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Abstract

microRNAs (miRNAs) are small noncoding RNA molecules which play pivotal roles in wound
healing. The increased expression of certain genes and expression of some others represent a key
component of the wound biology and are largely under the regulation of naturally occurring
miRNAs. Understanding the dysregulated miRNAs in chronic wound biology will therefore enable
the development of newer therapies. This chapter focuses on the miRNAs that can be potentially
targeted for improving skin wound healing and the challenges in miRNA therapy, including
considerations in miRNA target identification and delivery.
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Introduction

A chronic wound is defined as a wound or any interruption in the continuity of the body’s
surface that requires a prolonged time to heal (over 4 weeks), does not heal, or recurs.
Examples of some chronic wounds are diabetic foot ulcers, venous ulcers, and pressure
ulcers and constitute a serious clinical problem with high morbidity and mortality. Chronic
wounds are common and constitute a significant health problem. It has been estimated that
1-2 % of the population of industrialized countries will experience a leg ulcer at some time
[1]. In the USA alone, chronic wounds affect 6.5 million patients [2]. The immense
economic and social impact of wounds in our society calls for enhancing our understanding
of the biological mechanisms underlying cutaneous wound complications. Chronic wound
care is expensive and therefore treatment options that are both clinically effective and cost-
effective are vital.
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MiRNA Biogenesis and Mechanism of Action

microRNAs (miRs) are a class of ~21-23 nucleotide long noncoding RNAs (ncRNAs) that
regulate the functionality of majority of protein-coding genes. Mature miRNAs are
transcribed by RNA polymerase 11 as precursor RNAs, called primary miRNAs (pri-
miRNAS) [3]. The pri-miRNAs are then sequentially processed in the nucleus and cytoplasm
by the RNase I11/Drosha/DGCR8 complex to hairpin-shaped pre-miRNAs (~70 nucleotides
in length) that are further shortened in the cytoplasm by Dicer to give rise to the mature
miRNA [3]. In the cytoplasm, miRNAs associate with mRNAs within the RISC complex
(RNA-induced silencing complex), which facilitates and stabilizes mMiRNA-mRNA
interactions. miRNAs anneal via Watson—Crick base pairing, with sequences most
commonly located in 3”untranslated regions (UTRs) of mRNA [3] although there are some
examples of miRNA interactions within mRNA coding regions, intron—exon junctions, and
5'UTRs [4, 5]. Association of a miRNA with its mRNA target results in degradation of the
mRNA as well as inhibition of translation (Fig. 15.1).

microRNA-based gene silencing plays a critical role in the tissue repair response following
wounding. The ability to therapeutically manipulate miRNA expression through systemic or
local delivery of miRNA inducers/inhibitors has triggered enthusiasm about the therapeutic
potential of miRNAs for non-healing wounds. An analysis from Frost & Sullivan has
determined that US microRNA markets have earned revenues of over $20.3 million in 2008
and estimate this to reach $98.6 million by 2015 [6, 7]. microRNA research thus offers the
capability of moving from bench to bedside faster than most research fields and diagnostic
tests have already emerged from this young field.

OxymiRs in Wound Healing

microRNAs that are implicated in defining biological outcomes in response to a change in
the state of tissue oxygenation are referred to as oxymiRs [8]. OxymiRs can be directly
influenced by changes in tissue oxygenation or indirectly by oxygen- sensitive transcription
factors, metabolites, pH, etc. or may also affect other oxygen- sensing pathways. miRNAs
that are sensitive to hypoxia are classified as “hypoxymiRs”. HIF is one of the most
important hypoxia sensors in our body and a number of hypoxymiRs are induced by HIF
stabilization [9]. Some miRNAs also influence HIF stabilization. Induction of miR-424 is
known to stabilize HIF1a, while miRs that target the HIF1a transcript such as miR-20b,
miR-199a, and miR-17~92 are repressed to increase HIF1a expression and transcription
[10, 11].

