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Background: MicroRNAs regulate many biological processes, one being epithelial-to-mesenchymal transition (EMT) and another 
re-epithelialisation. EMT in cancer metastasis has been likened to the initiation of re-epithelialisation in wound healing.

Contribution: This review critically analyses cutaneous wound models microRNAs used to investigate microRNA effects on wound healing 
to discuss the potential of EMT as a mechanism that accounts for these effects. It also integrates microRNAs observed to affect EMT in cancer 
and EMT models, with roles for EMT in wound-healing re-epithelialisation, to identify microRNAs of interest to wound-healing research.
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INTRODUCTION
As humans, our skin takes on more than a functional role; unlike 
internal organs it is a tissue with which we associate, recognise 
and interact. It is our interface with our surroundings and, most 
importantly, it forms a protective barrier that insulates us from our 
environment. Keratinocytes comprise and maintain our outermost 
layer of skin, the epidermis. Keratinocytes follow a route of stratifying 
differentiation, beginning in the stratum basale and ending in the 
stratum corneum to continuously replenish the epidermis. However, 
as our outermost layer of cells, the epidermis is exposed to a harsh 
environment. Consequently, the skin suffers daily insults that result 
in physical, chemical, microbial and thermal damage to its integrity 
that must be repaired. It is crucial for survival that keratinocytes 
repair damage and quickly restore barrier integrity.

The epidermal keratinocyte phenotype is normally a sedentary, 
polarised cell, displaying attachment to a basement membrane 
and cohesion with nearby epithelium. Thus, in order to repair 
tissue damage, keratinocytes must undergo what is termed a 
partial epithelial-to-mesenchymal transition (EMT) (reviewed in 
1–3). It is a process that is essentially a cascade of molecular and 
cellular changes. Ultimately epithelial traits expressed during skin 
homeostasis, when keratinocytes are sedentary and tightly cohesive, 
are exchanged for mesenchymal traits as keratinocytes become 
migratory, spindle-shaped cells. These changes are required for 
keratinocytes to migrate across the wound bed during skin repair 
(reviewed in 3). Briefly, during the process of EMT, epithelia reduce 
their attachment to neighbouring cells, they replace top-to-bottom 
polarity for front-to-rear polarity and also de novo express pro-
migratory proteinases and extracellular matrix proteins. Together 
these alterations permit keratinocytes to invade the wound bed and 
begin re-epithelialisation. Upon wound closure, the EMT phenotype 
that facilitated re-epithelialisation is reversed and keratinocytes 
revert to their homeostatic, non-migratory state via the opposite 
process termed mesenchymal-to-epithelial transition (MET).

The changes for wound healing are very similar to changes that take 
place during tumour metastasis (reviewed in 4 and summarised in 
Figure 1), whereby cancer cells migrate to different regions of the 
body. Research into EMT has led researchers to characterise three 
phenotypes that classify an EMT based on the biological context: 

Wager LJ & Leavesley DI MicroRNA regulation of epithelial-to-mesenchymal transition during re-epithelialisation: assessing an open wound

ABSTRACT
It is becoming increasing clear that microRNAs contribute to the regulation of many biological processes, including wound healing. After 
injury, keratinocytes need to undergo what is known as an epithelial-to-mesenchymal transition (EMT) to initiate re-epithelialisation. During 
this process, keratinocytes reduce their attachment to the underlying matrix, extend membrane protrusions, become motile and migrate over 
the wound bed, affecting wound closure. MicroRNAs that regulate EMT are aberrantly upregulated in keratinocytes at the edge of non-healing 
wounds and potentially play a role in the chronicity of these wounds. In vitro and in vivo, downregulation of these microRNAs promotes EMT 
and migration, facilitating re-epithelialisation in  wound models. This review will focus on the role of microRNAs that regulate or have potential 
to regulate EMT and re-epithelialisation during wound healing.
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types I, II and III. These feature common mechanisms, but result 
in functional differences5. Type I EMT is unique to embryogenesis, 
organogenesis and development. The EMT that occurs during 
wound healing/re-epithelialisation is classed as Type II EMT. 
Importantly, type II EMT occurs in the presence of inflammation5. 
Type III EMT encompasses cancer metastasis and is defined 
primarily by its initiation, at which point cells are transformed to a 
neoplastic state with the acquisition of mutations in oncogenes or 
tumour suppressor genes, generating a cell and tissue environment 
that promotes EMT5.

The gene expression changes and signalling molecules that promote 
EMT in cancer metastasis have been extensively documented6. In 
contrast, the molecular mechanisms that regulate EMT during acute 
and delayed re-epithelialisation are poorly described. In this regard, 
new mechanisms have been recognised that play a substantial role 
in regulating gene expression and function.

