and bring about signal amplification, binary switching or oscillations
that may predominate critical alterations of the cellular steady state. In line with this
emerging concept, attempts are being made by systems biologists to decipher structural and
functional principles of signalling networks by integrating dynamic interactions of forward
driving, as well as their regulatory elements, into functional largely autonomous modules
[3]. Moreover, because feedback regulatory elements control signal magnitude, deviations
from tight regulation is often manifested in pathological states, such as hyperproliferative
diseases, including atherosclerosis and cancer.
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In the milieu of cellular components able to exert feedback regulation, miRNAs
(microRNAs) emerge as important regulatory elements common to diverse signalling
networks. miRNAs are negative regulators of gene expression, capable of exerting
pronounced influences upon the translation and stability of mRNAs [4]. Approximately
1000 human miRNAs have been identified to date [5]. It is estimated that each miRNA
targets several hundreds of distinct mRNAs molecules [6], leading to the speculation that the
majority of human mRNAs are subject to regulation by miRNAs. miRNAs are distinguished
by their size of ~22 nt, and unique biogenesis pathway, a stepwise enzymatic cleavage of
RNA precursors by RNase III endonucleases [7], which generates the final duplex, and
incorporates it into the RISC (RNA-induced silencing complex) particle [8]. Once their
maturation is complete, miRNA molecules become competent to target mRNAs for decay or
for translational arrest [9,10]. Targeting of an mRNA by an miRNA is mediated by base-
pairing between nucleotides 2–8 of the miRNA (numbered from the miRNA’s 5′-end;
referred to as the ‘seed sequences’) and a target element in the transcript’s 3′-UTR
(untranslated region) [11].

Despite great advances, the miRNA field remains largely uncharted with regard to the
physiological function of these small molecules; uncovering the true function of individual
miRNA molecules remains a formidable challenge. First, miRNAs are frequently encoded
by families of genes with shared seed sequences [12], which complicate genetic analyses.
Secondly, each miRNA binds with multiple putative targets that have disparate functions
[13]. As in the case of transcription factor-binding sites, predictions based solely on seed
sequence compatibility of an miRNA may not be able to establish a priori which transcript is
most meaningful and thus worthy of experimental validation. Thirdly, the degree of target
down-regulation imposed by miRNAs tends to be moderate: an miRNA typically causes less
than 50% reduction at the protein level [14]. These considerations suggest that even though
most genes might serve as targets of miRNAs, only a fraction of these interactions will
prove instrumental for overt biological responses and phenotypes. The present mini-review
provides a select set of examples (see Table 1) that relate the function of miRNAs to
sophisticated functions in information-transfer networks, from fine-tuners that maintain
output integrity, through sentinels of bi-stable cellular states, to mediators of pathological
processes, such as cancer (Figure 1).

