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Abstract

MicroRNAs (miRNASs) are small non-coding RNAs of 18-25 nucleotides that are generally
believed to either block the translation or induce the degradation of target mMRNA. miRNAs have
been shown to play fundamental roles in diverse biological and pathological processes including
cell proliferation, differentiation, apoptosis and carcinogenesis. Fibrosis results from an imbalance
in the turnover of extracellular matrix molecules and is a highly debilitating process that can
eventually lead to organ dysfunction. A growing body of evidence suggests that miRNAs
participate in the fibrotic process in a number of organs including the heart, kidney, liver and lung.
In this review, we summarize our current understanding of the role of miRNAs in the development
of tissue fibrosis and their potential as novel drug targets.
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Introduction

miRNA-mediated RNA interference has been identified as a novel mechanism that regulates
gene expression at the translational level [1;2]. These short RNA sequences of 20-23
nucleotides are produced by the processing of full length mRNA-like transcripts known as
primary miRNAs [3;4]. These larger primary miRNA transcripts undergo enzymatic
cleavage by the RNAse 111 Drosha to produce ~ 70 nt precursor miRNAs. These are then
transported to the cytoplasm where they are further processed by another RNAse 111
enzyme, DICER, to produce ~ 21-23 double stranded RNA. One strand, the mature miRNA,
is then loaded into the RNA~-induced silencing complex (RISC) where it is believed to either
repress mRNA translation or reduce mRNA stability following imperfect binding between
the miRNA and the miRNA-recognition elements (MRE) within the 3’ untranslated region
(UTR) of target genes. Specificity of the miRNA is thought to be primarily mediated by the
‘seed’ region that is localised between residues 2—8 at the 5’ end [5-7].

In most circumstances, miRNAs are believed to either repress mRNA translation or reduce
mRNA stability following imperfect binding between the miRNA and the miRNA-
recognition elements (MRE) within the 3" untranslated region (UTR) of target genes.
Specificity of the miRNA guide strand is thought to be mediated by the ‘seed’ region
localised between residues 2-8 at the 5’ end [5-7] although this also appears to be
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influenced by additional factors such as the presence and cooperation between multiple
MREs [8;9], the spacing between MREs [9;10], proximity to the stop codon [9], position
within the 3' UTR [9], AU composition [9] and target mRNA secondary structure [11].
However, recent studies have also suggested that miRNAs might enhance mRNA translation
in non-proliferating or amino-acid starved cells. Thus, serum starvation and cell-cycle arrest
was shown to increase TNFa release by a mechanism that involved miRNA-369-3 binding
to the AU rich elements (ARE) within the 3' UTR of TNFa and interaction between two
miRISC associated proteins, Ago 2 and fragile-X-mental-retardation-related protein 1
(FXR1) [12;13]. In similar studies, Orom et al, have demonstrated that miRNA-10a
increases ribosomal protein expression following amino acid starvation and in response to
cellular stress [14]. In this case, the action of miRNA-10a was shown to mediated through
binding within the 5’-UTR (and not the 3'-UTR) of mRNA at regions immediately down-
stream of the regulatory 5'TOP motif [14]. It therefore appears that although miRNAs
predominately repress translation through binding within the 3" UTR of target mRNA,
individual miRNAs might also increase mRNA translation and bind regions with the 5'-
UTR.