MicroRNAs and re-epithelialisation
MicroRNAs are a family of short (usually 22 nucleotides in length) 
non-coding RNA transcripts able to regulate the transcription 
and translation of mRNAs, that is, microRNAs do not produce 
proteins, but can determine the amount of proteins expressed by 
cells (reviewed in 7). By pairing to a complementary sequence of 
nucleotides in ‘target’ mRNA transcripts, before protein translation, 
microRNAs together with accessory proteins form what is known 
as an RNA-induced silencing complex (RISC). This is the protein/
RNA complex that inhibits mRNA translation into proteins or 
induces mRNA degradation. This ultimately reduces the translation 
of protein from the target mRNA transcript (Figure 2). Importantly, 
their short length and even shorter seed sequence of 2–8 nucleotides 
(within the microRNA strand required to initiate pairing) permits 
a single microRNA to regulate hundreds of target mRNAs and 
downstream proteins. Furthermore, any mRNA transcript may 
contain target sites recognised by a single microRNA and/or 
multiple sites for many individual microRNA species. Thus, micro-

RNAs are able to regulate vast numbers of cellular proteins and 
functions.

While only discovered in the last decade, it is now well established 
that microRNAs regulate almost all biological processes8. 
Importantly, microRNAs have been identified to drive and regulate 
the EMT process9. This is especially true for cancer development 
and metastasis, where microRNAs play clear roles as oncogenes 
and drivers of metastasis (reviewed in 10). In turn, evidence for the 
role of microRNAs in skin development, maintenance, disease and 
wound healing is accumulating11. This review aims to integrate 
and highlight some of our knowledge of microRNAs in wound 
healing re-epithelialisation and EMT in tissue repair and discuss the 
potential key role for microRNAs in these processes.

MicroRNAs micromanage EMT modules in tissue 
repair
Like most processes in wound healing, EMT is a complex cascade 
of overlapping events and is subject to a hierarchy of microRNA 
regulators. In skin biology, microRNAs miR-203 and miR-21 
(described later) are thought to occupy the role of ‘master regulators’. 
Highly expressed in the epidermis, these microRNAs reduce the 
expression of proteins that regulate the rate of gene transcription, 
known as transcription factors. There are many distinct yet 
interrelated cellular changes that take place downstream of these 
master regulators, referred to as ‘modules’, that comprise an EMT. 
These modules include cytoskeletal reorganisation, cell detachment 
and extracellular matrix (ECM) regulation; all key processes in 
enabling a cell to migrate. Overall, modules of EMT are affected 
by the overarching effects of microRNAs such as miR-203, but 
downstream of such master regulators microRNAs also interact with 
targets that are specific to just one process or protein active within a 
module, providing complex layering of regulation. Considering the 
many similarities shared by cancer metastasis and wound healing 
(Figure 3), the microRNAs acting downstream of master regulators 
may act to ‘fine tune’ the overarching EMT signal and restrict 
an otherwise malignant cell phenotype to the confines of wound 
healing. In the following sections, these microRNAs that act on 
specific aspects that comprise an EMT are discussed in the context 
of re-epithelialisation and their EMT module.

Cell detachment and the roles of SNAIL, SLUG and 
ZEB proteins
Characteristic of all epithelia, keratinocytes form tight junctions, 
adherent junctions and gap junctions with adjacent cells under 
normal conditions. Desmosomes are the most abundant cell-cell 
junction in epithelia and must disassemble to allow keratinocytes to 
migrate during the wound healing processes12,13. E-cadherin is a major 
component of desmosomes and thus downregulation of E-cadherin 
is often used as a key indicator of EMT5. In this regard, another well-
established ‘signature’ of EMT is the increased expression of ZEB 
transcription factor family members, ZEB1 and ZEB2, that repress 
E-cadherin expression to facilitate cell migration5,14-17.

Transcription factors are powerful controllers of gene expression, 
driving or inhibiting the transcription of genes into mRNA that can 
be translated into proteins. SNAI1 (SNAIL) and SNAI2 (SLUG) are 

Figure 1: Molecular and morphological characteristics common to EMT 
and re-epithelialisation. The schematic shows the traits and genes altered 
during the process of EMT that allow epithelial cells to become motile 
during processes such as wound repair or metastasis.

Wager LJ & Leavesley DI MicroRNA regulation of epithelial-to-mesenchymal transition during re-epithelialisation: assessing an open wound



Wound Practice and Research 134

two transcription factors whose expression also reduces cell cohesion 
as an aspect of EMT induction18. In vitro and in vivo studies have 
revealed that efficient wound healing requires SLUG upregulation in 
keratinocytes at the wound edge19,20. Moreover, re-epithelialisation is 
impaired in mouse wound models that lack SLUG expression21. In 
contrast to SLUG, evidence for SNAIL in wound healing is sparse. 
So too, is evidence demonstrating that these transcription factors 
are regulated by microRNAs at the wound edge. However, in stark 
contrast microRNAs that regulate SLUG, SNAIL and ZEB proteins 
in studies of cancer metastasis and EMT are well documented.

