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Background: MicroRNAs are small noncoding RNAs which regulate gene expression at the posttranscriptional
level by inducing mRNA degradation or translational repression. MicroRNA-dependent modulation of the extra-
cellular matrix and its cellular receptors has emerged as a novel mechanism of regulating numerous matrix-
dependent processes, including cell proliferation and apoptosis, cell adhesion and migration, cell differentiation
and stem cell properties.
Scope of review: In this review, wewill present differentmechanisms bywhich microRNAs and extracellularma-
trix constituents mutually regulate their expression, and we will demonstrate how these expression changes af-
fect cell behavior.Wewill also highlight the importance of dysregulatedmatrix-relatedmicroRNA expression for
the pathogenesis of inflammatory andmalignant disease, and discuss the potential for diagnostic and therapeutic
applications.
Major conclusions: MicroRNAs and matrix-dependent signal transduction processes form novel regulatory cir-
cuits, which profoundly affect cell behavior. As misexpression of microRNAs targeting extracellular matrix con-

stituents is observed in a variety of diseases, a pharmacological intervention with these processes has
therapeutic potential, as successfully demonstrated in vitro and in advanced animal models. However, a deeper
mechanistic understanding is required to address potential side effects prior to clinical applications in humans.
General significance: A full understanding of the role and function of microRNA-dependent regulation of the ex-
tracellular matrix may lead to new targeted therapies and new diagnostics for malignant and inflammatory dis-
eases in humans. This article is part of a Special Issue entitled Matrix-mediated cell behaviour and properties.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

1.1. MicroRNAs and the extracellular matrix — a bidirectional relationship

MicroRNAs (miRNAs) are small non-coding RNAmolecules consisting
of 19–24 nucleotides, which have emerged as potent posttranscriptional
regulators of a wide range of cellular processes [1–2]. Via sequence-
specific binding to cognatemRNAs,miRNAs can trigger a cellular program
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that leads to either degradation or translational repression of that
mRNA, or, in more rare cases, to an upregulation of gene expression
(see Section 1.2). Considering this mode of action, it is conceivable
that the vast majority of cellular and extracellular functions are poten-
tially regulated by miRNAs either directly or indirectly. In this review,
wewill find numerous examples for a regulation of extracellularmatrix
(ECM) constituents and of their cellular receptors by miRNAs, and we
will learn how miRNA-dependent ECM regulation affects key cellular
processes, including cell proliferation, survival and apoptosis, cell
adhesion and migration, stemness and cell differentiation. Notably,
the regulatory relationship between miRNAs and the ECM is far from
being unidirectional, as the ECM in the cellular microenvironment
is known to influence numerous signaling processes which can in turn
influence miRNA expression [4–6].

Price et al. [7] compared the miRNA expression patterns of five
epithelial cancer cell lines grown either on plastic or the basement-
membrane-like Matrigel matrix, which contains laminin, collagen IV,
entactin and perlecan as major constituents. The authors identified
up-regulated miR-1290 and miR-210 and down-regulated miR-29b
andmiR-32 as aMatrigel-associatedmiRNA signature, and underscored
their functional significance by demonstrating changes in colon cancer
cell adhesion, proliferation and invasion upon experimentalmodulation
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of these miRNAs. While this study did not allow to distinguish be-
tween the impact of different matrix constituents, two independent
studies identified the interaction between the extracellular glycos-
aminoglycan hyaluronan and its cell surface receptor CD44 as an im-
portant signaling element modulating the expression of miR-21: In
glioma cells lacking functional tumor suppressor PTEN, hyaluronan-
mediated overexpression of miR-21 resulted in subsequent downregu-
lation of Spry2 protein, a negative regulator of malignant progression
and invasiveness [8]. In breast cancer cells, hyaluronan–CD44 interac-
tion resulted in miR-21 upregulation mediated by the stemness-
associated transcription factor Nanog, and a subsequent targeting of
gene products associated with apoptosis and chemotherapy sensitiza-
tion [9]. These examples clearly demonstrate the bidirectional relation-
ship between ECM-mediated signaling events, and miRNA-dependent
regulation of ECM composition. Before we explore these aspects in
more depth, we will familiarize ourselves with the basic molecular
biology of miRNAs.

1.2. A primer on microRNAs

Historically, the first miRNA was discovered in the worm
Caenorhabiditis elegans in 1993,where a 22 nucleotide non-coding, hair-
pin shaped RNA encoded by the lin-4 genewas demonstrated to bind to
and suppress the translation of LIN14 mRNA [10,11]. Currently, over
2500 mature human miRNAs are known according to the latest release
of miRbase (mirbase.org; 20.0, June 2013) [12]. An overview of miRNA
biogenesis is provided in Fig. 1. miRNAs are chromosomally encoded,
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encoding genes overlaps with defined transcriptional units, and may
be coregulated with these [13]. The pri-miRNAs are subsequently proc-
essed by theRNase III endonuclease Drosha and the RNA binding protein
Pasha/DGCR8 into ~70 nucleotide long stem-loop precursor (pre)-
miRNAs. These pre-miRNAs are translocated to the cytoplasm by the nu-
clear pore constituent exportin 5, where they are processed by the
RNase III-like enzyme Dicer into small transient ~22 nucleotide RNA
duplexes [14,15]. These duplexes are further processed into single-
stranded miRNAs by helicases, while the antisense strand (designated
the ‘*-strand’) is degraded. Mature miRNAs are incorporated into the
RNA-induced silencing complex. Here, they assemble with their so-
called 6–7 nucleotide ‘seed sequence’ located at the 5′-end of the
miRNA to the complementary 3′-untranslated regions (UTRs) of mRNA.
Via this mechanism, one miRNA can bind to a variety of target comple-
mentary mRNAs, causing regulation of gene expression usually via
mRNA degradation or transcriptional inhibition [1,2] (Fig. 1). In some
cases, the interaction of miRNAs with the 5′UTR of target genes results
in upregulated gene expression [16,17]. Computer algorithms such as
TargetScan and PicTar allow for the prediction of mRNAs potentially reg-
ulated by a particularmiRNA and vice versa [18,19]. Consequently, public
databases such as miRbase (www.mirbase.org), DIANA (http://diana.
cslab.ece.ntua.gr/) or microRNA.org have become an essential tool in
miRNA research. While miRNA genes can be individually regulated,
some miRNAs form clusters, which can be transcribed as a single tran-
script (see [20] for discussion). At the same time, one mRNA UTR can
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be controlled by different clusters or individual miRNAs [21]. The con-
certed action of coregulatedmiRNA gene clusters can amplify the regula-
tory effect on the target mRNA, and enables the formation of regulatory
loops and networks [3,22]. Finally, miRNA expression is under epigenetic
control, adding further to the regulatory complexity [23,24]. In the
following section, we will discuss different modes by which miRNAs
regulate the expression of ECM constituents, and how ECM-dependent
signaling processes determine the expression of miRNAs. Additional
modes of regulating ECM constituents, such as the regulation of matrix
turnover by matrix metalloproteinases (MMPs) and protease inhibitors,
and induction of matrix biosynthesis by miRNA-dependent cytokine ex-
pression have been recently reviewed [20], andwill therefore be covered
in less detail.