There is now overwhelming evidence that miRNAs regulate diverse biological processes
including cell proliferation, differentiation and apoptosis and that aberrant miRNA
expression/action can lead to the development of multiple diseases. Fibrosis is characterised
by the excess deposition of extracellular matrix (ECM) components, which is the end result
of an imbalance of metabolism of extracellular matrix molecule. Irregularities in multiple
pathways involved in tissue repair and inflammation can lead to the development of fibrosis.
Collagens are the predominant ECM proteins while other ECM proteins such as fibronectins
(FNs), elastin and fibrillins also have an important role in the development of fibrosis [15].
Fibrosis is likely to result from both an increased synthesis and decreased degradation of
ECM components. In particular, matrix metalloproteinases (MMPs) that degrade ECM
maybe elevated while their inhibitors, tissue inhibitor of metalloproteinases (TIMPs) maybe
down-regulated. Collagens are synthesised by many cell types but mainly by mesenchymal
cells including fibroblasts. Following tissue injury, fibroblasts differentiate into
myofibroblasts and often, persistent activation of the myofibroblast phenotype with a
resistance to apoptosis ensures the development of fibrosis. A number of pro-fibrotic
mediators have been identified although transforming growth factor-p (TGF-B) is proposed
to play a central role in many fibrotic conditions. Extensive tissue remodelling and fibrosis
can ultimately lead to failure in a number of organs. Although current treatments typically
target the inflammatory response, the mechanism of fibrosis is poorly understood and there
are few effective therapies. For these reasons and knowing the multitude of pathways
miRNAs can affect, it is envisaged that investigating the roles of miRNAs in fibrosis could
not only advance our understanding of the pathogenesis of this common condition, but
might also provide new targets for therapeutic intervention. In this regard, we have reviewed
the growing body of evidence that suggests miRNASs are involved in the process of fibrosis
in several organs including heart, lung, kidney and liver (Figure 1).

miRNA and cardiac fibrosis

Cardiac fibroblasts are the most numerous cell type in the heart and are central to the
regulation of cardiac ECM metabolism [16]. Excess deposition of ECM components in the
heart is associated with numerous cardiovascular diseases including hypertension,
myocardial infarction and cardiomyopathy and there is now accumulating evidence that
implicate miRNAs in the modulation of these conditions [17-21].

The overall importance of miRNAs was shown by Da Costa Martins et al. (2008) who
reported that conditional deletion of Dicer, an enzyme that is central to miRNA metabolism,
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in the mouse myocardium resulted in cardiomyocytes hypertrophy and remarkable
ventricular fibrosis [22]. Subsequent articles have helped to clarify the roles of individual
miRNAs in cardiac fibrosis. Using in situ hybridization, Thum et al. (2008) found that
miR-21 was selectively expressed in cardiac fibroblasts and that miR-21 expression was
greatly enhanced in the failing heart in human, mice and rats [23]. Subsequent mechanistic
studies rat cardiac fibroblasts showed that increased miR-21 enhanced extracellular
regulated kinase (ERK) signaling by targeting the down-regulation of the ERK inhibitor,
sprouty homologue 1 (Spry1). In turn, this promoted fibroblast survival and fibroblast
growth factor (FGF) secretion leading to fibroblast proliferation and ECM/collagen
deposition in vitro [23]. Significantly, in vivo silencing of miR-21 using an *antagomir’ was
shown to reduce cardiac ERK kinase activity and inhibit interstitial fibrosis and cardiac
dysfunction in a mouse mode of cardiac hypertrophy induced by overloaded pressure [23].
Increased expression of miR-21 has also been demonstrated in the infarct zone of hearts
subjected to ischaemia-reperfusion (IR), especially in cardiac fibroblasts [24]. Under these
circumstances increased miR-21 expression was shown to target the down-regulation of
phosphatase and tension homologue (PTEN) which negatively regulates the phosphoinositol
3-kinase (PI3K)-Akt signalling pathways [24]. The subsequent activation of the PI3K-Akt
pathway increased the expression of matrix metalloproteinase (MMP)-2, which is known to
degrade ECM and permit the infiltration of fibroblasts [24].

The miR-29 family has also been implicated in cardiac fibrosis following a report showing
down-regulation of miR-29 family, miR-29a, miR-29b and miR-29c, in the border zone of
murine and human hearts during myocardial infarction [25]. This study also showed down-
regulation of miR-149 and increased expression of miR-21, miR-214 and miR-223 although
the functional consequences of these changes are unknown. Multiple target genes of the
miR-29 family were identified including ECM proteins such as collagens, fibrillins, and
elastin and it was speculated that transforming growth factor (TGF)-p-mediated down-
regulation of miR-29 would enhance fibrosis. This was confirmed by demonstrating
decreased collagen expression in cultured mouse cardiac fibroblasts transfected with
miR-29b mimics and increased collagen expression in mouse liver, kidney and heart
following the administration of cholesterol-modified inhibitor by tail vein injection [25].