Evidence from cancer research shows that members of the miR-200 
family: miR-200a, miR-200b, miR-200c, miR-141 and miR-429 and 
miR-205 decrease SLUG expression during metastasis and EMT 
models, in this manner promoting an epithelial phenotype15,17. 
SLUG also acts in the opposite direction to inhibit the expression 
of miR-1 and miR-200b22. In this case, increased SLUG maintains 
a mesenchymal phenotype and correlates with advancing prostate 
cancer metastasis22. Likewise, upregulation of miR-124 in breast 
cancer attenuates the expression of SLUG and inhibits EMT 
and reduces their metastatic potential23. Downstream of SLUG, 
decreased miR-205 expression increases metastasis by permitting 
ZEB protein translation in prostate, bladder and breast cancers24-26. 
SNAIL has also been implicated in SLUG and miR-200 family 
EMT regulation. In breast cancer cell lines, SNAIL upregulation 
decreases miR-200b and miR-203 to promote EMT27. Conversely, 
miR-203 also targets and represses SNAIL, in this case to maintain 
an epithelial phenotype27.

Transforming growth factor β (TGF-β) is an established inducer 
of EMT. Its network of EMT regulation includes, but is not limited 
to, many of the transcription factors outlined above (reviewed in 
28,29). For example, in MDCK cells (a common EMT model system), 
TGF-β exposure establishes and maintains EMT via a signalling 
loop that includes miR-200 and the ZEB transcription factors30. 
Furthermore, TGF-β expression is suppressed by miR-30a31 and 
miR-199a32 through the attenuation of SNAIL in lung carcinoma 
cells. Most importantly, TGF-β is a cytokine robustly produced at the 
site of injury to drive wound healing (reviewed in 33). So far SNAIL, 
the ZEB transcription factors and many of the microRNAs outlined 
above have not been investigated in re-epithelialisation. However, the 
importance of TGF-β to their regulation and to healing together with 
the established role of SLUG in re-epithelialisation provides firm 
evidence that microRNAs may modulate EMT at the wound edge.

Cytoskeletal reorganisation via Rho-GTPases
Cells must change their shape in order to migrate, forming a leading 
edge and a trailing edge. Cell motility is generated by the protrusion 
of the leading edge, attachment to the substrate, then detachment 
and retraction of its trailing edge in a cycle of cytoskeletal dissolution 
and reorganisation34. Cytoskeletal reorganisation mediates these 
changes in epithelial cells and is thus characteristic of an EMT14. 
Cytoskeletal reorganisation is observed in wound edge keratinocytes 
during re-epithelialisation34. Accordingly, proteins that comprise 
the cytoskeleton occupy a pivotal role in re-epithelialisation. The 
Rho-GTPase family of proteins are key regulators of the cytoskeletal 
changes required to mediate cell migration35. Activation of RhoA 
signalling pathways increases the rate of wound closure in mouse 
wound models36 and in vitro scratch wound closure assays37,38. 
Reports from cancer research show that the expression of the Rho 
family of proteins can be regulated by microRNAs37,39,40.

TGF-β induced EMT in breast cancer can occur via upregulating 
miR-155 expression which in turn suppresses RhoA expression41. 
Deletion of miR-155’s binding site from RhoA’s mRNA transcript 
abolished this EMT induction, confirming miR-155’s regulatory 
role41. Net1A is required for TGF-β-induced activation of the 
RhoA pathway and is involved in cytoskeletal regulation during 
cell migration42. MiR-24 represses NET1A and attenuates TGF-β-
stimulated keratinocyte migration42. It also directly repressed other 
cytoskeletal modulators, including PAK4, Tks5, and ArhGAP19 in 
human and mouse keratinocytes, ultimately inducing differentiation 
and impairing cell mobility in mouse epidermis in vivo and human 
keratinocytes in vitro43.

RhoA is also indirectly regulated in human keratinocytes and corneal 
keratinocytes by miR-205 and miR-184 via the lipid phosphatase 
SHIP244. Downregulation of SHIP2 expression by miR-205 leads to 
increased healing in vitro44. In other reports, miR-205 expression is 
decreased in TGF-β-induced EMT45. A critical assessment of miR-
205’s effect on metastasis across a variety of carcinomas indicates 
that miR-205’s effect on metastasis and EMT seems to be context-
specific46. Thus, if we are to define the effect of miR-205 on EMT in 
wound healing, further investigations are necessary.