Chronic non-healing wounds are characterized by ischemia/hypoxia. HypoxymiRs have
therefore been a strong focus to identify dysregulated targets for possible therapeutic
intervention. miR-210, miR-21, and miR-203 are the most studied hypoxymiRs with respect
to wound healing [12]. The key oxymiRs that are differentially expressed during the
different stages of wound healing are as follows (Fig. 15.2):
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MiRNAs in Inflammation Control in Wound Healing

The first report linking miRNAs with inflammation came from miRNA expression profiling
in a monocytic cell line treated with lipopolysaccharide (LPS) TLR4 ligand [13] which
induced expression of miR-146a, miR-155, and miR-132 [13].

Inflammatory cells, including macrophages and neutrophils, recognize invading microbial
pathogens primarily through Toll-like receptors (TLRs) [14]. miR-155 is among the first
miRNAs to be linked to inflammation induced by TLRs ligands, inflammatory cytokines,
and specific antigens. miR-155 regulates proteins involved in the cellular immune response
against pathogens, which have clinical implication in chronic infected wounds [15].
miR-155 was identified to be directly repressing src homology-2 domain-containing inositol
5-phosphate 1(SHIP1) [16]. Furthermore, miR-155 indirectly enhances TNFa translation by
its influence on LPS signaling mediators such as Fas-associated death domain protein
(FADD), IxB kinase epsilon, and the receptor (TNFR superfamily)-interacting serine-
threonine kinase 1 (Ripk1) [17]. LPS-induced downregulation of miR-125b is also
instrumental in bolstering the production of TNF-alpha [18]. miR-125b has been shown to
bind to the 3"-UTR of TNF-a inhibiting the translation of this cytokine [18]. In addition, the
genes regulated by TNFa, i.e., E-selectin and ICAM-1 are direct targets of miR-31 and
miR-17-3p, respectively [19]. Another major chemokine involved in wound healing is the
chemokine macrophage chemo attractant protein (MCP-1/CCL2). It is a major chemo-
attractant for monocytes/macrophages. The expression of MCP-1 was highly upregulated
(~70 fold) following wounding [20]. miR-124a is directly implicated in the
posttranscriptional silencing of MCP-1 [21].

IRAK1 and TRAF6 are two prominent targets of miR-146a that help it to negatively regulate
the release of IL8 and RANTES [14]. IRAKZ2, which regulates IFN-v, has also been
identified as a miR-146a target [16]. Downregulation of miR-146a has been observed in
diabetic mouse wounds, thereby increasing its pro-inflammatory target genes [18].
miR-146a also acts as a critical physiological brake to prevent the overactivation of the
innate as well as the adaptive immune system [19].

At an injury site, efficient clearance of apoptotic cells by wound macrophages or
efferocytosis is a prerequisite for the timely resolution of inflammation. Resolvin D1, an
endogenous lipid mediator generated during resolution phase of acute inflammation, induces
miR-21, and therefore miR-21 has been proposed to play a role in resolving acute
inflammation [22]. miR-21 silences PTEN, GSK3p, and PDCD4, which are all key effectors
of the inflammatory response [23]. Decreased PDCD4 additionally favors c-Jun-AP-1
activity, which in turn results in elevated production of anti-inflammatory 1L-10 [23].

Involvement of Dicer and miRNAs in Barrier Function during Re-

epithelialization

Under conditions of oxygen limitation, the respiratory chain is limited, by the unavailability
of oxygen as the final electron acceptor. In order to support survival, cells switch from
aerobic to anaerobic metabolism, first described by the Pasteur Effect. Poor oxygen
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availability trigger austerity measures aimed at energy conservation [24, 25]. Nonessential
energy consuming functions are suspended to support cell survival. Hypoxia regulates gene
expression through transcriptional and post-transcriptional mechanisms. The processes by
which cells sense and respond to ambient oxygen concentration are fundamental to cell
survival and function, and they commonly target gene regulatory events. Hypoxia can also
differentially regulate microRNAs, which are posttranscriptional regulators of genes. While
under hypoxia, some microRNAS can be transcriptionally induced, chronic hypoxia impairs
Dicer (DICERI) expression and activity, resulting in global suppression of microRNA
biogenesis. VHL-dependent downregulation of Dicer is also linked to the expression and
function of HIF-1a [26].