2. miRNAs and the ECM — modes of regulation

2.1. Direct targeting of ECM-related mRNAs by miRNAs

The classical regulatory mode of miRNAs towards their cognate tar-
get mRNAs involves a binding interaction of the miRNA seed sequence
with the 3′UTR of the mRNA, triggering either mRNA degradation or
translational inhibition (Fig. 1). In vitro, formal proof of this regulatory
mechanism involves 3′UTR-dependent luciferase reporter assays in
the presence or absence of a particular microRNA or a microRNA inhib-
itor. The use of mutant reporter constructs provides further information
on the relevant base pairs for this interaction. This approach is not triv-
ial, as not every predicted target sequence is actually involved in
miRNA-dependent regulation. For example, among the 7464 predicted
target sequences for human miR-145 (microRNA.org), only about 30
were regulated more than 1.5-fold at the mRNA level in a study on
human MDA-MB-231 breast cancer cells supported by Affymetrix
transcriptomic analysis [25]. While a regulation at the translational
level will certainly expand the number of regulated targets, it appears
unlikely that all of the several thousand predicted targets will be regu-
lated. The importance for delivering formal proof of thismode of regula-
tion was demonstrated in the case of glypican-3, a growth factor- and
morphogen-binding cell surface proteoglycan involved in the pathogen-
esis of Simpson–Golabi–Behmel syndrome and hepatocellular carcino-
ma [26]: miR-96 and miR-182 contain the same seed region, and are
thus both predicted to target complementary sequences in the short 3′
UTR of glypican-3. Using mutational analysis, Jalvy-Delvaille et al. [27]
demonstrated that only miR-96, but not miR-182 is capable of inducing
downregulation of glypican-3. This differential regulation was due to
miRNA nucleotide 8, immediately downstream of the UUGGCA seed,
which apparently played a critical role in target recognition. In this re-
view, we will encounter numerous examples for the 3′UTR-based
mode of direct miRNA regulation of ECM constituents. To demonstrate
the regulatory impact of miRNA regulation on cellular behavior in the
case of a single target, we will discuss the case of miR-10b-dependent
regulation of the cell surface proteoglycan syndecan-1, which has pleio-
tropic ECM-associated roles, ranging frommatrix receptor tomodulator
of integrin, MMP and heparanase function [28–30]. Initiated by the
observation of an inverse correlation between expression of the
prometastatic miR-10b and its predicted target syndecan-1 in clinical
breast cancer specimens [31], Ibrahim et al. [32] could demonstrate
thedownregulation of syndecan-1 expression viamiR-10b–3′UTR inter-
actions in human breast cancer cell lines. Syndecan-1 depletion affected
MDA-MB-231 breast cancer cell motility, invasiveness and resistance to
radiotherapy [28,32]. At the cellular level, filopodia formation and adhe-
sion to the large ECM glycoproteins fibronectin and laminin were in-
creased in syndecan-1-depleted cells. Increased signaling via focal
adhesion kinase (FAK) and Rho-GTPase pathways associated with
ECM-induced integrin activationwas identified as the underlyingmech-
anistic principle. Thus, the study by Ibrahim et al. [32] demonstrated
that miRNA regulation of a single ECM coreceptor could simultaneously
affect multiple cellular processes relevant to the progression of
malignant disease. In addition, miR-10b-mediated targeting of the tran-
scription factor HOXD10 promotes upregulation of further proinvasive
factors, including MMP-14 and urokinase-type plasminogen activator
receptor (uPAR) [33,34], resulting in a strong synergistic prometastatic
effect of miR-10b.

Not only can synthesis of proteoglycan core proteins be regulated by
miRNAs, but also the structure of their glycosaminoglycan carbohydrate
chains. In the case of N-deacetylase/N-sulfotransferase-1 (NDST1), an
enzyme mediating early steps of heparan sulfate (HS) biosynthesis, its
targeting by miR-24 reduced HS sulfation and thereby its binding affin-
ity for the major angiogenesis factor vascular endothelial growth factor
(VEGF)-A [35]. As a consequence, endothelial responses to VEGF-Awere
reduced. A recent study in the worm C. elegans provided further evi-
dence for a role of miRNAs in regulating cell behavior via glycosamino-
glycans. Pedersen et al. [36] demonstrated that miR-79, the ortholog of
mammalian miR-9, controls two proteins in the proteoglycan biosyn-
thetic pathway, a chondroitin synthase and a uridine 5′-diphosphate-
sugar transporter. The resulting partial shutdown of HS biosynthesis re-
sulted in a disruption of glypican-dependent neuronal migration and
neurodevelopmental defects. Apart from HS, biosynthesis of another
glycosaminoglycan and major constituent of interstitial matrices,
hyaluronan, was shown to be potentially regulated by miRNAs. Inhibi-
tion of themiRNA let-7 resulted in upregulation of its target, hyaluronan
synthase 2, thus potentiating survival, invasion and adhesion of human
breast and cervical cancer cell lines [37]. However, as hyaluronan syn-
thase 2 has also functions independent of hyaluronan biosynthesis
[38], it remains to be shown which effects can be attributed to altered
hyaluronan biosynthesis.