Two isoforms of miR-483 have been implicated in re-epithelialisation. 
During wound healing, the level of miR-483-3p (‘-3p’ denoting the 

Figure 2: MicroRNA biogenesis and function. MicroRNAs are transcribed 
from DNA by RNA polymerase II (RNAPII) creating pri-microRNAs, 
which are cleaved by the enzyme Drosha generating hairpin structures 
termed pre-microRNAs. These are exported into the cytoplasm via 
Exportin-5, where they assemble with a number of proteins, including 
cofactor proteins Dicer and Argonaute 2 (AGO2), to form the RNA 
induced silencing complex (RISC). Further processing removes the RNA 
hairpin loop and one strand of the remaining RNA duplex is degraded 
to produce a mature microRNA. In this form RISC may associate with 
complementary mRNA to (in most cases) repress mRNA translation or 
induce mRNA degradation.

Wager LJ & Leavesley DI MicroRNA regulation of epithelial-to-mesenchymal transition during re-epithelialisation: assessing an open wound



Volume 23 Number 3 – September 2015135

strand of miR-483 originating from the 3’ arm of the primary 
microRNA hairpin) expression in acutely wounded keratinocytes 
increases upon wound closure47. Further analysis shows that miR-
483-3p represses several known promoters of cell proliferation47. 
Accordingly, overexpression of miR-483-3p in HaCaT keratinocytes 
delays in vitro wound closure47. Recently miR-483-5p, the 
complementary strand to miR-483-3p (comprising the 5’ arm of 
the miR-483 precursor hairpin) was found to suppress the RhoA-
family member, RhoGDI1 and induce metastasis via EMT in lung 
adenocarcinoma48. While the effect of miR-483-5p on EMT has not 
been confirmed in re-epithelialisation, it is possible that miR-483 
plays a dual role in healing and warrants further investigation.

WAVE-3, a member of the Wiskott-Aldrich syndrome protein 
(WASP) family of proteins, modulates the actin cytoskeleton and 
promotes cell migration downstream of Rho-GTPase member, 
Rac49. Important findings by Jiang and associates have linked 
reduced WAVE-3 expression with non-healing skin lesions50. 
Whilst microRNA regulation of WAVE proteins have yet to be 
shown to directly regulate wound healing, miR-31 and miR-200b 
downregulate WAVE-3 leading to increased breast and prostate 
cancer invasion in vitro51,52. Furthermore, WAVE-3 expression is 
essential for TGF-β-induced EMT in triple-negative breast cancer 
cells53. These results suggest that miR-31 and miR-200b could play 
a role in regulating migration during wound healing, although this 
has yet to be tested.

The studies outlined above exemplify that microRNAs control changes 
in the cytoskeleton during EMT and demonstrate the potential for 
microRNAs to act in a similar way during re-epithelialisation. It is 
also evident that further research is necessary to confirm the roles of 
microRNA during wound-healing.

MicroRNAs, EMT and the ECM
The ECM provides a scaffold for cells consisting of molecules such 
as collagens, laminins and fibronectin54. Cells interact with these 
extracellular structures through receptors, namely the integrins, 
that bind to the ECM and use this scaffold to ‘crawl’ into the 

wounded area. Their adhesion to these molecules also provides 
cues for the initiation and cessation of keratinocyte migration34. 
Increased expression of ECM proteins is a hallmark of EMT in 
wound edge keratinocytes and cancer cells alike55,56. In many studies 
of cancer metastasis the expression of ECM proteins is regulated by 
microRNAs57.

Collagen-1 is the most abundant protein in the dermis. Upon 
wounding, keratinocytes migrate into the wound bed and are 
exposed to collagen-1. They are stimulated to produce collagenase-1 
among other proteinases to digest collagen matrices and aid in 
their migration58. Aside from digesting collagen-1, interaction with 
collagen-1 is also necessary for efficient keratinocyte migration54. 
Furthermore, collagen-1 is able to induce EMT in alveolar epithelial 
cells via TGF-β-dependent and independent means59,60. Research 
in cancer and wound healing document that microRNAs regulate 
and are regulated by collagens. MiR-21 regulates collagen fibril 
deposition in mouse skin largely via effects on dermal fibroblasts61. 
However, keratinocytes are also a major source of miR-21 in the 
wound environment61. In a feed-forward loop, collagen-1 was 
itself found to induce miR-21 expression and furthermore, in 
this manner drive EMT in lung and breast cancer cells62. This 
loop induces and maintains mesenchymal characteristics in both 
human lung and breast cancer cell lines when grown in a collagen-
1-rich gel62. These results indicate that keratinocyte interaction 
with collagen at the wound edge may be a mechanism of EMT 
induction and mesenchymal phenotype maintenance instrumental 
in re-epithelialisation.

