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Abstract
Fibrotic skin disorders may be debilitating and impair quality of life. There are few effective
treatment options for cutaneous fibrotic diseases. In this review, we discuss our current
understanding of the role of microRNAs (miRNAs) in skin fibrosis. MiRNAs are a class of small,
noncoding RNAs involved in skin fibrosis. These small RNAs range from 18 to 25 nucleotides in
length and modify gene expression by binding to target messenger RNA (mRNA), causing
degradation of the target mRNA or inhibiting the translation into proteins. We present an overview
of the biogenesis, maturation and function of miRNAs. We highlight miRNA’s role in key skin
fibrotic processes including: transforming growth factor (TGF)-beta signaling, extracellular matrix
(ECM) deposition, and fibroblast proliferation and differentiation. Some miRNAs are profibrotic
and their upregulation favors these processes contributing to fibrosis, while antifibrotic miRNAs
inhibit these processes and may be reduced in fibrosis. Finally we describe the diagnostic and
therapeutic significance of miRNAs in the management of skin fibrosis. The discovery that
miRNAs are detectable in serum, plasma, and other bodily fluids, and are relatively stable,
suggests miRNAs may serve as valuable biomarkers to monitor disease progression and response
to treatment. In the treatment of skin fibrosis, antifibrotic miRNAs may be upregulated using
mimics and viral vectors. Conversely, profibrotic miRNAs may be downregulated by employing
anti-miRNAs, sponges, erasers and masks. We believe that miRNA-based therapies hold promise
as important treatments and may transform the management of fibrotic skin diseases by
physicians.
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Introduction
Skin fibrosis is characterized by fibroblast proliferation and excessive synthesis as well as
deposition of extracellular matrix (ECM) proteins, such as collagen, elastin, and fibrillin
[16,26]. Skin fibrosis is a hallmark feature of several conditions, including scleroderma,
keloids, hypertrophic scars and graft versus host disease [70]. Some of these fibrotic skin
diseases have profound impact on duration and quality of life [1,9,14,64,65]. For instance,
scleroderma affects approximately 100,000 people in the United States with a median
survival rate of 11 years [70]. Fibrotic skin disorders are debilitating and are associated with
low self-esteem, job discrimination, prejudicial societal reactions, isolation, depression and
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other psychiatric comorbidities [1,9,14,64,65]. Considering there are few effective treatment
options available for the management of skin fibrosis, novel therapies such as microRNA
(miRNA) modulators are warranted.

The complex process of fibrosis involves the interaction of various cell types, growth
factors, and cytokines [75]. A summary of the mechanisms of fibrosis is presented in Figure
1. Persistent injury, infection and inflammation are known triggers of fibrosis [75]. The
trigger leads to disruption of endothelial cells in the vasculature, a feature associated with
the onset of fibrotic disease [16]. Damaged endothelial cells secrete cytokines to recruit and
activate immune cells such as neutrophils, macrophages, T-lymphocytes and B-lymphocytes
[16,75]. These immune cells release key fibrotic growth factors, identified as transforming
growth factor (TGF)-beta, connective tissue growth factor (CTGF) and platelet-derived
growth factor (PDGF) [16,75]. TGF-beta1 is a widely recognized factor in organ fibrosis
and upregulates the expressions of CTGF and PDGF. The actions of TGF-beta1, CTGF, and
PDGF result in the activation and proliferation of fibroblasts and differentiation into
myofibroblasts, cells with high proliferative capacity responsible for the excessive synthesis
and accumulation of ECM that characterizes fibrosis. Furthermore, myofibroblasts express
alpha-smooth muscle actin (alpha-SMA) and contract the matrix [16,75].

MiRNAs have gained the attention of researchers as they may provide a new vantage point
for studying the molecular mechanisms associated with skin fibrosis [11,26,34,47,53].
MiRNAs are a class of small, noncoding RNAs that range from 18 to 25 nucleotides in
length and modify gene expression by binding to target messenger RNA (mRNA), causing
degradation of the target mRNA or inhibiting the translation into proteins [5,26]. MiRNAs
comprise 1–5% of genes in the mammalian genome and are involved in various biological
processes including cellular proliferation, development, differentiation, growth control, and
apoptosis [4,5,12,26,57]. Studies have demonstrated the involvement of miRNAs in the
fibrosis of several organ systems, including skin, heart, liver, kidney, and lungs [26]. In
dermatology, miRNAs regulate skin development and alterations in gene expression have
been associated with skin pathologies, such as inflammatory disorders [60,61] and malignant
lesions [24,43,57,77]. In the past 5 years, there have been at least 137 clinical trials
worldwide investigating miRNAs in an array of diseases, including psoriasis, cancers and
acute graft versus host disease (from a search of “microRNA” on clinicaltrials.gov).
Modulation of miRNAs has potential to address the therapeutic deficiency in the
management of skin fibrosis and may emerge a novel treatment modality.