Not onlymatrix biosynthesis is subject tomiRNA regulation, but also
its degradation and remodeling [20]. We will discuss examples for
miRNA-regulation of the MMP family of zinc-dependent endopepti-
dases, which are capable of degrading collagens, large matrix glycopro-
teins, extracellular proteoglycans and some matrix receptors [39], in
Section 4. Matrix and cell surface HS can be degraded or structurally
modified by the enzymes heparanase and SULF1/2, respectively
[40–42]. TheHS editing enzymehSulf-1,which cleaves 6-O-sulfated res-
idues from HS and thus influences binding of cytokines and morpho-
gens, is targeted by miR-21 along with the tumor suppressor PTEN,
resulting in increased pro-survival signaling, hepatocellular carcinoma
proliferation and tumor growth in vivo [41]. In an animal model of gas-
tric cancer, miR-516a-3p exerted an antimetastatic effect via Sulf-1
downregulation and an associated reduced activation of HS-dependent
Wnt signaling [42]. These studies highlight context-dependent effects,
and the influence of synchronous targeting of multiple mRNAs by a par-
ticular miRNA. The HS degrading endo-glycosidase heparanase has
well-established roles in promoting cancer metastasis via basement
membrane degradation, and in tumor angiogenesis via modulation of
proangiogenic signaling andMMP expression [40,43]. An inverse corre-
lation between the expression of miR-1258 and heparanase was noted
in brain metastatic breast cancer cells, non-small cell lung cancer, and
breast cancer,wheremiR-1258 expressionwas associatedwith negative
prognostic parameters and reduced survival [44–46]. Notably, miR-
1258-induced heparanase downregulation resulted in reduced cancer
cell invasiveness and experimental metastasis in vitro and in vivo
[45,46]. An overview of selected miRNAs directly regulating ECM con-
stituents, their receptors, and their remodeling factors, as discussed in
this review, is provided in Fig. 2 and Table 1.

2.2. Indirect regulation of ECMconstituents viamiRNA-dependent targeting
of transcriptional activators and repressors

As pointed out earlier, miRNAs are mainly considered negative reg-
ulators of gene expression. However, in some instances, an upregulation
ofmRNAandprotein expression is observed upon increasingmiRNA ex-
pression [16,17,25]. This upregulation could in some cases be linked to a
direct regulatory mechanism of miRNA interaction with the 5′-end of
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the target mRNA [16,17]. However, in many cases, indirect effects, such
as targeting of transcriptional repressors or activators by a specific
miRNA, have to be considered. Such a mode of regulation has been de-
scribed for a number of ECM components, ECM-remodeling MMPs
and ECM receptors. For example, targeting of the transcription factor
Ets-1 by miR-199a-5p reduced MMP-1 induction during wound repair,
leading to decreased angiogenesis, wound closure, and insufficient
granulation tissue formation [47]. Moreover, miR-9 overexpression re-
tarded uveal melanoma cell migration and invasion via direct targeting
of nuclear factor-κB (NF-κB)-mediated downregulation of MMP-2,
MMP-9 andVEGF-A [48]. Apart frommatrix remodeling factors, individ-
ual chains of large basement membrane glycoproteins of the laminin
family are regulated in an indirect manner by miRNAs. For example,
let-7-induced downregulation of the transcriptional regulator HMGA2
hampered mRNA translation of the glomerular basement membrane
component laminin-β2 [49]. Furthermore, miR-205 hinders prostate
cancer progression by regulating the deposition of laminin-332 and ex-
pression of its receptor integrin-β4 by targeting the transcriptional
modulator ΔNp63α – involved in the maintenance of the basement
membrane – through proteasomal degradation [49]. In the case of the
cell surface proteoglycan glypican-3, a different mechanism of indirect
miRNA regulation was reported for hepatoma cells: miR-1291 was
shown to repressmRNA expression of the ER stress sensor IRE1α via in-
teraction with 5′ UTR. IRE1α in turn cleaved glypican-3 mRNA at a 3′
UTR consensus site, resulting in glypican-3 mRNA degradation [51].
Thus, miR-1291 exerted its regulatory effect by silencing a negative reg-
ulator of glypican-3 in the absence of any direct interaction between
miR-1291 and glypican-3 mRNA.

2.3. Epigenetic regulation of ECM-targeting miRNAs

As miRNAs are chromosomally encoded, their genes can be subject
to epigenetic regulation, affecting their own expression, and conse-
quently expression of their target genes. For example, a recent study
on chemotherapy-resistant MDA-MB-231 breast cancer cell subclones
revealed that the miR-663 gene was hypomethylated compared to the
parental cell line. The resulting miR-663 upregulation was associated
with a downregulation of the large matrix proteoglycan perlecan
(HSPG2), leading the authors to suggest a link between altered matrix
biosynthesis and resistance to chemotherapy [52]. In hepatocellular car-
cinoma tissues and cell lines, miR-125b expression was shown to be
epigenetically silenced, potentiating the invasive phenotype [53]. Resto-
ration of miR-125b expression suppressed hepatocellular carcinoma
cell proliferation, anchorage-independent growth, and migration
through direct targeting of placental growth factor alongwith a dysreg-
ulation of MMP-2 and MMP-9 expression. Therefore, altered matrix re-
modeling and liberation of growth factors may have accounted for the
observed inhibition of cellular invasion and angiogenesis. A different
link to epigenetic regulationwas revealed by Chen et al. [54]: Treatment
of primary human aortic smoothmuscle cellswith oxidized low-density



Table 1
MicroRNA regulation of matrix-dependent cellular processes. ECM-mediated signals affect miRNA expression, while in turnmiRNA regulation of ECM composition affects various cellular
processes. Selected examples are shown focussing largely on direct regulatory interactions. See main text for details.

ECM-related molecule miRNA regulating ECM miRNA regulated by ECM Biological processes affected References

Proteoglycans and glycosaminoglycans
Hyaluronan/CD44 miR-21, miR-302 Invasiveness, apoptosis, chemotherapy

resistance, stem cell properties
[8,9,65,66]

Aggrecan miR-1, miR-181a Chondrogenic differentiation [111,112]
Decorin miR-21 Inflammation [124]
Glypican-3 miR-96, miR-1271, miR-219-5p, miR-520c-3p,

miR-129-1-3p (upregulation), miR-1291
(upregulation), miR-1303 (upregulation)

Apoptosis and growth inhibition, cell cycle
arrest

[27,74–76]

Glypican-4 miR-125a Growth inhibition [77]
Perlecan miR-663 Chemotherapy resistance [52]
Syndecan-1 miR-10b Cell motility, invasiveness, resistance to

radiotherapy, IL-6 secretion, signaling
(FAK/β-integrin/HGF)

[32,125]

Versican miR-143, miR-199a* (upregulation) miR-133a, miR-199a*,
miR-144, miR-431

Organ adhesion, tumor growth, proliferation,
survival, migration, invasion, colony formation,
growth factor stimulates cell migration

[59–61,92]

Matrix glycoproteins
Collagen XVI miR-181a Fibroblast senescence [73]
Fibronectin miR-7, miR-17, miR-200b, miR-206 Survival, proliferation, migration, EMT [70,71,113,115]
LAMC1 miR-124a, miR-205 Cell proliferation, cell cycle progression,

clonogenic potential, impaired tumor growth,
cell migration and invasion

[72,95]