Tuning of signalling networks by miRNAs
Because the outcomes of signalling events are highly dynamic, transient and non-linear, the
upstream pathways and networks might benefit from the scales of quantitative fluctuations
imposed by miRNAs. Especially powerful is the potential to regulate dozens or even
hundreds of different transcripts by tightly controlling synthesis or turnover of the respective
miRNAs, particularly during rapid changes that occur in the cellular microenvironment.
Indeed, several recent studies reported tight regulation of miRNA transcription [15–17], as
well as rapid and simultaneous induction of sets of miRNAs in response to external stimuli
[18,19]. Regulation of mature miRNA expression can be achieved also by rapid processing
of the precursors. For example, treatment of vascular smooth muscle cells with TGFβ
(transforming growth factor β) promotes a rapid increase in expression of mature miR-21
through a post-transcriptional step, namely promoting the processing of primary transcripts
of miR-21 (pri-miR-21) into precursor miR-21 (pre-miR-21) by the DROSHA
microprocessor complex [18]. The latter forms a complex with pri-miR-21, TGFβ-specific
SMAD signal transducers and the RNA helicase p68 [also known as DDX5 (DEAD box 5)].
Upon up-regulation, miR-21 down-regulates PDCD4 (programmed cell death 4), a negative
regulator of smooth muscle contractile genes, thereby facilitating differentiation into
contractile cells.
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In contrast with miRNA induction through transcription and biogenesis, turnover of
miRNAs has received only limited attention. In one recent report, stimulation of
spontaneously immortalized normal mammary cells with EGF (epidermal growth factor)
was shown to cause rapid turnover of a set of ~25 miRNAs, denoted ID-miRs (immediately
down-regulated miRNAs) [20]. EGF stimulation within this cellular context elicits a well-
orchestrated genetic programme leading to cell migration, and ID-miR turnover appears to
be essential for migration onset. Interestingly, the targets of ID-miRs were shown to be the
earliest genes to be induced by EGF in migrating cells, namely transcripts encoding IEGs
(immediate early genes) [e.g. FOS and EGR1 (early growth response 1)]. Thus the ID-miRs,
which are highly abundant in arrested cells, silence basal IEG expression to prevent
untimely cellular activation (Figures 1C and 2). In line with roles as suppressors of growth
factor signalling, the abundance of ID-miRs is relatively low in breast cancer and in brain
tumours driven by constitutive EGF signalling. Rapid and co-ordinated decay of multiple
miRNAs similarly takes place in retinal neurons, in response to exposure to light [21].
Concentrations of specific miRNAs (e.g. the miR-183/miR-96/miR-182 cluster, miR-204
and miR-211) were down-regulated during dark adaptation and up-regulated in light-adapted
retinas, with both rapid decay and increased transcription being responsible for the
respective changes. Adaptation of the retina to different levels of illumination is likely to be
mediated by the voltage-dependent glutamate transporter Slc1a1, which serves as an
miR-183/miR-96/miR-182 target in photoreceptor cells. Conceivably, simultaneous signal-
induced metabolism of miRNAs plays a cardinal role in adaptations to environmental
changes, such that future studies will uncover more examples.

Along with mediating cellular differentiation, miRNAs can regulate binary switches that
robustly select persistent cell fates. An interesting example is provided by the Drosophila
melanogaster eye [22]. In resting cells, the transcription factor YAN represses miR-7
transcription, whereas miR-7 represses Yan mRNA expression in photoreceptors.
Differentiation to photoreceptors is triggered by transient EGF signalling, which degrades
YAN and up-regulates miR-7 in cells as they begin differentiating into photoreceptors. The
resulting reciprocal negative feedback ensures mutually exclusive expression, with YAN in
progenitor cells and miR-7 in photoreceptor cells (Figure 1A).