The biogenesis and maturation of miRNAs occurs in multiple steps, starting in the nucleus
and concluding in the cytoplasm (Figure 2). In the nucleus, RNA polymerase II transcribes
genes encoding miRNA to generate the primary miRNA (pri-miRNA), a large molecule
with a stem-loop structure (Figure 2, step 1) [4,5,53,56]. The endonuclease Drosha and
cofactor DGCR8 asymmetrically cleave the stem-loop structure of pri-miRNA near the base
yielding the precursor miRNA (pre-miRNA) (Figure 2, step 2) [5]. The pre-miRNA is then
transported to the cytoplasm assisted by export receptor exportin-5 and the nuclear protein
Ran-GTP (Figure 2, step 3) [53].

In the cytoplasm, the endonuclease Dicer and the cofactor transactivation response RNA
binding protein (TRBP) process the other end of the miRNA and cleave both strands of the
pre-miRNA at the base of the stem loop generating a short duplex structure consisting the
mature miRNA strand and the complementary miRNA* strand (Figure 2, step 4) [5,53,56].
Helicase unwinds the double-stranded pre-miRNA releasing the single-stranded mature
miRNA and the complementary, miRNA* (Figure 2, step 5). In the final step (Figure 2, step
6a and 6b), the 3’ end of the mature miRNA strand is loaded onto the RNA-induced
silencing complex (RISC) with the help of one of four different Argonaute proteins (Ago 1–
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4) rendering it capable of interacting with targeted mRNAs to modulate gene expression
[54]. The miRNA* strand is degraded but may interact with targeted mRNAs in some
instances [5,44,53,56].

The key function of miRNAs in skin fibrosis is to regulate the expression of genes involved
in the pathogenesis and maintenance of fibrosis. MiRNAs achieve this by interacting with
the 3’ untranslated region (UTR) of target mRNAs (Figure 2) [53,56]. The interaction
between the miRNA and mRNA results in one of two posttranscriptional mechanisms of
gene regulation: mRNA degradation or translational repression [3,53,56]. The
posttranscriptional mechanism utilized is dependent on the level of complementarity
between the miRNA and the mRNA; significant complementarity results in mRNA
degradation, while more limited complementarity favors translational repression [3].

In this review, we discuss current understanding of the role of miRNAs in skin fibrosis. We
highlight miRNA’s role in key skin fibrotic events including: transforming growth factor
(TGF)-beta signaling, ECM protein synthesis and degradation, and fibroblast proliferation,
differentiation, and derivation from epithelial cells. Finally, we describe the diagnostic and
therapeutic significance of miRNAs in the management of skin fibrosis.

Methods
A review of published literature from January 1990 to present on the role of miRNA in skin
fibrosis was performed in May, 2013 (Figure 3). A search of the Medline database using
PubMed, EMBASE, Web of Science, Google Scholar and Cochrane databases was
conducted utilizing specific keywords or MeSH terms. “Skin fibrosis” was combined with:
“microRNA,” “miRNA,” “microRNA therapy,” and “miRNA therapy.” Fibrotic skin
diseases were identified by comprehensive reviewing of the textbook Dermatology [7] and
the following terms were combined with “microRNA” and “miRNA”: acral fibrokeratoma,
amyloidosis, atypical fibroxanthoma, bleomycininduced skin fibrosis, cutaneous
angiofibroma, dermatofibroma, dermatofibroma protuberans, eosinophilia-myalgia
syndrome, eosinophilic fasciitis, epithelioid cell histiocytoma, fibroblastic rheumatism,
fibroma of the tendon sheath, fibrosarcoma, fibrous hamartoma, graft versus host disease,
hypertrophic scars, infantile digital fibroma, infantile myofibromatosis, keloids,
lipodermatosclerosis, mixed connective tissue disease, multinucleate cell angiohistiocytoma,
nephrogenic systemic fibrosis, nodular fasciitis, porphyria cutanea tarda, restrictive
dermopathy, scleredema, scleredema diabeticorum, scleroderma, scleromyxedema, sclerotic
fibroma of the skin, stiff skin syndrome, superficial fascial fibromatosis, taxane-induced
skin fibrosis, toxic oil syndrome, and Winchester syndrome. The relevant articles that met
the following criteria were selected for inclusion: reviews, guidelines, and research studies
on miRNA in skin fibrosis. Papers published in a language other than English were
excluded.

Results
Our search resulted in 167 articles (Figure 3). After duplicates were removed, a total of 72
articles were screened. 3 articles were in a language other than English. Of the remaining 69
articles, 27 were irrelevant to skin fibrosis. This resulted in 42 articles that met inclusion
criteria and were included in this review: 12 review articles, 26 basic science studies, and 4
clinical studies.
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MiRNA Regulation of Skin Fibrosis
Several miRNAs are involved in the regulation of key processes that contribute to skin
fibrosis, including TGF-beta signaling, ECM deposition, fibroblast proliferation and
differentiation, and epithelial to mesenchymal transition or transformation (EMT). Some
miRNAs are profibrotic and their upregulation favors these processes contributing to
fibrosis, while anti-fibrotic miRNAs inhibit these processes and may be reduced in fibrosis
[26,53,57,71]. In this section, we discuss key fibrotic processes and regulation by miRNAs
(Figures 4). A summary of miRNAs upregulated and downregulated in skin fibrosis is
presented in Tables 1 and 2, respectively.