LAMC2 miR-29a/b/c Cell migration and invasion [94]
SPARC miR-29a Cell invasion [99]
Tenascin C miR-335 Cell migration [90]

Matrix receptors
CD44 miR-199a-3p, miR-328 miR-216a, miR-328,

miR-330, miR-491,
miR-512-3p, miR-608,
miR-671

Cell proliferation, survival, metastasis, cell
adhesion, chemotherapy resistance

[62,63,85,100]

Integrin alpha6beta4 miR-29a Cell invasion [99]
Integrin alphavbeta3 miR-100 Angiogenesis [120]
ITGA2 miR-31 Cell spreading, metastasis [96]
ITGA5 miR-31, miR-92a, miR-152 Fibroblast senescence, adhesion to collagen I,

cell spreading, angiogenesis, metastasis
[73,96,121]

ITGA6 miR-29a/b/c Cell migration and invasion [94]
ITGAV miR-31 Cell spreading, metastasis [96]
ITGB1 miR-9-3p, miR-124, miR-183 Cell adhesion, migration, invasion [83,84,95,134]
ITGB4 miR-92ab, miR-99ab/100 Metastasis [67]
ITGB5 miR-125b Anoikis resistance of mesenchymal stem cells [68]
ITGB8 miR-93 Angiogenesis, tumor growth [119]

Biosynthetic enzymes
NDST1 (heparan sulfate) miR-24 Angiogenesis (VEGF-A) [35]
HAS2 (hyaluronan) Let-7 Survival, cell adhesion, invasiveness [37]

ECM-degrading enzymes/inhibitors
Sulf1 miR-21, miR-516a-3p Survival, cell proliferation, tumor growth,

Wnt-dependent metastasis
[41,42]

Heparanase miR-1258 Invasiveness, metastasis [45,46
MMP-2 miR-29b, miR-125b, miR-488 Invasiveness, cell migration, angiogenesis,

chondrogenic differentiation
[53,54,110,122]

MMP-9 miR-29b, miR-125b, miR-181a (upregulation) Invasiveness, cell migration [53,56,102]
MMP-13 miR-9, miR-127-5p, miR-140, miR-143 Cell migration and invasion, inflammation [103,126–128]
MMP-16 miR-155 Cardiomyocyte progenitor cell migration [101]
Neuroserpin miR-21 Inhibition of cell cycle arrest [78]
PAI-I miR-145 Invasiveness [104]
TIMP-3 miR-181a invasiveness [102]
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lipoprotein (LDL) downregulated DNA methyltransferase 3b via upreg-
ulation of miR-29b expression in a dose-dependentmanner. In turn, re-
duction of DNAmethyltransferase 3b expression leads to enhanced cell
migration through epigenetic upregulation of the MMP-2 and MMP-9
genes.

2.4. Coregulation of miRNAs with ECM receptors

In some instances, the gene encoding a specific miRNA can be
contained within an intron of a protein-coding gene. This is the case
for murine miR-717, which resides in the intron 3 of the cell surface
HS proteoglycan glypican-3 [55]. While the direct functional signifi-
cance of this finding has not been established, yet, it is important to con-
sider a potential coregulation of the primary glypican-3 transcript and
miR-717. For example, the effects of glypican-3 gene deletions
encompassing the miR-717-encoding intron may cause miR-717-
dependent indirect effects in mice. One could speculate if the partial
phenocopy of the Simpson–Golabi–Behmel syndrome of glypican-3-
deficient mice [56] could have been modified in a miR-717-dependent
manner. Moreover, (patho)physiological contexts promoting up- or
downregulation of murine glypican-3 transcription should also affect
miR-717, and expression of its targets. Clearly, more research is needed
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to assess the full impact of a coregulation of intron-encoded miRNAs
with the primary transcripts of their host genes.

2.5. Regulation of miRNA activity via the 3′UTR of ECM mRNAs

The most common mode of miRNA-mediated target regulation in-
volves interactions between the miRNA ‘seed’-sequence and the 3′UTR
of the target mRNA (Fig. 1). Interestingly, the 3′UTRs of some mRNAs
can negatively regulate miRNAs, thus acting as so-called competing en-
dogenous RNAs (ceRNAs) [57]. A prominent example for this mode of
regulation is the 3′UTR of the large chondroitin sulfate proteoglycan
versican, a multifunctional interaction partner for a variety of ECM-
relatedmolecules, including hyaluronan, tenascin, andmatrix receptors
such as CD44 and integrins [58].

As a ceRNA, versican induced organ adhesion in transgenic mice ex-
pressing its 3′UTR by regulating the function of miR-199a* [59]. Expres-
sion of the predicted miR-199a*-targets versican and fibronectin was
upregulated in these mice, suggesting that their mRNAs were freed
from being repressed by this miRNA via competitive binding to versican
3′UTR. In an extension of this work, it was shown that the 3′UTR of
versican could modulate the function of additional miRNAs, leading to
an upregulation of miRNA-controlled tumor suppressor genes und a re-
duction of breast cancer cell growth in a mouse model [60]. Moreover,
upregulation of the versican 3′UTR in hepatocellular carcinoma cells in-
creased proliferation, survival, migration, invasion, and colony forma-
tion, which could be linked to functional interactions with miRNAs
miR-133a, miR-199a*, miR-144, and miR-431 [61]. Along with in-
creased CD34 expression, the resulting upregulation of versican and
the interstitial matrix glycoprotein fibronectin were identified as con-
tributing factors to the tumor-promoting functions of versican ceRNA.
Apart from versican, a ceRNA activity has been assigned to the 3′UTR
of CD44, a cell surface glycoprotein interacting with several ECMmole-
cules, including hyaluronan, collagens, and versican. Via regulation of
miR-216a, miR-328, miR-330, miR-491, miR-512-3p, miR-608 and
miR-671, the 3′UTR of CD44 increased the expression of CD44, CDC42,
a small GTPase implicated in modulating cell motility, and the intersti-
tial matrix glycoproteins fibronectin and collagen I (alpha 1 chain)
[62,63]. As a consequence of matrix remodeling, cell proliferation and
survival were decreased in the human breast cancer cell line MT-1,
whereas metastasis of MDA-MB-231 breast cancer cells was promoted.