Connective tissue growth factor (CTGF) is known to be a potent inducer of tissue fibrosis in
multiple tissues including the heart. Interestingly, Duisters et al. have shown that miR-133
and miR-30 target the down-regulation in CTGF expression in cultured rat cardiomyocytes
and fibroblasts [26]. Investigations using rodent models of cardiac hypertrophy and samples
from patients with left ventricular hypertrophy showed a reduction in miR-30 and miR-133
expression that was inversely correlated with CTGF, collagen and fibrosis levels [26]. The
potential importance of miR-133 has been underlined by reports that miR-133-al and
miR-133-a2 knockout mice develop severe fibrosis and heart failure [27] and by studies
showing that miR-133 and miR-590 are down-regulated in a canine model of nicotine
induced atrial interstitial fibrosis [28;29]. Interestingly, mechanistic studies in the canine
models and in cultured atrial fibroblasts have shown that the protective actions of miR-133
and miR-590 are mediated through targeting the down-regulation of TGF-B1 and TGF-
receptor type I, respectively [29].

Finally, van Rooij et al have demonstrated that mice containing a miR-208 deletion, unlike
wild type mice, did not exhibit cardiomyocytes hypertrophy or fibrosis in response to aortic
banding and transgenic expression of activated calcineurin [30]. Although deletion of
miR-208 was shown to attenuate expression of -myosin heavy chain (f-MHC) in heart, the
mechanism by which miR-208 impacts on the fibrotic process is unknown.
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MiRNAs and pulmonary fibrosis

Pulmonary fibrosis is characterized by excessive deposition of collagen and other ECM
proteins within the pulmonary interstitium and is commonly associated with the up-
regulation of TGF- [31]. Little is known regarding the role of miRNAs in lung fibrosis
although a recent report by Pottier et al. using human lung fibroblasts has shown that
miR-155 expression was increased following treatment with TNFa and IL-1p and reduced
by TGF-B [32]. Mechanistic studies indicated that increased miR-155 down-regulates
keratinocyte growth factor (KGF, FGF-7) expression and increased fibroblast migration by
inducing caspase-3 expression. Studies using a bleomycin-induced mouse model of lung
fibrosis confirmed that up-regulation of miR-155 was correlated with the degree of lung
fibrosis in C57BL/6 and BALB/C mice [32].

mMiRNAs and hepatic fibrosis

Fibrosis is a common outcome of chronic hepatic diseases including viral hepatitis, alcohol
abuse and metabolic diseases and can ultimately lead to liver cirrhosis and hepatic failure.
Hepatic stellate cells (HSC) are believed to be the main matrix-producing cells in the liver.
Following multiple injurious agents and/or exposure to inflammatory cytokines, activated
HSC lose their lipid droplets, migrate to injured sites and are transformed into
myofibroblast-like cells which secrete large amounts of ECM leading [33].

A number of reports have demonstrated an important role of miRNAs during HSC
activation. Thus, measurement of the changes in miRNAs expression in activated rat HSC,
identified 12 up-regulated miRNAs (miR-874, 29c*, -501, -349, -325-5p, -328, -138, -143,
-207, -872, -140, 193) and 9 down-regulated miRNAs (miR-341, -20b-3p, -15b, -16, -375,
-122, -146a, -92b, -126) [34]. Interestingly, over-expression of miR-16 and miR-15b was
shown to inhibit HSC proliferation and induce apoptosis through down-regulation of the
mitochondrial associated anti-apoptotic protein Bcl-2, leading to activation of caspases 3, 8
and 9 [35;36]. In contrast to these studies, a second miRNA expression profile performed in
activated rat HSC showed increased miR-27a and miR-27b expression [37]. In this case,
inhibition of miR-27a and 27b reverted activated HSC back to a quiescent state, a process
that was mediated by preventing the increase in expression of the miR-27a/b target, retinoid
X receptor a (RXRa)[37]. These findings show that miRNAs play a significant role in the
progression of liver fibrogenesis via HSC activation.