MicroRNA Regulation of Transforming Growth Factor-beta Signaling
TGF-beta has been implicated in the initiation and maintenance of fibrosis and may interact
with miRNAs to elicit these effects. The TGF-beta signaling cascade involves multiple steps
(Figure 4): TGF-beta is a soluble mediator and binds to the TGF-beta type II receptor,
leading to the recruitment of the TGF-beta type I receptor [62]. The TGF-beta type I
receptor conducts the signal through the activation of intracellular Smad2 and Smad3, that
bind to Smad4 to form a complex [62]. The Smad complex then regulates the expression of
a subset of genes encoding profibrotic factors, such as matrix structural elements [62,79].

MiRNAs are involved at each level of the TGF-beta pathway, targeting TGF-beta protein,
receptor, and Smad proteins (Figure 4). MiRNA-29 and miRNA-206 are involved at the
beginning of the pathway and lead to reduced expression of TGF-beta protein [34,49].
However, in scleroderma, these miRNAs are downregulated and as a result sustain the TGF-
beta signaling cascade with an associated increase in collagen synthesis [34,49]. MiRNA-29
negatively regulates type I collagen synthesis and miRNA-206 reduces the expressions of
types VI and XXIX collagen [34,49].

Further down the pathway, miRNA-140-5p, let-7g, and miRNA-23b modulate TGF-beta
signaling at the level of the receptor, specifically regulating the TGF-beta type II receptor
(Figure 4) [34]. MiRNA-140-5p downregulates the activity of the TGF-beta type II receptor
while let-7g and miRNA-23b upregulate TGF-beta type II receptor activity [34]. Clinically,
let-7g, miRNA-23b, and miRNA-140-5p are associated with scleroderma [34]. Furthermore,
miRNA-17-5p and miRNA-20 reduce the expression of the TGF-beta type II receptor and
are associated with hypertrophic scars [51].

Other miRNAs are involved in TGF-beta pathway regulation at the level of Smad proteins:
MiRNA-145 is hypothesized to target Smad3 mRNA while miRNA-18 and miRNA-146a
limit the expression of Smad4 protein (Figure 4) [37,51,78]. Downregulating the expressions
of these Smad proteins inhibits the downstream profibrotic effects of the TGF-beta pathway,
including ECM protein synthesis [37,78]. The downregulation of miRNA-18 and
miRNA-145 are associated with hypertrophic scars and scleroderma, respectively and may
represent therapeutic treatment targets for these conditions [51,78].

Unlike other described Smad proteins, Smad7 is a recognized antagonist of the TGF-beta
profibrotic effects (Figure 4) [79]. Some miRNAs exploit this avenue in the regulation of
skin fibrosis: TGF-beta signaling upregulates miRNA-21 transcription and miRNA-21 in
turn reduces the expression of Smad7 releasing the inhibition on the TGF-beta pathway to
create a feedforward loop (Figure 4) [79]. MiRNA-503 is hypothesized to function similarly
to miRNA-21 by reducing Smad7 expression [78]. We hypothesize that clarifying
differences in the roles and mechanisms of miRNA-21 and miRNA-503 in modulating TGF-
beta signaling may reveal how these pathways can be harnessed therapeutically in the
management of skin fibrosis.

Babalola et al. Page 4

Arch Dermatol Res. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Several other miRNAs have also been associated with TGF-beta signaling, although the
exact levels of regulation have not been elucidated. Such miRNAs include miRNA-4269,
miRNA-382, miRNA-203, and miRNA-205 and are hypothesized to regulate collagen
synthesis in keloids [36]. One study showed that levels of miRNA-4269 and miRNA-382
are increased in keloid tissue, while levels of miRNA-203 and miRNA-205 are decreased
[36]. Therefore, we envision that modulating miRNAs in keloids may result in new
therapeutic modalities for a difficult to treat disease.

The TGF-beta pathway interacts with miRNA-150 and miRNA-196a in collagen synthesis
[20,21] and is also involved in fibroblast proliferation (via miRNA-21 and miRNA-31),
differentiation (via miRNA-146a), and EMT (via miRNA-21 and miRNA-200)
[31,46,52,71]. Considering the key involvement of TGF-beta signaling in skin fibrotic
processes, targeting associated miRNAs may prove invaluable in halting skin fibrosis.
Therapies may be designed to modify the different levels of the pathway. MiRNAs that are
downregulated in skin fibrosis may be replaced, while those that are upregulated may be
reduced.

MicroRNA Regulation of Extracellular Matrix Synthesis and Degradation
Excessive ECM protein deposition is a key pathogenic feature of skin fibrosis. ECM is
composed predominantly of collagen, and other proteins including fibrillin, fibronectin, and
elastin. Increased ECM deposition is a result of increased ECM protein synthesis and/or
decreased degradation. ECM degradation occurs predominantly from the actions of matrix
metalloproteinases (MMPs). When homeostasis between matrix synthesis and degradation is
lost, skin fibrosis may result. Various miRNAs modulate skin fibrosis by regulating ECM
protein synthesis and degradation.