miRNAs regulating motile phenotypes and metastasis
EMTs (epithelial–mesenchymal transitions) take place both during embryonic development,
when tissue remodelling and cell migration shape the future organism, and in pathological
situations such as in tumour progression [23]. During EMT, epithelial cells lose the adherent
and tight junctions that keep them in contact, undergo profound changes in their cytoskeletal
architecture and migrate over long distances. EGF, along with TGFβ and other growth
factors, enhance EMT, in part by regulating several transcription factors (e.g. Snail, Twist
and ZEB proteins [24]). On their part, the latter enhance synthesis and secretion of specific
matrix metalloproteinases, down-regulate protease inhibitors and repress E-cadherin
(epithelial cadherin), an essential adhesive molecule that maintains epithelial integrity. Five
miRNAs of the miR-200 family were shown to regulate the expression of the E-cadherin
transcriptional repressors ZEB1 and ZEB2 [25], and thus to play a major part in specifying
the epithelial phenotype. In analogy to YAN and miR-7, ZEB-1 and ZEB-2 act as
transcriptional repressors of the miR-200 family [26]. Thus, upon induction of EMT by
TGFβ, a molecular memory switch comes into operation: a transient signal engages a
reciprocal negative-feedback loop that persistently enhances expression of ZEB-1 and
ZEB-2, thereby locking the repression of both E-cadherin and the miR-200 family [27]
(Figure 1).
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miRNAs as drivers of tumour initiation
Unlike the above described examples of miRNAs involved in locking a cellular state in
response to an extracellular cue, malignant transformation, like other pathogenesis,
represents a multistep process that requires inactivation of tumour-suppressor genes and
multiple mutations that activate oncogenes [28]. There are a handful of indications for the
deregulation of the expression of miRNAs in patients’ tumours. Examples include amplified
or repressed expression [29], shortening of 3′-UTR sequences of oncogenic transcripts [30],
aberrations impinging at seed sequences of miRNAs [31] and genomic alterations within
miRNA loci [32]. Nevertheless, lines of evidence supporting involvement of miRNAs as
drivers of the initial stages of malignant transformation are still sparse. For this reason, we
highlight a recently uncovered molecular module that involves the NF-κB (nuclear factor
κB) signalling pathway, IL-6 (interleukin 6), LIN28 and the Let-7 miRNA [33]. The module
converts, within 36 h, non-transformed human mammary cells into fully transformed cells.
Importantly, a critical driving force of this switch was shown to be down-regulation of the
Let-7 miRNA, such that ectopic expression of any member of the Let-7 family was able to
abrogate the malignant phenotype. Down-regulation of Let-7 is achieved in this system
through NF-κB-mediated transcriptional induction of LIN28B. The latter is a highly
conserved RNA-binding protein, which was shown in Caenorhabditis elegans to recognize
the hairpin structure of the pre-miRNAs of all Let-7 family members, and cause their co-
ordinate inhibition [34] (Figure 2). One of the evolutionarily conserved targets of Let-7 is
the oncogenic Ras protein, and this regulation was shown to control self-renewal of breast
cancer cells [35]. In another study, epithelial de-differentiation occurred through Let-7-
mediated down-regulation of a different target, HMGA2 (high-mobility group A2) [36–38],
a chromatin-associated protein that can modulate transcription by altering chromatin
architecture. However, in the case of NF-κB, down-regulation of Let-7 drives the
transformation process through a different target, namely IL-6. Notably, IL-6 expression is
induced by NF-κB, which binds to the IL6 gene promoter and increases transcription. Thus
NF-κB activation both releases the Let-7-mediated repression of IL6 transcripts and, at the
same time, induces the transcription of the IL6 gene. Because IL-6 transmits signals through
the NF-κB pathway, this configuration creates a potent positive-feedback loop (Figure 1B).
Clearly, this powerful oncogenic module implies that we understand only part of the
potential complexity of miRNAs and transcription factors acting at the interface linking
signal transduction and the regulation of gene expression.

Concluding remarks
The advancement of high-throughput genomic screens, along with the development of
software able to predict targets of miRNAs, will eventually yield high granularity maps
combining signal transduction pathways, transcriptional programmes and the relevant
miRNAs. Although we are still far from this goal, identifying miRNAs affecting
information-transfer events can both assign functionality to numerous miRNAs and also
advance our understanding of how signals of diverse molecular nature coalesce into cell fate
decisions. In similarity to the current pharmacological translation of high-content knowledge
on kinase cascades and the avalanche of new kinase inhibitors to treat cancer and other
diseases, it is conceivable that detailed understanding of roles played by miRNAs in
signalling networks will lead to novel therapies. Achieving this important goal depends on
the development of innovative pharmacological platforms, such as the locked nucleic acids
technology, capable of synthesizing and delivering stable, specific and effective RNA-based
drug molecules.

Avraham and Yarden Page 4

Biochem Soc Trans. Author manuscript; available in PMC 2013 April 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Acknowledgments
Y.Y. is the incumbent of the Harold and Zelda Goldenberg Professorial Chair.

Funding

Our laboratory is supported by research grants from the National Cancer Institute [grant number CA72981], the
M.D. Moross Institute for Cancer Research, Kekst Family Institute for Medical Genetics, Women’s Health
Research Center funded by Bennett-Pritzker Endowment Fund, Marvelle Koffler Program for Breast Cancer
Research, Harry and Jeanette Weinberg Women’s Health Research Endowment, the European Commission and the
German Research Foundation.