Recently, we have also shown that following arrest of Dicer in keratinocytes, barrier function
of the repaired skin is severely disrupted, thus affecting wound healing [27]. On the other
hand, Argonaute 2 (Ago2), which processes some precursor miRNAs independent of Dicer,
has been shown to be increased in hypoxia. Hydroxylation of Ago2, which occurs as a
response to hypoxia, is required for the association of Ago2 with heat shock protein 90
(Hsp90), which is necessary for the loading of microRNAs (miRNAS) into the RISC, and
translocation to stress granules (SGs) [28]. Lack of molecular oxygen or a dysfunctional
mitochondria to process that oxygen, and the resulting differentially expressed gene
regulators, thus have a profound importance in wound healing.

The state of tissue oxygenation is widely recognized as a major microenvironmental cue that
determines healing outcomes [29]. Healthy mitochondria are the main site of oxygen
metabolism, accounting for approximately 85-90 % of the oxygen consumed by the cell [30,
31]. Mitochondria constantly metabolize oxygen, thereby producing ROS as a by-product. In
the 1980s, oxygen free radicals drew much attention in biomedical research. The primary
identity of free radicals was that they were destructive to biological tissues, and that
approaches to antagonize free radicals, i.e., antioxidants are helpful [32-34]. Based on this
crude preliminary concept, numerous clinical trials testing the efficacy of antioxidants were
hastily started and the results were understandably disappointing [29]. Work during the mid-
late 1990s led to the recognition that at very low levels, oxygen-derived free radicals and
derivative species such as H,O, may serve as sighaling messengers [35-37]. This underlines
the importance of oxygen in driving molecular signals during wound healing.

Although hypoxia may have favorable effects on endothelial cells, HIF specifically induces
growth arrest of keratinocytes compromising wound closure. HIF1a is widely known to be
pro-angiogenic [38]. It would thus be tempting to propose that HIF1a would improve
wound healing. Under moderate hypoxia conditions such as the non-ischemic (low lactate)
wound, HIF1a seems to favor wound closure [39]. HIF has been widely known as a
transcription factor that regulates the expression of several coding genes. miR-210 has
recently emerged as a key noncoding gene that is transcriptionally driven by HIF adding a
new dimension to HIF’s circle of influence in molecular and cell biology.

So far, the connection between HIF and miR-210 has been studied in the context of cancer
[40, 41]. Work in our laboratory links miR-210 as a key regulator of ischemic wound
closure. miR-210 also represses mitochondrial respiration and associated downstream
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functions [42]. We noted that the hypoxamiR miR-210 silences target genes which would
arrest growth as well as repress mitochondrial metabolism in keratinocytes. This could be of
importance in the healing wound where metabolic demand on mitochondrial metabolism is
known to be high. In both mice and chronic wound patients, ischemic wounds showed
elevated miR-210 levels. Sharply elevated lactate is also a hallmark of the ischemic tissue,
including wounds [43, 44]. In addition to serving metabolic needs, lactate triggers cell
signaling [43, 45]. We and others have reported that lactate induces HIF-1a signaling [43,
46]. Here, we show that lactate induces miR-210. Lactate also enhanced HIF-dependent
miR-210 expression suggesting the presence of HIF-independent component in lactate-
induced miR-210 expression.

Next, we screened for miR-210-dependent pathways that would impair wound re-
epithelialization. We studied the candidate pathways that emerged from murine studies for
their relevance to human chronic wounds. Expression of E2F3 which is a known target of
miR-210 [40] was significantly lower in ischemic wounds. Immunohistochemical studies
identified abundant E2F3 in the epidermis of non- ischemic wound. E2F3 in the wound-edge
tissue of ischemic wounds was markedly downregulated.