MiRNA-29 is a key negative regulator of ECM protein synthesis (Figure 4) [11,30,49,78].
MiRNA-29 has been studied in scleroderma patients and was found to be consistently
downregulated in patient-derived skin fibroblasts [41]. MiRNA-29 directly targets type I
collagen mRNA and is proposed to be a downstream mediator of the following profibrotic
molecules: TGF-beta, platelet-derived growth factor (PDGF)-beta, and interleukin (IL)-4
[41,49]. One study found that treatment of normal skin fibroblasts with TGF-beta, PDGF-
beta and IL-4 induced a scleroderma-like phenotype and downregulated miRNA-29 to an
extent similar to that observed in scleroderma fibroblasts [41]. These results suggest TGF-
beta, PDGF-beta and IL-4 mediate skin fibrosis in part by downregulating miRNA-29
expression. Apart from type I collagen, miRNA-29 participates in the regulation of other
ECM proteins (including fibrillin and elastin) by repressing the TGF-beta, Wnt/beta-catenin,
nuclear factor-kappa B (NF-κΒ) and mitogen activated protein kinase (MAPK) profibrotic
signaling pathways [19,49]. Considering that miRNA-29 is a critical suppressor of ECM
proteins, the reintroduction of miRNA29 to fibrotic skin using mimics or viral vectors could
be a potent anti-fibrotic strategy [11,49].

In addition to miRNA-29, several other miRNAs negatively regulate collagen expression
and are downregulated in fibrotic skin diseases: let-7a, miRNA-133a, and miRNA-150 in
scleroderma; and miRNA-7, miRNA-26a, miRNA-129-5p, miRNA-133b, and miRNA-196a
in scleroderma and keloids (Figure 4) [15,20,21,27,29,34,38]. These miRNAs target
collagen directly with the exception of miRNA-150 [15,20,21,27,29,34,38]. Downregulation
of miRNA-150 leads to the overexpression of integrin beta-3 and can activate TGF-beta
signaling; activated TGF-beta signaling stimulates Smad3 phosphorylation inducing the
transcription of collagen and the development and maintenance of skin fibrosis [20].
Evidence suggests that miRNAs may have important clinical applications and may modify
disease management in practice. Studies found that patients with lower serum levels of
let-7a and miRNA-150 had a higher ratio of diffuse to localized scleroderma, and higher
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skin thickness as assessed by the modified Rodnan skin score (MRSS) [21,38]. Furthermore,
serum concentrations of miRNA-7 and miRNA-196a inversely correlated with duration of
scleroderma, such that those with a longer history of the disease had lower levels of the
miRNAs [15,20]. These findings suggest miRNAs may also be valuable in monitoring and
evaluating disease progression longitudinally. Serum miRNAs may be particularly useful in
early diagnosis before the clinical features of scleroderma have fully developed, allowing
early treatment [21].

MiRNA-92a takes a different approach and regulates ECM degradation (Figure 4). To
maintain homeostasis in ECM deposition, collagen is degraded by MMP-1 [58].
Scleroderma has been associated with the downregulation of MMP-1 resulting in excessive
collagen accumulation [58]. MiRNA-92a is hypothesized to mediate MMP-1
downregulation in scleroderma and likely contributes to skin fibrosis in the disease (Figure
4) [58]. One study found that miRNA-92a was upregulated in the serum and skin fibroblasts
of scleroderma patients [58]. Clarifying the role of miRNA-92a in scleroderma may present
a therapeutic avenue in the management of the disease [58].

Since ECM deposition is a key feature of skin fibrosis and is modulated by several miRNAs,
targeting associated miRNAs may be worthwhile in the management of fibrotic skin
disorders. Identification of other miRNAs that modulate ECM deposition may also expand
potential therapeutic targets and allow for monitoring of disease progression and response to
therapy.

MicroRNA Regulation of Fibroblast Proliferation, Differentiation, and Derivation from
Epithelial Cells

In the skin, fibroblasts play a crucial role in ECM protein synthesis and differentiate into
myofibroblasts with high proliferative capacity and ability to synthesize large numbers of
ECM molecules. Although fibroblasts are considered to be derived from mesenchymal cells,
they may have non-mesenchymal precursors as epithelial cells can differentiate into
fibroblasts in a process termed “epithelial to mesenchymal transition or transformation”
(EMT) [31]. Our understanding of the role of EMT in skin fibrosis is evolving and EMT is
suggested to be involved in the pathogenesis of scleroderma [50,74]. MiRNAs modulate
skin fibrosis by regulating the following key fibroblastic processes: proliferation,
differentiation, and EMT.

Fibroblast proliferation is a target of both miRNA-21 and miRNA-31. MiRNA-21 elicits this
effect by inhibiting Sprouty1, a recognized antagonist of fibroblast proliferation (Figure 4).
Sprouty1 achieves its inhibitory role on fibroblasts by blocking extracellular receptor kinase
(ERK) and MAPK, two pathways implicated in fibroblast proliferation (Figure 4) [31,71].
Therefore, miRNA-21 indirectly releases the inhibition on the ERK and MAPK pathways
resulting in increased fibroblasts. The mechanism via miRNA-31 promotes fibroblast
proliferation has not been elucidated and presents opportunity for further research [78].