Steatohepatitis resulting from chronic alcoholic abuse or metabolic syndrome is a common
liver disease that usually precedes liver fibrosis [38]. Using two mice models of alcoholic
and non-alcoholic steatohepatitis, Dolganiuc et al. has shown changed expression of 5
miRNAs: miR-705 and miR-1224 were increased in both groups whilst miR-182, miR-183
and miR-199a-3p were down-regulated in alcoholic group but up-regulated in the non-
alcoholic group [38]. At the present time, the role of these miRNAs in the development of
steatohepatitis is unknown.

As with cardiac fibrosis, reduced expression of miR-29a and miR-29b has been
demonstrated during activation of primary rat HSC, in patient biopsies with hepatitis C virus
infection and in a rat model of fibrosis induced by bile-duct ligation. This indicates that the
miR-29 family might also have an anti-fibrogenic function in liver which is support by
functional studies showing decreased collagen synthesis in HSC following over-expression
of miR-29 [39].
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miRNAs and renal fibrosis

Renal fibrosis involving excessive deposition of extracellular matrix in kidney, is a common
response to chronic kidney diseases including many kinds of nephritis, nephropathy and
other nephritic diseases, which eventually leads to irreversible renal failure [40]. Diabetic
nephropathy is a common complication of diabetes and also provides a good model to study
renal fibrosis, showing progressive fibrosis in the renal glomerulus and tubulo-interstitial
region that correlates with the decline of renal function[41].

Kato et al. have reported that miR-192 was up-regulated in the glomeruli of type 1 and type
2 diabetic mice and cultured mesangial cells treated by TGF-B4 [42]. They found that TGF-
B1-induced miR-192 expression in mesangial cells increased the expression of collagen 1a2
by down-regulating Zeb2, an E-box repressor [42]. In a subsequent report, this group
showed that down-regulation of Zeb2 resulted in increased miR-216a and miR-217
expression. This also contributed to increased collagen production and the development of
diabetic nephropathy through down-regulation of PTEN and the subsequent activation of
Akt (Figure 1) [43]. Increased miR-377 is also thought to regulate the expression of
fibronectin, that accumulates in diabetic nephropathy. Expression of miR-377 was up-
regulated in mouse models of diabetic nephropathy and in cultured human and mouse
mesangial cells treated with high glucose and TGF-B4 [44]. Increased expression of
fibronection was shown to result from miR-377 mediated down-regulation in p21-activated
kinase and superoxide dismutases levels [44].

Conclusion

As outlined in this review, there is now increasing evidence that miRNAs regulate fibrosis in
multiple organs including the heart, lung, kidney and liver (Figure 1). In particular, a
number of miRNA such as miR-21 and the miR-29 family are emerging as common
regulator of fibrosis in multiple tissues and can be divided into two groups: those that
regulate the differentiation into fibrotic cells (i.e. miR-21) and those that directly target the
translation of extracellular matrix components (i.e.miR-29). Since there are few treatment
options for fibrosis, modulation of MiRNAS using either antisense that block their activity or
over-expression from viral or plasmid vectors, has been proposed as a potentially novel
therapeutic approach [45;46]. Significantly, a number of reports discussed in this review
have demonstrated the feasibility of this approach in pre-clinical mouse models of fibrosis.
Thus, van Rooij et al has shown that inhibiting miR-29 using cholesterol-conjugated
antisense increased collagen expression in mouse liver, kidney and heart [25] whilst Thum
et al used a similar approach to demonstrate that inhibition of miR-21 prevent interstitial
fibrosis and cardiac hypertrophy in a mouse model of heart infarction [23]. However, future
development will be crucially dependent upon understanding the function and mechanisms
of action of these fibrotic miRNAs.
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Figure 1.
Overview of the role of mMiRNAs in fibrosis.
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