2.6. Matrix-mediated signaling processes regulating miRNA expression

It is nowwell established that the ECMdoes not only have a structur-
al role, but that it can also induce and modulate signaling processes via
interactions ofmatrix glycoproteins and glycanswith cell surfacematrix
receptors such as integrins, CD44 and cell surface proteoglycans
[4,5,40,64]. These ECM-mediated signaling events have been shown to
influence miRNA expression, which in turn induces changes in cellular
phenotype. For example, interaction of the matrix glycosaminoglycan
hyaluronan with its receptor CD44 promoted association with protein
kinase C in MCF-7 breast cancer cells [9]. Activation of this signaling
pathway leads to an activation of the pluripotency-associated transcrip-
tion factor Nanog, which became associated with the RNase III Drosha
and the RNA helicase p68, resulting in upregulation of miR-21. The fol-
lowing upregulation of inhibitors of apoptosis proteins and the
multidrug-resistance proteinMDR1 induced anti-apoptosis and chemo-
therapy resistance. Similar findings were made in head and neck squa-
mous cell carcinoma cells, involving a slightly different mechanism
which included Nanog–STAT3-interactions, and upregulation of miR-
302 [65,66]. Besides hyaluronan–CD44 interactions, interactions of
integrins with their matrix substrates have been shown to induce al-
tered miRNA expression. Integrin α6β4, an adhesion receptor for
laminins, major compounds of basementmembranes, plays an essential
role in cancer cell motility. Mechanistically, miR-92ab and miR-99ab/
100 family members were dysregulated upon β4-integrin-silencing in
breast cancer cell lines, suggesting an impact of integrin signaling on
prometastatic miRNA expression [67]. Likewise, miR-125b expression
was upregulated upon integrin β5 silencing, leading to the induction
of anoikis resistance in mesenchymal stem cells [68].

3. Specific ECM-dependent cellular processes regulated by miRNAs

The ECM does not only provide mechanical support for cells, the
complex amalgam of collagens, large glycoproteins, proteoglycans and
glycosaminoglycans, but also serves as a reservoir of cytokines,
chemokines and morphogens, and provides specific binding sites for
cell surface receptors and coreceptors such as integrins, cell surface pro-
teoglycans and hyaluronan receptors. Thereby, the ECM is capable of in-
ducing intracellular signaling events, which in turn modulate cell
behavior. In the following section, we will have a closer look at how
miRNAs regulate specific cellular processes by modulating the expres-
sion of ECM compounds, of their receptors, and of enzymes modifying
their functional properties.

3.1. Cell proliferation, survival and apoptosis

The classical concept of anchorage-dependent growth has taught
cell biologists early on that interactions of cells with their ECM are an
important requirement for cell survival and proliferation. Specific inter-
actions between large matrix glycoproteins such as fibronectin and
laminins and their integrin counterreceptors [5,6] trigger signaling cas-
cades which ensure cell survival, while the absence of such signals leads
to induction of apoptosis. Likewise, growth factors stored in the ECMvia
binding to proteoglycans and glycosaminoglycans interact with their
cognate receptor tyrosine kinases or serine/threonine kinases to initiate
signaling processes augmented by cell surface HS proteoglycans, thus
promoting cell proliferation [64,69], or, in the case of the cytokine
tumor necrosis factor (TNF)-α, apoptosis. Several publications have
demonstrated a link between proliferation andmiRNA-induced regula-
tion of fibronectin. In bronchopulmonary dysplasia disorder, enhanced
cell survival, proliferation and migration are mediated by increased fi-
bronectin production, which could be suppressed by overexpression
of miR-206 directly targeting fibronectin mRNA [70]. Moreover, miR-
17 overexpression in transgenic mice suppressed the expression of fi-
bronectin and fibronectin type-III domain containing 3A, thus reducing
cell proliferation and migration in vitro and growth retardation in vivo
[71]. In addition to fibronectin, miRNA induced targeting of laminin
can affect cell proliferation: For example, restored miR-205 expression
reduced cell proliferation, cell cycle progression and clonogenic poten-
tial in vitro, and impaired tumor growth in vivo, via targeting LAMC1
[72]. Concerning the role of matrix receptors, we already learned
about the impact of CD44–hyaluronan interactions and of integrin β5
on miRNA-dependent regulation of cell proliferation and (anti-)
apoptosis in Section 3.1. Human dermal fibroblast senescence could be
induced by miR-152 and miR-181a mediated-downregulation of
integrin α5 and collagen XVI expression, resulting in reduced cellular
adhesion and extracellular remodeling [73]. Among cell surface HS pro-
teoglycans,miR-10b-dependent regulation of syndecan-1was shown to
affect matrix-dependent cell proliferation, whereas, several publica-
tions identified miRNA targeting of glypican family members as a
mode for the regulation of cell proliferation and survival: Screening a li-
brary of 876 individual miRNAs and glypican-3 mRNA in hepatocellular
carcinoma samples, Maurel et al. [74] identified 5 miRNAs capable of
modulating glypican-3 expression. Whereas miR-96 and its paralog
miR-1271 repressed expression, miR-129-1-3p, miR-1291, and miR-
1303 had an inducible effect. Functional analysis revealed that miR-
1271 inhibited the growth of hepatocellular carcinoma cells in a
glypican-3-dependent manner and induced cell death. Similar findings
were independently reported for miR-219-5p, which inhibited hepato-
cellular carcinoma cell proliferation in vitro, and caused cell cycle arrest
at the G1 to S transition [75], and for miR-520c-3p, which inhibited cell
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proliferation and invasion by inducing apoptosis via targeting glypican-
3 [76]. Targeting of glypican-4 by miR-125a was reported to inhibit
growth of humanHEK293T kidney cells through amechanism involving
growth-factor-dependent activation of the MAPK pathway [77], in ac-
cordance with the role of HS proteoglycans as coreceptors for growth
factor-mediated receptor tyrosine kinase signaling [64,69]. Finally,
miRNA-dependent regulation of protease inhibitors implicated in ma-
trix remodeling has been described as a mechanism for regulating cell
proliferation. For example, targeting of serpini1/neuroserpin, an inhibi-
tor of tissue plasminogen activator bymiR-21 inhibits G1/S cell cycle ar-
rest, thus potentiating gastric cancer growth [78].