MiR-21 is not the only microRNA to regulate collagen expression, 
miR-29c has been shown to regulate the expression of multiple 
collagen isoforms (collagen 1A1, 1A2, 3A1, 4A1, 4A2, 15A1) and 
laminin-1 in nasopharyngeal carcinomas63. Increases in miR-29 
expression induce EMT and invasiveness in many tumours via 
amplified ECM biosynthesis64,65. However, there also exists evidence 
to the contrary, in which miR-29 expression inhibits EMT66. 
Nevertheless, the majority of data indicate that microRNAs and 
deposited collagen may establish signalling loops that reinforce 
an invasive phenotype in epithelial cells. However, like many 
microRNAs described in this review, miR-29’s function seems to be 
dictated by context and emphasises the need for investigation from 
a healing perspective.

Fibronectin comprises the majority of the haemostatic plug after 
injury and provides a preliminary matrix scaffold at the site of 
injury67. Evidence from cancer research indicates that several 
microRNAs can regulate fibronectin expression. In laryngeal 
squamous cell carcinoma, breast cancer and mammary endometrial 
cancer cells, expression of microRNAs miR-168, let-7g69 and miR-
200c70 impedes cell migration by suppressing the production of 
fibronectin. Similarly, miR-17 overexpression can reduce fibronectin 
translation by endothelial cells and impede their migration in a 
scratch-wound71. Furthermore, an isoform of fibronectin (containing 
the extra domain A) can induce EMT in colorectal cancer cells72. 
This type of fibronectin is deposited by keratinocytes and fibroblasts 
in the wound environment73, but so far it is unknown whether this 
process is regulated by microRNAs or whether fibronectin-induced 
EMT in colon epithelium takes place at the wound edge.

Figure 3: MicroRNAs can regulate many modules of EMT. An illustration 
that summarises the many microRNAs mentioned in this review and 
their niches within the overlapping processes that comprise an EMT. MiR-
25 family members: miR-25/32/92abc/363/363-3p/367), miR-99 family 
members: miR-99ab/100.
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Laminins are heterotrimeric ECM glycoproteins that form the 
principle components of the basement membrane and act as major 
ligands for integrins74. Laminins bind to these integrin receptors 
and stimulate inside-out and outside-in signalling during healing 
that is highly complex74. Activated keratinocytes at the wound 
edge are known to express distinct forms of laminins opposed to 
keratinocytes distal to the wound75. Furthermore, laminin receptors 
such as integrin α6β4 are also upregulated by keratinocytes at the 
wound edge and are crucial to re-epithelialisation73,76.

It is coming to light that microRNAs are able to regulate laminin 
expression and that doing so affects cell migration and invasion in 
cancer. Recent findings reveal that all three isoforms of miR-29 (a,b 
and c) are involved in cancer progression by suppressing laminin 
γ1, reducing prostate cell migration and invasion77. Laminin-332 
is expressed by keratinocytes at the wound-edge to speed their 
migration into the wound bed78. Laminin-332 is also microRNA-
regulated; miR-205 is able to control the deposition of laminin-332 
on prostate basement membrane and upregulation of its receptor 
α6β4 in prostate cells79. Replacing of miR-205 in miRNA-deficient 
prostate cancers restores basement membrane laminin-332 and 
integrin α6β4 expression on prostate cancer cells, reducing prostate 
cancer invasion79. Integrin α6β4 comes under further microRNA 
regulation73. Two microRNA families, miR-25/32/92abc/363/363-
3p/367 and miR-99ab/100, are consistently downregulated by the 
integrin α6β4 overexpression in breast cancer80. Of genes regulated by 
α6β4, fifty-four were identified as genes targeted by these microRNA 
families, suggesting an extensive microRNA contribution to α6β4 
signalling80. Furthermore, many of the gene targets predicted in this 
study are associated with cell motility80. Together these data highlight 
a deficit in our understanding of microRNA regulation of ECM 
deposition and the potential for signalling during re-epithelialisation.

Meanwhile, an exciting discovery demonstrates that aberrant miR-
198 upregulation by keratinocytes comprising the edge of chronic 
wounds, significantly decreases laminin γ2 (LAMC2) expression81. 
Conversely, during re-epithelialisation of acute wounds, increased 
TGF-β expression in wound-edge keratinocytes suppresses miR-198 
expression and increases LAMC2 deposition81. These authors did not 
discuss the possibility of EMT as an underlying process, but it is worth 
mentioning that LAMC2 induces EMT in lung adenocarcinoma82 and 
that, conversely, LAMC2 expression is increased by oral squamous 
carcinoma cells undergoing TGF-β-induced EMT83. This is important, 
as a positive-feedback loop involving integrins and TGF-β is a 
mechanism proposed to induce EMT in some cancers84. Collectively 
these findings indicate that integrins and laminins are intimately 
linked with EMT. The discovery of miR-198-reduced LAMC2 
heralds firm evidence that microRNA expression is associated with 
a pathological cutaneous condition in humans. The complexity of 
the ECM and integrin network indicates that similar discoveries will 
come from further investigation of this field.