Fibroblast differentiation into myofibroblasts is negatively regulated by miRNA-146a in the
skin [37,78]. It is proposed that miRNA-146a carries out this function by repressing the
translation of Smad4 proteins in fibroblasts (Figure 4) [22,37,78]. Conversely, it was shown
that TGF-beta upregulates the expression of miRNA-146 [37]. This interaction suggests that
miRNA-146a is a critical modulator of TGF-beta signaling and uses this effect to regulate
fibroblast differentiation [37].

EMT is regulated by interactions of TGF-beta with miRNA-21 (Figure 4) [31]. TGF-beta
upregulates miRNA-21 and miRNA-21 in turn regulates the expression of the phosphatase
and tensin homolog (PTEN) gene [31]. PTEN is a recognized inhibitor of EMT and is
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targeted and inhibited by miRNA-21 (Figure 4) [46,52]. By blocking the expression of
PTEN, miRNA-21 releases the inhibition on EMT resulting in an increase in the number of
fibroblasts derived from epithelial cells [31].

The miRNA-200 family may also be involved in EMT and is composed of five members
some of which are numbered outside of the miRNA-200 range: miRNA-200a,
miRNA-200b, miRNA-200c, miRNA-141, and miRNA-429 [32]. Although the role of the
miRNA-200 family in the skin has not been firmly established, miRNA-200b and
miRNA-200c have been found downregulated in keloids [36]. MiRNA-200 is associated
with EMT inhibition via TGF-beta interactions in other organ systems [32]. In the kidney,
TGF-beta signaling activates mesenchymal transcription factors, Zeb1 and Zeb2, to induce
EMT (Figure 4). However miRNA-200 suppresses the expression of these transcription
factors [44,48,63]. MiRNA-200 has been suggested to also repress TGF-beta directly in the
kidney [44]. We hypothesize that miRNA-200 may function similarly in the skin
contributing to fibrosis. Confirming the role of miRNA-200 in keloids may improve
understanding of the pathogenesis of cutaneous fibrotic diseases.

Targeting miRNAs involved in fibroblast proliferation, differentiation, and EMT is another
avenue in halting skin fibrosis since fibroblasts are the major cells involved in ECM
deposition. Thus, clarifying the mechanisms of identified miRNAs and discovery of new
miRNAs may create a potential therapeutic approach in the management of fibrotic skin
diseases.

Clinical Applications of MiRNAs in Skin Fibrosis
MiRNAs have important clinical applications in skin fibrosis. The discovery that miRNAs
are detectable in serum, plasma, and other bodily fluids, and are relatively stable, suggests
miRNAs may serve as valuable biomarkers to monitor disease progression and response to
treatment. It is demonstrated that miRNAs in plasma are protected from degradation by
inclusion in lipid or lipoprotein complexes. Characteristic alterations in the serum or plasma
miRNA profiles in disease states could be exploited as novel biomarkers. The clinical utility
of miRNAs as disease biomarkers has been studied in skin malignancy and has gained the
attention of cutaneous fibrosis researchers. MiRNAs regulating skin fibrotic processes, such
as let-7a, miRNA-7, miRNA-196a, and miRNA-150, have been detected in decreased levels
in the serum of patients with scleroderma and affirm the potential of miRNA as a marker of
the disease [3,10,18,23,24,42,69]. One study also demonstrated that serum levels of
miRNA-142-3p are significantly higher in scleroderma patients [39]. In addition to the skin,
miRNAs hold diagnostic promise in liver and renal fibrosis, asthma, pancreatic, colorectal,
and thyroid cancer, cardiovascular diseases, traumatic brain injuries and infections. The
broad applicability of miRNAs may revolutionize diagnosis in several medical fields and
may allow early diagnosis and treatments leading to improved patient outcome.

Evidence suggests miRNAs may have therapeutic significance and may potentially
modulate skin fibrosis. Development of miRNA-targeted therapies for the management of
skin fibrosis may be channeled into one of two categories: increasing the expression of anti-
fibrotic miRNAs or reducing the expression of profibrotic miRNAs. Either approach may
help in regulating the key skin fibrotic processes. The skin is an ideal target for gene therapy
as it is readily accessible.

In combating skin fibrosis, anti-fibrotic miRNAs may be upregulated with the use of
miRNA mimics or viral vectors [3,25]. Mimics are synthetic short double-stranded
oligonucleotides, consisting of a guide strand and a passenger strand [3,17]. The guide
strand has the same nucleotide sequence as the mature miRNA and is incorporated into the
RISC complex [3,17]. The passenger strand is equivalent to miRNA* and complementary to
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the mature sequence [3,17]. Efficacy of let-7a mimic was successfully tested in vivo in a
BALB/cAJcl mouse model of bleomycin-induced skin fibrosis [38]. Let-7a oligonucleotides
were administered percutaneously into the abdominal cavity and resulted in a significant
increase in let-7a levels in the skin, with an associated improvement in skin fibrosis [38].
Mimics are hypothesized to be an effective strategy of miRNA reintroduction into tissues as
they carry the same sequence as the naturally occurring equivalent and are expected to target
the same genes [2]. Given that the target miRNA is expressed physiologically, mimics are
not anticipated to induce adverse effects as the cellular pathways modulated by mimics are
already regulated by endogenous miRNAs [2].