Abbreviations used

E-cadherin epithelial cadherin

EGF epidermal growth factor

EGR1 early growth response 1

EMT epithelial–mesenchymal transition

IEG immediate early gene

IL-6 interleukin 6

miRNA microRNA

ID-miR immediately down-regulated miRNA
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Figure 1. Examples of network motifs involving signalling components and miRNAs
(A) Reciprocal negative regulation. 1. An epithelial phenotype is maintained by high levels
of miR-200, which inhibits ZEB family repressor proteins and up-regulates E-cadherin. The
switch to a mesenchymal state can be induced by TGFβ, which up-regulates ZEB proteins.
This in turn maintains a mesenchymal state through repressive ZEB-1/2 binding to the
promoters of E-cadherin and miR-200. 2. Progenitor cells in the eye of D. melanogaster are
maintained by high levels of the transcription factor YAN. EGFR (EGF receptor) signalling
promotes differentiation of progenitor cells to photoreceptor cells by reducing the levels of
YAN both by direct ERK (extracellular-signal-regulated kinase)-stimulated degradation of
YAN and by the induction of miR-7, which maintains persistently low levels of YAN. (B)
Positive feedback. Transient activation of NF-κB increases IL-6 levels both by direct
transcriptional activation of the IL6 promoter, and by induction of LIN28 which reduces
Let-7 miRNA, the target of which is IL-6. In turn, IL-6 reactivates NF-κB. Thus positive
feedback transforms a reversible transient signal into a self-sustained loop. (C) Coherent
feedforward. EGR1 induction relies on the activation of MAPK (mitogen-activated protein
kinase) and the degradation of miR-191, which targets EGR1.
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Figure 2. Regulation of miRNA biogenesis and function by signalling networks
(A) EGF signalling activates the transcription factor PNTP1, which binds to and activates
miR-7’s promoter. (B) TGFβ activates SMAD proteins, which translocate to the nucleus,
where they associate with Drosha and RNase III to induce maturation of pri-miR-21. (C)
Activation of LIN28 causes its association with precursors of the Let-7 family of miRNAs to
induce their degradation. (D) EGF induces the degradation of a class of miRNAs, named ID-
miRs (e.g. miR-191), which enables induction of IEGs such as c-FOS. AGO2, Argonaute 2;
Pre-miR, precursor miRNA; Pri-miR, primary transcript of miRNA.
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Table 1

Examples of miRNAs involved in cancer and cell-fate decisions

Pathway component Target mRNA miRNA Relationship to cancer Reference

Receptors EGFR miR-7 Glioblastoma [39]

ERBB2 miR-331-3p Prostate cancer [40]

ERBB2/ERBB3 miR-125a/miR-125b Breast cancer [41]

TGFB1 miR-141 EMT [26]

VEGFA miR-126 Angiogenesis [42]

Signalling molecules NRAS/KRAS Let-7 Vulva development and lung cancer [35]

PTEN miR-21 Hepatocellular cancer [43]

KRAS miR-143 Colorectal cancer [44]

ERK5 (MAPK7) miR-143/miR-145 Adipocyte differentiation and bladder cancer [45]

Ligands IL6 Let-7 Genetic switch of tumour initiation [33]

VEGFA miR-34a, miR-15a, miR-16 and
more

Nasopharyngeal carcinoma [42]

Transcription factors Yan miR-7 Photoreceoptor differentiation [22]

E2F1 miR-330 Prostate cancer [46]

EGR1 miR-191 Maintenance of cellular arrest and breast cancer [20]

EGFR, EGF receptor; MAPK7, mitogen-activated protein kinase 7; PTEN, phosphatase and tensin homologue deleted on chromosome 10;
VEGFA, vascular endothelial growth factor A.
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