Matrix metalloproteinases
To add additional complexity to the ECM and intergrin networks 
described above, individual components are also altered by enzymatic 
cleavage by the many proteases secreted into the wound milieu, 
including matrix metalloproteinases (MMPs). MMPs are enzymes 

that perform an indispensable role in wound healing. MMPs digest 
collagen and other ECM proteins via hydrolysis of peptide bonds 
to deconstruct ECM barriers that would otherwise impede the 
migration of cells during epithelial cell migration85,86. MMPs can also 
cleave cytokines, chemokines, surface proteins, receptors, junctional 
proteins and others structures, affecting signalling changes in the 
wound environment85,86. Indeed, keratinocytes at the wound margin 
express specific MMPs that promote re-epithelialisation86. With 
these functions in mind, it comes as no surprise that MMPs also play 
a role in migration and invasion of cancer87. In this regard, MMP 
expression is considered a hallmark of cancer metastasis and EMT.

To date, miR-21 is the only microRNA reported to regulate MMPs 
during wound healing88. This occurs indirectly via modulation 
of tissue inhibitor of MMP3 (TIMP3), which is known to inhibit 
MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-13, MMP-14 
and MMP-15. TIMP-3 expression is also reported to stabilise the 
basement membrane during cutaneous healing89.

MicroRNA-10b, an unusual microRNA, in that unlike the majority 
of microRNAs it often increases mRNA target expression, is 
reported to increase MMP-9 expression in nasopharyngeal cancer 
metastasis90. Notably, aberrant MMP-9 expression is associated with 
non-healing wounds91. The shortage of evidence that microRNA 
effects on MMPs in wound healing, in light of known effects 
documented in cancer studies warrants further investigation of 
these molecules in a wound setting.

MicroRNA-203
Much of the knowledge discussed so far that implicates microRNAs 
in wound healing, is derived from the study of cancer metastasis with 
a smattering of wound-related data. However, miR-203 and miR-21 
have been studied from a cutaneous wound-healing perspective, 
using epidermal wound models in rodents, and deserve particular 
attention in this review.

MicroRNA-203 is one of the most abundant microRNAs found in the 
epidermis and arguably one of the most influential. Its importance 
stems primarily from its ability to target and repress expression 
of the multi-isoform transcription factor, p6392,93. Expressed in 
basal keratinocytes, p63 is responsible for initiating epidermal 
development, maintaining epidermal stratification and determining 
epidermal cell fate94,95. In turn p63 expression was found to increase 
in hyperproliferative epidermis after wounding96 and in the leading 
edge of migrating wound keratinocytes97.

In the stratifying epidermis miR-203 is expressed by suprabasal 
keratinocytes92,93. Here, miR-203 represses the translation of the p63 
gene, reducing the assembly of both primary isoforms of p63 and 
thus restricts p63 proteins to basal keratinocytes92,96. Currently, it 
is known that p63 protein isoform ΔNp63 is the primary isoform 
expressed in basal keratinocytes and is responsible for the expression 
of their characteristic cytokeratins –14 and –598,99. The culmination 
of these works point to a role for miR-203 in wound healing and led 
to investigation of miR-203 in cutaneous wound models.

In a mouse wound model, in situ hybridisation studies revealed that miR-
203 is downregulated at the wound edge during re-epithelialisation100. 
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Furthering this work in human epidermal keratinocyte cultures, these 
authors found that down-regulating miR-203 removes inhibition of 
RAPH1 expression100. RAPH1 induces the formation of specialised 
membrane protrusions termed lamellipodia101 that are necessary 
for cell migration and re-epithelialisation102. For epithelia to extend 
lamellipodia requires extensive cytoskeletal reorganisation facilitated 
by EMT. Indeed, assessing research literature provides evidence that 
miR-203 downregulation by wound edge keratinocytes may be a key 
facilitator of EMT.

A study of EMT in MDCK cells attributed EMT regulation and cell 
cycle arrest to the expression of two p63 isoforms, TAp63 and ΔNp63, 
respectively103. Keratinocytes de novo expressed TAp63 at the wound 
edge during re-epithelialisation, when miR-203 expression declines, 
further supporting the possibility that miR-203 downregulation may 
be required to promote EMT during re-epithelialisation.