MiRNA expression can also be increased with the use of lentiviral (LV), adenoviral (AV),
or adeno-associated viral (AAV) vectors with built-in miRNA precursor constructs [3,67].
The choice of viral vector is usually dependent on whether long-term or transient expression
is desired [13]. LVs integrate into the host genome and appear to be more suited for long-
term miRNA expression. LVs have been found effective for cutaneous gene transfer and
long-term gene expression in fibroblasts [13,45,59]. The LV strategy was used to
overexpress miRNA-16 in an in vitro model of liver fibrosis and resulted in decreased
proliferation of hepatic stellate cells, the key cells involved in liver fibrosis [19]. However,
LVs are restricted by their ability to primarily infect non-dividing cells [67]. AVs have the
advantage of being able to efficiently infect both dividing and non-dividing cells [13]. The
major reservation for the use of AVs is the cytotoxicity of viral proteins triggering host
immune response and local inflammation [13]. Since AVs do not integrate into the host
genome, AVs may be useful when temporary miRNA expression is needed. The AV
technique was used in vitro to overexpress miRNA-375 in alveolar epithelial cells [73].
Downregulation of miRNA-375 has been detected in idiopathic pulmonary fibrosis and
overexpression of miRNA-375 may be therapeutic in the disease [73]. The non-
pathogenicity of AAVs makes them another attractive option for miRNA re-introduction
[67]. AAV-2 type is prevalent in human population and often neutralized by antibodies [67].
AAVs infect both dividing and non-dividing cells and may integrate into host genome. The
AAV strategy has been successfully demonstrated in vivo to replace cardiac-expressed
miRNA-1 in rats and led to a significant reduction of myocardial fibrosis [28]. Therefore,
AAVs may represent the ideal vector for the treatment of skin fibrosis, as it has been
successfully used as an anti-fibrotic therapy in animal models and does not cause disease in
humans. However, human antibodies against AAVs may limit the effectiveness of AAVs.

Another possible approach in the management of skin fibrosis is to downregulate the
expression of profibrotic miRNAs using anti-miRNAs, sponges, erasers, and masks and has
been successfully demonstrated in other organ system models. Some of the applications of
these methods are listed in Figure 5. Anti-miRNAs (Figure 5a) are synthetic
oligonucleotides that are complementary and bind to target miRNAs inhibiting the activity
of the miRNA [3]. One study showed that direct injection of anti-miRNA against
miRNA-21 into the dermis of wounded mice impaired collagen deposition in vivo [72].
Therefore antagonizing miRNA-21 may be therapeutic in the management of skin fibrosis.
Sponges (Figure 5b) are competitive inhibitors of miRNAs containing several, tandem
binding sites to the target miRNA. The binding sites of a sponge are specific to the seed
region (miRNA nucleotides 2–7, the major specificity determinant for target recognition).
Therefore sponges may be used to block a whole family of related miRNAs possessing a
common seed region [6]. Sponges also have a bulge at the miRNA-binding site preventing
cleavage by the RISC component, Ago2 [3]. MiRNA erasers (Figure 5c) are similar to
sponges, except that erasers utilize two copies of the perfectly complementary antisense
sequence of the miRNA [3]. Mask (Figure 5d) oligonucleotides do not directly interact with
the target miRNA, but instead bind to the miRNA target sequence of the mRNA, preventing
the miRNA/mRNA interaction [17,72]. Masks are anticipated to have few adverse effects
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since they interact directly with the mRNA permitting, the miRNA to regulate other cellular
processes. Anti-miRNAs, sponges, erasers and masks are complementary to each other and
we believe could be used to serve different anti-fibrotic modulatory purposes: since anti-
miRNAs bind to a specific miRNA, they may be useful when the goal is to block the activity
of a single miRNA; sponges and erasers bind to seed regions of miRNAs and may be the
ideal option for blocking the activities of a family of related miRNAs containing a common
seed region; masks bind directly to the mRNA preventing the miRNA from binding to the
mRNA and may be suitable for modifying a specific target gene of the miRNA allowing the
miRNA to regulate other genes.

MiRNA-targeted therapies may potentially aid the management of skin fibrosis since
regulating a single miRNA could effectively modify a group of functionally related genes in
a pathway [3]. MiRNAs can also be effectively modified in vitro as well as in vivo [3].
There are two miRNA modulators currently in clinical trials. This represents a new field of
study, as no other miRNA modulators have been evaluated previously. As these two miRNA
modulators have not completed clinical trials, there is no knowledge of potential cost.

The first human clinical trial of a miRNA-targeted drug, miravirsen, concluded the phase I
and IIa clinical trials. Miravirsen is an anti-miRNA against liver-expressed miRNA-122 and
is being evaluated for the treatment of hepatitis C [35]. MiRNA-122 is the most abundant
miRNA in hepatocytes and is involved in the replication of hepatitis C virus [35]. The drug
was administered subcutaneously once a week for 5 weeks and was well tolerated with no
dose-limiting toxicities [35]. Preliminary results also reveal that the drug may be efficacious
for hepatitis C as there was a dose dependent reduction in plasma levels of viral RNA with
miravirsen treatment [35]. There was no sign of drug resistance [35].