3.2. Cell adhesion

Cell adhesion plays a pivotal role during development, where specif-
ic matrix substrates providemigratory tracks e.g. for directional growth
of axons and non-neural cell populations [79]. The deleterious effect of
aberrant matrix function in development is illustrated by the often se-
vere phenotypes of knockoutmice lacking specific ECMor ECMreceptor
genes, such asmice lacking fibronectin or β-integrins [80,81]. However,
cell adhesion also plays an important role in a pathophysiological con-
text, e.g. during cancer metastasis: At early stages, cancer cells need to
loosen cell–cell and cell–matrix contact in order to acquire a migratory
phenotype, while at later stages cancer cells need to regain adhesive-
ness in order to leave the circulation and to establish secondary tumors
at sites of distant metastasis [82] (Fig. 2). In this respect, cell adhesion is
closely linked to cell migration, which will be discussed in Section 3.3.
The integrin family of matrix receptors is a natural target for miRNAs
with respect to the modulation of cell adhesion to the ECM. Indeed,
miRNA-mediated downregulation of integrin subunits has been
shown to result in altered cell adhesion in several cases. Overexpression
of miR-152 in human dermal fibroblasts resulted in 3′UTR-mediated
downregulation of integrin α5 and reduced adhesion to type I collagen
[73]. Moreover, overexpression of miR-183 reduced adhesion to lami-
nin, gelatin, and collagen type I in normal human fibroblasts and
human trabecular meshwork cells via targeting of integrin β1, suggest-
ing its involvement in regulating metastasis and cell senescence [83].
Similarly,miR-124 impaired oral squamous cell carcinoma cell adhesion
via downregulation of β1-integrin through interacting with its 3′UTR
[84]. Besides integrin-mediated adhesion, miRNA interference with
hyaluronan or its receptor CD44 modulates cell adhesion. For example,
miR-328 diminished A431 cell adhesion to hyaluronan and fibronectin,
but not to laminin, via repression of its direct target CD44 [85]. In con-
trast, adhesion of breast and cervical carcinoma cells was promoted by
inhibition of let-7, which resulted in upregulation of hyaluronan syn-
thase 2 [35].

3.3. Cell motility

Like cell adhesion, cell migration is of major importance for embry-
onic development, wound repair, and pathological processes such as
cancer metastasis. Matrix-dependent signaling processes trigger a
restructuring of the cellular cytoskeleton, which results in a change of
cell motility [86–88]. In addition, cytokine-induced reprogramming
processes can result in acquisition of a migratory phenotype, as exem-
plified by the process of epithelial-to-mesenchymal transition (EMT)
[89]. Several studies have reported changes in cell motility due to
miRNA-dependent alteration of matrix substrate expression. miR-335,
a breast cancer metastasis suppressor, repressed cell migration via
targeting the progenitor cell transcription factor SOX4 and the ECM gly-
coprotein tenascin-C [90]. Restoration of mir-335 expression also
inhibited hepatic stellate cell migration and activation via tenascin-C
downregulation, associated with reduced α-smooth muscle actin and
collagen type I expression [91]. The large extracellular chondroitin sul-
fate proteoglycan versican is produced by smooth muscle cells (SMCs)
and promotes their migration and proliferation [58,92]. Notably, the
transcriptional coactivator myocardin can regulate versican expression
via induction of miR-143, which targets the 3′UTR of versican, leading
to its downregulation. This mode of regulation has an impact on
platelet-derived growth factor BB-induced SMC migration [92]. Apart
from versican, numerous publications report miRNA-mediated regula-
tion of laminin expression as a contributing factor to changes in cell
motility. The laminin family of large extracellular glycoprotein plays a
major role in establishing the complex network of basement-
membrane-like extracellular matrices. Composed of three chains, the
cross-shaped laminins provide binding sites for integrins, heparan sul-
fate proteoglycans, and multiple adaptor-like proteins via their
multidomain structure [93]. Functional interactions with integrins
thereby induce signaling processes which alter cell behavior. Interest-
ingly, some microRNAs coregulate laminin and integrin subunits,
underscoring the importance of these matrix receptors for miRNA-
dependent regulation of cell motility. For example, re-expression of
multiple miR-29 family members (miR-29a/b/c) impaired the migrato-
ry and invasive phenotype of head and neck squamous cell carcinoma
cell lines via direct targeting of LAMC2 and α6 integrin [94]. Further-
more, miR-124a downregulation is a frequent event in glioblastoma
associated negatively with the expression of target proteins, such as
LAMC1 and integrin β1, thus hindering migration and invasion of
glioblastoma cells [95]. Numerous additional examples for miRNA-
mediated regulation of integrin subunits have been described: It has
been reported that miR-31, a master regulator of integrins, directly tar-
gets multiple α subunit partners (α2, α5, and αV) of β1 integrins and
also β3 integrins. Overexpression of miR-31 in cancer cells significantly
inhibited cell spreading in a ligand-dependent manner and thereby
modulated key functions of cancer cell invasion and metastasis [96].
miR-31 overexpression also antagonizes breast cancer metastasis
in vivo including local invasion, early post-intravasation events, and
metastatic colonization via suppression of a panel of the pro-
metastatic target genes integrin alpha5, radixin, and RhoA [97]. While
these examples show the relevance of miRNA-regulation of integrin ex-
pression for cell motility in physiological and pathophysiological con-
texts, it is clear that the miRNAs are usually targeting additional
mRNAs, resulting in an enhanced, or at least a more complex combina-
torial effect on the target cell(s). Finally, differential regulation of
integrin expression can result in altered miRNA expression affecting
ECM biosynthesis. Secreted protein acidic and rich in cysteine (SPARC)
is a glycoprotein playing an important role inmatrix remodeling and in-
vasion [98]. Overexpression and activation of the laminin receptorα6β4
integrin in breast carcinoma cells resulted in augmented SPARC expres-
sion via downregulation of the SPARC-targeting miRNA miR-29a, thus
facilitating cellular invasion [99]. Apart from the interaction of integrins
with their fibronectin and laminin matrix substrates, miRNA-
modulation of the interaction of hyaluronan and its receptor CD44 af-
fects cell migration. Importantly, enhanced hyaluronan-dependent in-
vasiveness and chemotherapy resistance of CD44+ hepatocellular
carcinoma cells could be inhibited upon direct targeting of CD44 via
miR-199a-3p overexpression [100].