As mentioned above, ΔNp63 is a key determinant of keratinocyte 
cell fate. Its expression is associated with stem cell properties, 
namely the clonogenic capacity of basal keratinocytes93. Both ΔNp63 
and TAp63 are upregulated in the hyperproliferative epidermis after 
wounding96. Observations in vitro from metastasising primary breast 
tumour revealed that invasive strands of tumour cells extending 
from the primary tumour mass, consistent with tumour EMT, 
revert to a basal phenotype expressing p63 and cytokeratin-14104. 
This basal state necessary for cancer migration is consistent with 
the miR-203 mediated downregulation in keratinocytes during 
re-epithelialisation reported by Viticchie et al.100 and an indication 
of microRNA-regulated EMT.

The extent of miR-203 regulation broadens further still when one 
considers its transcription factor targets. In breast cancer, miR-203 
has been described as part of a “core network” of EMT regulating 
factors interacting with the chief EMT drivers SNAIL27 and SLUG105. 
Important early work found that SLUG is expressed in the margins 
of the healing wound19,106. As mentioned, TGF-β is another potent 
EMT inducer28,29 and is also upregulated at the wound site after 
injury33. Thus these factors share a common expression pattern. 
Analysis of TGF-β-induced EMT in MDCK cells, provides strong 
evidence that miR-203 is a crucial downstream effector of TGF-
β-induced EMT107. The results from this model also revealed a 
concomitant up-regulation of SLUG and downregulation of miR-
203 in response to TGF-β signalling107. Furthermore, TGF-β was 
found to induce SLUG expression, suppressing its own inhibitor; 
miR-203 and entering a double-negative feedback-loop resulting in 
strong miR-203 repression and initiation of EMT107.

Taken together, these works evidence that miR-203 is downregulated 
at the wound edge, is suppressed by TGF-β, and that a key effector 
of re-epithelialisation and EMT, SLUG, is upregulated in miR-203’s 
absence. All considered, there exists a strong case placing miR-203 
as an important suppressor of wound healing and suggests that a 
chief mechanism of action may be miR-203’s ability to suppress 
EMT by targeting SLUG and p63.

MicroRNA-21
Many groups have attempted to define the role of miR-21 in wound 
healing, yet current data supports neither enhanced nor delayed 

healing. Yang and colleagues report increased endogenous miR-21 
expression during healing in a mouse epidermal wound model, 
concomitant with TGF-β induction at the wound edge88. The authors 
then delayed re-epithelialisation by knocking down endogenous 
miR-21 expression88. These results build on the previous finding 
that TGF-β upregulates miR-21 in keratinocytes in vitro108. In a 
link to pathology, TGF-β signalling is attenuated in non-healing 
venous ulcers109. Interestingly, in contrast to these results it has been 
reported that increasing miR-21 levels impaired re-epithelialisation 
in ex vivo human and in vivo rat skin wound models110. Experiments 
aiming to resolve miR-21’s role in healing, revealed that miR-21 
antagonists injected subdermally delay re-epithelialisation61. Thus 
the sum of evidence currently favours miR-21 as a promoter of 
re-epithelialisation.

To better understand the apparent discrepancies in miR-21’s effect 
on healing, targets suspected of mediating miR-21’s function have 
been interrogated. Yang et al. investigated T-cell lymphoma invasion, 
metastasis-inducing protein 1 (TIAM-1) and TIMP-3 (discussed 
earlier)88. Pastar et al., on the other hand, explored the roles of the 
leptin receptor (LepR) and early growth response factor 3 (EGR3)110. 
Interestingly, in light of these miR-21 targets, neither author discussed 
a possible role for miR-21 in regulating wound-edge EMT. Yet, 
investigating these targets in the literature reveals evidence that EMT 
may be an overarching process encompassing miR-21’s effect on 
re-epithelialisation. To this effect miR-21 target LepR, is suppressed 
during re-epithelialisation and is also targeted and repressed by miR-
200c expression15. As a member of the miR-200 family, miR-200c 
has been thoroughly associated with EMT induction17. Furthermore, 
in a study of breast cancer cells, miR-200c’s inhibitory effect on 
metastasis was linked to LepR suppression70. To continue, suppression 
of the miR-21 target, TIMP-3, permits migration and invasion in 
several cancer types111-114 and its expression is suppressed by several 
microRNAs upregulated during metastasis114-116, including miR-21 
in melanoma115. Moreover, the EMT transcription factor SNAIL 
also suppresses TIMP-3 during induction of an EMT117. The miR-21 
target, TIAM-1, was discovered as a factor dictating T lymphocyte 
invasion and is implicated in cancer metastasis under the regulation 
of miR-21118,119. In wound-healing, TIAM-1 is important for the 
redistribution of hemidesmosome components which are crucial 
components of lamellipodia at the wound edge76. All considered, these 
studies indicate that miR-21 plays a role in wound healing. However, 
for now, resolution of a definitive role for miR-21 in healing requires 
further experimentation, but clues may come from the wealth of miR-
21 knowledge acquired in cancer research.