The second ongoing clinical trial is evaluating the drug, MRX34, a mimic of miRNA-34 for
the treatment of primary liver cancer or metastatic cancer with liver involvement. This trial
is currently recruiting for a phase I study and is projected to conclude in August, 2014.
MRX34 will be administered intravenously twice a week for 3 weeks, followed by a week
off. This trial should elucidate the safety and dose-limiting toxicity of MRX34. These
reports suggest miRNA modulators could emerge as a new class of drugs and may be an
attractive option for the treatment of skin fibrosis, a group of conditions with limited
treatment options. Perhaps in the future, topical miRNA modulators may be of substantive
use in dermatology.

Since miRNAs have diverse roles and may regulate physiological pathways, potential
challenges in the development of miRNA therapies for the treatment of skin fibrosis include
side effects from interactions with non-target miRNA [53]. Synthetic oligonucleotides are
also prone to renal filtration and cleavage by serum endonucleases, contributing to chemical
instability, although this can be improved by chemically altering synthetic oligonucleotides
using 2’-0-methyl group-modification, 2’-0-methoxyethyl-modification, and locked nucleic
acid (LNA)-modification [3,17,53,75]. Efficient delivery of oligonucleotides is another
obstacle that has been encountered in the translation of miRNA-based therapies into the
clinic [53]. However, the accessibility of the skin tissue may allow local administration of
oligonucleotides and increases the feasibility of miRNA therapeutics in treating fibrotic skin
diseases [53]. In light of the success of the first human miRNA clinical trials, we anticipate
that miRNA-targeted therapeutics may transform the management of fibrotic skin disorders
by physicians.
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Conclusion
The recently identified miRNAs regulate gene expression and modulate key processes
involved in skin fibrosis: TGF-beta signaling, ECM deposition, fibroblast proliferation and
differentiation, and EMT. Some miRNAs are profibrotic and their upregulation stimulates
fibrosis, while others are anti-fibrotic and may be downregulated in fibrosis. In treating skin
fibrosis, therapies may be directed towards upregulating anti-fibrotic miRNAs or
downregulating profibrotic miRNAs. There are few effective treatment options for
cutaneous fibrotic diseases. We believe that miRNA modulators have the potential to
contribute significantly to the management of cutaneous fibrotic diseases and are worthy of
future investigation.
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Abbreviations

Ago Argonuate

AAV Adeno-associated viral vector

AV Adenoviral vector

CTGF Connective tissue growth factor

ECM Extracellular matrix

EMT Epithelial to mesenchymal transition or transformation

ERK Extracellular receptor kinase

IL Interleukin

LNA Locked nucleic acid

LV Lentiviral vector

miRNA MicroRNA

MAPK Mitogen activated protein kinase

MRSS Modified Rodnan skin score

NF-κB; Nuclear factor-kappa B

PDGF Platelet-derived growth factor

pre-miRNA Precursor-miRNA

pri-miRNA Primary-miRNA
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PTEN Phosphatase and tensin homolog

RISC RNA-induced silencing complex

SMA Smooth muscle actin

TGF Transforming growth factor

UTR Untranslated region
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Fig. 1.
Overview of fibrosis. Fibrosis is triggered by an insult such as damage to the endothelial
cells in the vasculature. These damaged endothelial cells secrete cytokines resulting in the
recruitment of immune cells. Immune cells produce transforming growth factor (TGF)-
beta1, connective tissue growth factor (CTGF), and platelet-derived growth factor (PDGF)
leading to fibroblast activation, proliferation and differentiation into myofibroblasts. The
downstream effect is excessive extracellular matrix (ECM) synthesis and deposition by
fibroblasts and myofibroblasts, a hallmark feature of fibrosis.
IL, interleukin; TNF, tumor necrosis factor
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Fig. 2.
MicroRNA (miRNA) biogenesis and maturation. MiRNA biogenesis occurs in multiple
steps in the nucleus and cytoplasm. 1) In the nucleus, miRNA genes are transcribed by RNA
polymerase (Pol) II to generate primary (pri)-miRNA. 2) Drosha and cofactor DGCR8
cleave the pri-miRNA to produce the precursor (pre)-miRNA. 3) Receptor exportin-5 and
RanGTP transport the pre-miRNA to the cytoplasm. 4) Pre-miRNA is processed by Dicer
and cofactor TRBP releasing a duplex molecule. 5) Helicase unwinds the duplex releasing
the mature miRNA strand and the complementary miRNA*. 6a) The mature miRNA strand
is loaded onto the RNA-induced silencing complex (RISC) complex with the help of
Argonaute (Ago) proteins; the mature miRNA is then capable of interacting with the 3’
untranslated region (UTR) of target mRNA. 6b) The miRNA* strand is degraded but may
interact with targeted mRNAs in some instances.
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Fig. 3.
Literature search. Illustration of the literature review method and results employed in this
article.
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Fig. 4.
MiRNA regulation of skin fibrosis in epithelial and fibroblast cells. MiRNA-21 and
miRNA-200 modulate skin fibrosis by interacting with transforming growth factor (TGF)-
beta signaling to regulate the transition of the epithelial cell into fibroblast cell (epithelial-to-
mesenchymal transition or transformation, or EMT). MiRNA-200 inhibits PTEN to promote
EMT. MiRNA-200 inhibits the transcription factors, Zeb1 and Zeb2, to antagonize EMT;
miRNA-200 is also suggested to inhibit TGF-beta directly. Transforming growth factor
(TGF)-beta interacts with the type I (BR1) and type II (BR2) receptors, leading to activation
of intracellular Smad2 and Smad3. Smad2 and Smad3 form a complex with Smad4 and
regulate the expression of collagen. Smad7 is a recognized antagonist of TGF-beta
profibrotic effects. Various miRNAs modulate skin fibrosis by regulating the TGF-beta
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signaling pathway, directly regulating collagen synthesis and degradation, and modulating
fibroblast proliferation.
MMP, matrix metalloproteinase; MAPK, mitogen activated protein kinase; ERK,
extracellular receptor kinase
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Fig. 5.
Illustration of the principles behind anti-miRNA, sponges, erasers, and masks to decrease
miRNA effect and applications in various disease states. Anti-miRNAs (a) are synthetic
oligonucleotides with complementary sequence to target miRNAs. Sponges (b) are
competitive inhibitors of miRNAs containing several, tandem binding sites to the target
miRNA - sponges have a bulge at the miRNA binding site to prevent cleavage. Erasers (c)
are similar to sponges, except that erasers utilize two copies of the perfectly complementary
antisense sequence of the miRNA. Masks (d) bind to the miRNA target sequence of the
messenger RNA (mRNA), preventing the miRNA, mRNA interaction.
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Table 1