Within their extracellular environment, cell motility is not solely de-
termined by matrix–receptor interactions and the resulting signaling
processes that lead to cytoskeletal restructuring, but also bydegradation
of the ECM, which removes physical hindrances of migratory processes.
Therefore, miRNA-dependent regulation of matrix-degrading enzymes
and their inhibitors additionally influences cell motility within tissues.
By directly targeting MMP-16, miR-155 significantly inhibited cell mi-
gration in human cardiomyocyte progenitor cells [101]. Overexpression
of miR-181a enhanced invasion of human MG63 osteosarcoma cells,
which was associated with upregulation of MMP-9 and the down-
regulation of TIMP-3 [102]. Furthermore, inhibition of prostate cancer
cell migration and invasion were shown to be mediated by miR-143-
induced MMP-13 downregulation [103]. Finally, plasminogen activator
inhibitor PAI-1 was down-regulated at the mRNA and protein levels
upon miR-145 transfection in a human endometriotic cell line, which
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was associated with reduced invasion [104]. Several additional exam-
ples for miRNA-dependent remodeling of ECM, and the associated
changes in cell motility, have been recently reviewed by Rutnam et al.
[20].
3.4. Stem cell function and cell differentiation

In contrast to differentiated cells, which fulfill a specific function
within a given tissue, stem cells are characterized by the property
of self-renewal and asymmetric cell division, giving rise to a daugh-
ter cell with stem cell properties, and a committed daughter cell ca-
pable of undergoing further differentiation processes [104,105].
Regarding pathophysiological processes, a subpopulation of cancer
cells is characterized by stem cell-like properties, including self-
renewal, unlimited and high proliferative potential, expression of
multidrug-resistance proteins, active DNA repair capacity, apoptosis
resistance, and a high developmental plasticity [105,106]. These ap-
parent similarities have lead to the concept of cancer stem cells,
which proposes that undifferentiated stem-like cells within the
tumor may be the source of the highly proliferative bulk tumor
cells. As summarized in several contributions to this special issue,
the ECM has a profound influence on the maintenance of the undif-
ferentiated state of stem cells, and on driving cells into defined line-
ages of differentiation [107–109]. Therefore, it is not surprising that
miRNA-dependent regulation of ECM constituents has an impact on
(cancer) stem cell function and differentiation processes. For exam-
ple, miR-125b expression was shown to be upregulated by integrin
β5 silencing and to induce anoikis resistance in mesenchymal stem
cells [68]. In addition, the interaction of hyaluronan and a CD44 var-
iant has an impact on a cancer stem cell phenotype: In head and neck
squamous cell carcinoma, interaction of hyaluronan with CD44v3
leads to complex formation with the pluripotency-associated tran-
scription factors Oct4, Sox2 and Nanog, which are controlling ex-
pression of miR-302 at the promoter level [66]. Upregulated miR-
302, miRNA-dependent targeting of DNA demethylation regulators,
and upregulation of survival proteins enhanced cancer stem cell
properties, including self-renewal, clonogenicity, and chemotherapy
resistance in hyaluronan–CD44v3-activated head and neck cancer.

Concerning the modulation of differentiation processes, numerous
examples of miRNA-mediated ECM modulation have been described.
Interference with miR-488 function induced upregulation of MMP-2,
thus preventing cellular condensation and chondrogenic differentiation
[110]. Moreover, usingmicroarray analysis, Sumiyoshi et al. [111] found
that the expression ofmiR-1wasmost repressed uponhypertrophic dif-
ferentiation. In vitro transfection studies of chondrocytes revealed that
aggrecan, the major cartilaginous proteoglycan, was a target of miR-1,
which emerged as an important regulator of the chondrocytic pheno-
type [111]. An independent study revealed that miR-181a repressed
the expression of aggrecan, and the chondrogenesis-promoting factor
CCN1 [112]. A more indirect impact on cartilage differentiation has
been reported by Gradus et al. [113]. They could demonstrate that ex-
pression of Snail1, a fibroblast growth factor (FGF) effector responsible
for derailing the normal program of permanent chondrocytes, is con-
trolled by miR-125b and miR-30a/c. The authors found that inhibition
of these miRNAs in chondrocytes resulted in a derepression of Snail1
and consequently in reduced expression of aggrecan and collagen 2
(alpha 1). Additional aspects of miRNA-regulated cartilage differentia-
tion have been recently reviewed by Rutnam et al. [20]. Apart from car-
tilage differentiation, the process of EMT is modulated via miRNA
regulation of ECM constituents. For example, miR-200b mediated inhi-
bition of TGF-β1-induced EMT via direct repression of fibronectin syn-
thesis in renal fibrosis [114]. In contrast, downregulation of miR-7 in
breast cancer cells induced EMT by enhancing the expression of
vimentin and fibronectin and repression of the epithelial cell adhesion
molecule E-cadherin [115].
4. Pathophysiological, diagnostic and therapeutic relevance of
miRNA-dependent ECM regulation

The expression of miRNAs is dysregulated under a variety of path-
ological conditions, suggesting a microRNA involvement in the
pathogenetic process [3,116]. In the preceding chapters, we have
encountered several examples for miRNA-dependent regulation
of ECM constituents as modulators of important pathogenetic
properties of cancer cells, including aberrant proliferation, apoptosis
resistance, cell migration and metastasis, and cancer stem cell prop-
erties. Another hallmark of cancer is tumor angiogenesis, the forma-
tion of blood vessels from existing vasculature, which is initiated and
sustained by secretion of angiogenic cytokines by tumor cells to en-
sure a sufficient nutrient supply [69]. The ECM and its receptors are
known to be important regulators of physiological and pathological
angiogenesis [64,117,118]. Several publications identified miRNA-
dependent regulation of integrin subunits as an angiogenesis-
modulating mechanism. miR-93 was shown to augment angiogene-
sis and tumor growth in human glioblastoma via targeting
integrin-β8 [119]. In intestinal acute graft-versus-host disease in
mousemodels and patients, a protective role for miR-100 in blocking
inflammatory neovascularization was attributed to its targeting of
αvβ3 integrin expression [120]. Moreover, miR-92a curtailed angio-
genesis and functional recovery of ischemic tissues via targeting of
the proangiogenic integrin subunit α5 [121]. Apart from integrins,
MMPs are involved in regulating angiogenesis. For example, miR-
29 overexpressing hepatocellular carcinoma cells exhibit reduced
tumor angiogenesis, invasion, and metastasis through direct
targeting of the 3′-UTR of MMP-2 mRNA [122]. Moreover, miR-24
suppression of NDST1 reduced endothelial cell responsiveness to
one of the most important proangiogenic cytokines, VEGF-A [35], in
accordance with the role of cell surface HS proteoglycans as
coreceptors for receptor tyrosine kinases [69].