MiR-21 has a convincing association with cancer metastasis thus 
being ascribed “oncomiR” status, firmly placing miR-21 in the field 
of oncology120. Indeed, miR-21 induces EMT in many epithelial 
cell types including, but not limited to, human proximal tubular 
epithelial cells121, lung epithelial cells122 and prostate basal cells123 
producing a neoplastic state. However, like studies of miR-21 
in wound healing, the role of miR-21 during EMT in cancer 
appears to be contextual and, to date, the mechanisms behind this 
phenomenon are unknown. It seems a major aspect of miR-21 
function is intrinsic to its relationship with TGF-β. TGF-β’s function 
in cancer is paradoxical: in the early stages of tumourigenesis TGF-β 
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provides tumour suppressive functions, and in later stages of tumour 
development, TGF-β induces migratory and invasive attributes28,124. 
As mentioned, exposing cells to TGF-β is a well-established EMT 
model and has provided data resolving the role of other microRNAs 
in EMT, especially the miR-200 family30,125,126. HaCaT cells exposed 
to TGF-β undergo EMT and increase their expression of miR-21127. 
However, subsequent miR-21 over-expression and knockdown 
experiments could not provide evidence to support miR-21 as an 
EMT mediator127,128. Interestingly, induction of miR-21 in the mouse 
neoplastic keratinocyte-papilloma-derived cell line resulted in de 
novo expression of several EMT markers128. Pertaining to this model, 
it was concluded that EMT can be driven by miR-21 expression 
in keratinocytes, but only in the context of premalignancy128. The 
mechanisms behind this switch in functional outcomes due to TGF-β 
exposure are unclear, but evidence indicates that microenvironment 
ECM components, integrins and microRNAs, contribute to the 
change28,124. Nonetheless it is a fortuitous link to wound healing 
that keratinocytes were used in these experiments and provides 
more clues to miR-21’s role here, as indeed, a drastically altered 
microenvironment occurs in the healing wound. Keratinocytes at 
the wound edge are reported to enter a state of “activation” during 
re-epithelialisation106,129, where they are hyper-responsive to growth 
factors and cytokines in the wound environment. Whether this 
state of activation is sufficient to permit miR-21-induced EMT 
akin to that observed by Bornachea and colleagues in neoplastic 
keratinocytes, is yet to be tested128.

Thus, in vivo cutaneous wound-healing models have established 
that miR-21 does have a role in re-epithelialisation. However, the 
question as to whether miR-21 regulates EMT at the wound-edge 
remains equivocal. The wealth of data linking miR-21 to EMT, 
the strong connection between miR-21 and the injury-induced 
cytokine TGF-β, and the findings that miR-21 can inhibit or 
enhance re-epithelialisation, supports the possibility that miR-21 
upregulation at the wound edge may initiate and maintain EMT 
during re-epithelialisation.

CONCLUSIONS
Work comparing facets of EMT in wound healing and cancer has 
presented compelling evidence of the similarity inherent in these 
seemingly disparate cellular processes4. Evidence of key functions 
and regulatory roles for microRNAs in EMT is accumulating. 
In this vein, a growing number of studies are focussed on the 
roles microRNA might occupy in the wound-healing cascade. 
However, while it is acknowledged that type II EMT occurs in 
epithelium at the wound edge, the mechanisms that regulate EMT 
during re-epithelialisation remain poorly understood. It is evident 
that microRNAs are key regulators of EMT and some regulate 
re-epithelialisation at the wound edge. However, it is also clear that a 
large deficit remains in our understanding of microRNA regulation 
of wound healing, particularly in the regulation of the individual 
modules, like cytoskeletal remodelling, that comprise an EMT. Thus, 
discerning the species of microRNAs that regulate wound-edge 
EMT warrants further research. As these data accumulate, we will 
gain a clearer understanding of the role that non-coding RNAs play 
in normal physiological processes and how dysregulation leads to 
disease and morbidity. Ultimately, better understanding microRNAs 

in wound healing may lead to novel therapeutics in wound healing. 
In this regard, microRNAs even display certain advantages over 
protein therapeutics. For example, synthetic microRNAs are many 
times less expensive to generate compared to proteins. As described 
here, they act upstream of protein synthesis and in this way affect 
complex networks of signalling. However, inherent in this benefit is 
the increased risk of off-target effects. Yet it is clear that microRNAs 
present exciting possibilities for improved wound care and that 
further research in this field is well founded.
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