To test the significance of HIF-1 in regulating E2F3 and cell proliferation in keratinocytes,
studies were performed using human HaCaT keratinocytes commonly used for the study of
wound healing [47]. HIF-1a stabilization, adopting a genetic approach, resulted in
attenuated expression of E2F3, an observation that was consistent with the results from in
vivo studies suggesting that HIF-1 down-regulates E2F3 via a miR-210-dependent pathway.
Knockdown of E2F3 limited cell proliferation, demonstrating the significance of E2F3 in
driving keratinocyte cell cycle. Human ischemic wounds also demonstrated lower E2F3 and
Ki67 (a proliferation marker). miR-210 is also known to suppress ISCU1/2, a protein needed
for mitochondrial function. We indeed found that in the ischemic wounds of both humans
and mice, with elevated miR-210, energy supply (ATP/ADP ratio) is sharply lower, which
was in accordance with dysfunctional mitochondria.

We also discovered another novel microRNA, miR-1, to be hypoxia inducible and highly
elevated in murine as well as human ischemic wounds (unpublished data). We found that c-
met, which is known to upregulate AQP3 [48], a protein important for keratinocyte
migration [49] is a direct target for miR-1 in keratinocytes, and overexpressing miR-1 in
keratinocytes can impair cell migration. miR-1 is also predicted to silence IGF-1, another
key player for keratinocyte migration [50, 51].

Thus, miR-1- and miR-210-directed therapeutic strategies to address complications in
ischemic wound closure may prove to be a prudent consideration (Fig. 15.3).

miRNAs Involved in Angiogenic Response during Wound Healing

The clue to the importance of microRNAs in guiding vascularization was first obtained from
experimental studies involved in arresting miRNA biogenesis by Dicer knockdown in
vascular cells to deplete available mature miRNA pools [52, 53]. Dicer knockdown leads to
profound dysregulation of angiogenesis-related genes [54]. Several aspects of angiogenesis,
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such as proliferation, migration, and morphogenesis, of endothelial cell are modified by
specific miRNAs. Endothelial miRs involved in angiogenesis, also referred to as angiomiRs,
include miR 17-5p, cluster 17-92, miR-15b, -16, -20, -21, -23a, -23b, -24, -27a, -29a, -30a,
-30c, -31, -100, -103, -106, -125a and -b, -126, -181a, -191, -199a, -221, -222, -320, and
let-7 family [55].

Dicer knockdown in human microvascular endothelial cells (HMECs) showed lower
inducible production of ROS when activated with phorbol ester, TNFa, or VEGF. NADPH
oxidase-derived reactive oxygen species (ROS) are important as signaling messengers in
driving wound angiogenesis [56]. Transcription factor HBP1, a suppressor transcription
factor that negatively regulates p47phox expression was also induced following Dicer
knockdown. Knockdown of HBP1 restored the production of inducible ROS and the
angiogenic response of miRNA-deficient HMECs [52].

Hypoxia is widely recognized as a cue that drives angiogenesis as part of an adaptive
response to vascularize the oxygen-deficient host tissue. Figure 15.4 shows how microRNAs
silence the pro-angiogenic effects of HIF-1. Hypoxia-repressible miR-200b is involved in
induction of angiogenesis via directly targeting Ets-1 [57]. Certain Ets-1-associated genes,
namely matrix metalloproteinase 1 and vascular endothelial growth factor receptor 2, were
silenced by miR-200b. Overexpression of Ets-1 rescues miR-200b-dependent impairment in
angiogenic response and suppression of Ets-1-associated gene expression [57]. VEFG and
FGF-2 represent two key stimuli that drive wound angiogenesis in a concerted manner.
VEGF-A has been shown to induce the expression of miR-191, -155, -31, -17-5p, -18a, and
miR-20a in HUVEC [58].