miRNA-dependent regulation of ECM constituents also plays a role
in the pathogenesis of various inflammatory diseases. The interstitial
dermatan sulfate proteoglycan decorin has recently emerged as a
novel regulator of allergic inflammation [123]. Merline et al. [124] dem-
onstrated that decorin-mediated activation of toll-like receptors was
mechanistically linked to a decreased expression of miR-21, which in
turn prevented the repression of the proinflammatory factor PDCD4
[124], thus marking soluble decorin as a proinflammatory factor in sep-
sis. In endometriosis, an inflammatory disease associated with ectopic
growth of endometrial tissue, miR-10b-dependent targeting of the HS
proteoglycan syndecan-1 was shown tomodulate interleukin (IL)-6 ex-
pression and hepatocyte growth factor induced MAPK signaling [125].
In human osteoarthritis, miR-9 overexpression inhibits the secretion
of the collagen type II-targeting metalloproteinase MMP-13 and IL-1β-
induced TNF-alpha production [126]. Moreover, miR-127-5p and miR-
140 abrogated IL-1β-induced MMP-13 production in chondrogenic
SW1353 cells and human articular chondrocyte C28/I2 cells respective-
ly, as measured by a MMP-13 3′UTR reporter construct, suggesting its
potential role in the development of osteoarthritis [127,128].

The mechanistic involvement of dysregulated miRNA function in
disease raises the question of a potential use of miRNAs as diagnostic
markers or therapeutic targets. In fact, due to their comparable high sta-
bility in patient tissue samples and sera, and due to highly sensitive
qPCR-based detection techniques, miRNAs are promising diagnostic
markers from a technical perspective. As diagnostically relevant alter-
ations in miRNA expression are not specific for ECM-related genes, the
reader is referred to reviews by Götte [3] and Neubauer et al. [116] in
this context. However, with respect to ECM-specific miRNA-related di-
agnostics, the investigation of single nucleotide polymorphisms
(SNPs) is of relevance. For example, a clinical association has found
between the risk of prostate cancer and the SNP rs11902171 in the pre-
dicted miRNA-binding site of the ITGAV integrin gene [129]. Further-
more, the A allele of the SNP rs743554 in the predicted miRNA target
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site of the ITGB4 integrin gene has been reported to be strongly associ-
ated with estrogen receptor-negative tumors and survival in a study on
749 Swedish breast cancer patients, marking it as a potential prognostic
factor in breast cancer [130]. While this is clearly just a beginning, it can
be expected that the discovery of additional SNPs in miRNA binding
sites of selected ECM-related molecules may expand the repertoire
of diagnostic, prognostic, or predictive disease markers in the near
future.

The high regulatory capacity of miRNAs, and their mechanistic in-
volvement in pathologies, marks them as potential therapeutic targets,
or as potential therapeutics, respectively, depending on if up- or down-
regulation of a particularmiRNA is linked to the disease. In the case of an
upregulation, miRNA can be antagonized using 2′-O-methyl RNA
oligonucleotides, locked nucleic acid-antimiRs (antisense miRNA),
cholesterol-conjugated antagomiRs, or miRNA decoys, which are syn-
thetic mRNAs expressing complementary target sequences, thus com-
peting with the endogenous target mRNAs of a miRNA. To induce
upregulation of a miRNA, transfection with miRNA mimics represents
an approach which has been proven successful in vitro and in animal
models (see [3,116] for discussion). For example, lentiviral miR-30-
based RNA interference against heparanase abrogated melanoma me-
tastasis in a xenograft animal model [131]. Although most therapeutic
effects reported so far have been achieved using preclinical in vitro
and animal models, some of these results are highly encouraging.
Prime examples are the LNA-antimiR-treatment of miR-122-associated
hypercholesterinemia, which resulted in low plasma cholesterol levels
due to upregulation of cholesterol synthesis inhibiting factors in a non-
human primate model [132], or preclinical trials involving a LNA-based
miRNA-targeting drug against liver-specific miR-122 for the treatment
of hepatitis C, as miR-122 stimulates hepatitis C virus replication [133].
In some cases, modified ECM compounds have been successfully uti-
lized as delivery vehicles for miRNA drugs. For example, atelocollagen-
mediated delivery of a miR-516a-3p expression vector into orthotopic
human scirrhous gastric carcinoma cells prolonged the survival in a
mouse model, due to Sulf-1 downregulation [42]. Moreover, interfer-
ence with ECM-targeting miRNA function can result in beneficial effects
when combined with conventional therapies. For example, downregu-
lation of the perlecan-targeting miRNA miR-663 is associated with in-
creased chemotherapy sensitivity of breast cancer cells [52]. Likewise,
interference with miRNAs regulating the hyaluronan–CD44 signaling
axis, such as miR-21 or miR-199a-3p, influences chemotherapy resis-
tance [65,100]. Furthermore, a synergistic growth-inhibiting effect be-
tween the β1-integrin targeting miR-9-3p and the MEK1/2 inhibitor
AZD6244 on human breast cancer cells has been described [134].

The near future will reveal if ECM-modulating miRNA-centered
therapeutic approaches can be successfully transferred into clinical set-
tings. Apart from classical obstacles associated with targeted delivery,
which need to be overcome [135], the potential danger of causing side
effects due to the multitude of predicted targets of a particular miRNA
is an issue that needs to be carefully addressed. On the other hand, syn-
chronous targeting of multiple mRNAs by a particularmiRNA-drugmay
result in a much stronger therapeutic effect compared to a single mole-
cule approach (see [3,116,135] for discussion).

5. Conclusion and perspectives

miRNAs have emerged as important and powerful posttranscrip-
tional regulators of numerous cellular processes [2,3,116]. Among
their targets, ECM-constituents and their receptors have been identi-
fied as important modulators of cell behavior, having an impact on
cell proliferation, survival and apoptosis, cell differentiation and
stemness, cell adhesion and migration. Coregulation with ECM
mRNAs, ceRNA functions of the 3′UTRs of ECM-related mRNAs, and
matrix-mediated signaling controlling the expression of miRNAs
are molecular mechanisms by which complex regulatory circuits
between miRNA and ECM gene expression are controlled. As
dysregulated expression of ECM-targeting miRNAs has been linked
to the pathogenesis of a variety of disorders, including inflammatory
and malignant diseases, these miRNAs emerge as diagnostic and
prognostic markers and as therapeutic targets. While encouraging
results have been achieved in vitro and in animal models, more re-
search is needed to fully establish the therapeutic and diagnostic
value of ECM-related miRNAs. Apart from the technical challenge of
a targeted delivery of miRNA-related drugs, the issue of potential
side effects associated with the multitude of potential target se-
quences will require particular attention.
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