MiRNAs upregulated in skin fibrosis

MicroRNA
Associated

fibrotic skin
diseases

Notable targets Key skin fibrotic
processes References

let-7g Scleroderma

TFGβR TGF-βsignaling

[34]Collagen types I, V
and XXI ECM synthesis

miRNA-21 Scleroderma

Smad7 TGF-βsignaling [78,79]

Sprouty1 Fibroblast proliferation [31,71]

PTEN Epithelial to
mesenchymal transition [31,52]

miRNA-23b Scleroderma
TFGβ2R TGF-βsignaling [34]

Collagen type V ECM synthesis [34]

miRNA-31 Scleroderma Fibroblasts Fibroblast proliferation [78]

miRNA-92a Scleroderma MMP ECM degradation [58]

miRNA-146a Scleroderma Smad4
TGF-βsignaling,
myofibroblast
differentiation

[37,78]

miRNA-382 Keloids
MAPK, TGF-β, and

the synthesis of
collagen

ECM synthesis [36]

miRNA-503 Scleroderma Smad7 TGF-βsignaling [78]

miRNA-4269 Keloids
MAPK, TGF-β, and

the synthesis of
collagen

ECM synthesis [36]
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Table 2

MiRNAs downregulated in skin fibrosis

MicroRNA
Associated

fibrotic skin
diseases

Notable targets Key skin fibrotic
processes References

Let-7a Scleroderma Collagen type I ECM synthesis [38]

miRNA-7
Localized

scleroderma,
keloids

Collagen type I ECM synthesis [15]

MiRNA-17-
5p

Hypertrophic
scars

TGFβ2R TGF-β signaling [51]

MiRNA-18 Hypertrophic
scars Smad4 TGF-β signaling [51]

MiRNA-20 Hypertrophic
scars

TGFβ2R TGF-β signaling [51]

miRNA-26a Scleroderma,
keloids Collagen type I ECM synthesis [15]

miRNA-29 Scleroderma
Collagen types I and III,

elastin, fibrillin, Wnt/beta
catenin, NF-κ, BMAPK

ECM synthesis [11,19,41,49,
78]

miRNA-129-
5p

Scleroderma,
keloids Collagen type I ECM synthesis [15]

miRNA-133a Scleroderma Collagen types V and VI ECM synthesis [34]

miRNA-
133b

Scleroderma,
keloids Collagen type I ECM synthesis [15]

miRNA-140-
5p Scleroderma

TFGβ2R TGF-β signaling [34]

Collagen type I ECM synthesis [34]

miRNA-145 Scleroderma Smad3 TGF-β signaling [78]

miRNA-150 Scleroderma Integrin β3 (indirectly
collagen type I ECM synthesis [21]

miRNA-196a Scleroderma,
keloids Collagen types I and III ECM synthesis [20,29]

miRNA-200 Keloids Zeb1, Zeb2, TGF-β2
Epithelial-to-
mesenchymal

transition
[8,44]

miRNA-203 Keloids MAPK, TGF-β, and the
synthesis of collagen ECM synthesis [36]

miRNA-205 Keloids MAPK, TGF-β, and the
synthesis of collagen ECM synthesis [36]

miRNA-206 Scleroderma TFGβ1, TFGβ2 TGF-β signaling [34]

Collagen types VI and XIX ECM synthesis [34]
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