Both VEGF-A and basic FGF-2 increased the expression of miR-130a, a pro- angiogenic
miRNA, which directly targets GAX and HOXADS5 [59]. VEGF-A and bFGF signaling
phosphorylate CREB causing rapid transcription of miR-132. miR-132 overexpression
increased endothelial cell proliferation and in vitro networking by targeting p120RasGAP, a
GTPase-activating protein [60]. miR-221 and miR-222 have been identified as modifying c-
Kit expression as well as the angiogenic properties of the c-Kit ligand Stem Cell Factor. The
miR-221/2 and c-Kit interaction represents an integral component of a complex circuit that
controls the ability of endothelial cells to form new capillaries [61]. Inhibition of c-Kit
results in reduced VEGF expression [62].

From Bench to Bedside: Therapeutic Applications of miRNAs

With the discovery of miRNAs beingpowerful regulators in wound healing and a wide
variety of other diseases, the possibilities of therapeutically correcting the dys-regulated
miRNAs are being actively explored. miRNAs have several significant advantages in that
they are small and comprise a known sequence that is often completely conserved among
species, which are very attractive features from a drug development standpoint. Based on
lessons learned from antisense technologies, very potent oligonucleotide chemistries to
target mMiRNAs, known as anti-miRs or pharmacologically active synthetic miRNAs, or miR
mimics, are currently being generated.
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There are several significant advantages to miRNAs for becoming a new class of drug
targets. Their small size and known and conserved sequence make them attractive candidates
from a development standpoint. Additionally, many genetic or oligonucleotide-based gain-
and-loss-of function studies have shown very pronounced phenotypes in rodents and even
large animal models, whereas miRNA manipulation under baseline conditions oftentimes
does not exert overt effects. Furthermore, the direct downstream targets of a single miRNA
are commonly related genes that function in a comparable cellular process or signaling
cascade. This implies that targeting of a single miRNA probably will result in a dramatic
effect due to the combinatorial effect of gene expression changes in all these related
downstream targets.

The impact of targeting a miRNA sequence is further strengthened by the fact that the
genome often contains multiple copies of the same or closely related miRNA sequences,
such that targeting of the miRNA sequence will become even more influential [63]. The
biggest advantage of miR therapy besides having the ability to target multiple genes of a
pathway at the same time is that plasma levels of an anti-miR or miR-mimetic are cleared
from plasma within hours by uptake into tissues [63, 64] but, once inside cells, many of the
modified oligonucleotide used as anti-miRs are so metabolically stable that their clearance is
slow, and half-lives in tissues are often in the order of weeks, providing therapeutic benefit
long after blood levels are near zero. Because of their high water solubility, it is possible to
dissolve anti-miRs in aqueous solutions at volumes that are amenable to self-administration
by the subcutaneous route, and, with their long biological half-lives, it may be possible that
anti-miRs can be administered relatively infrequently, thus reducing frequency of injection.
miR therapy therefore presents an exciting potential for clinical application in the future.

Challenges in miRNA Therapeutics

Successful delivery of miRNA has some major challenges, which include low cellular
uptake of the RNA and endosomal escape, immunogenicity, degradation in the bloodstream,
and rapid renal clearance [65]. Delivery of the miRNA in order to be effective has to be
routed to the target organ, enter the cell, and reach its intracellular target in an active form
[65]. Therefore, new efforts are being made to develop more efficient methods to deliver
miRNAs. Follow-up preclinical studies will have to guide appropriate dosing regimens in
order to establish the lowest possible efficacious doses while attempting to prevent
unacceptable side effects. A key limiting factor is the extremely poor efficiency of the
internalization and release of anti-miRs [66] and therefore determining how to reach a
sufficient dose within the cells in order to achieve efficient miRNA inhibition is a big
challenge.

Considerations in Target Identification and miRNA Delivery

miRNAs often exhibit relatively modest inhibitory effects on mRNA targets. It is not
uncommon, for example, for miRNA inhibition to result in minimal increases (<1.5-2-fold)
in the expression of MRNA targets, suggesting that it is the cumulative impact of small
changes in the expression of myriad targets—rather than pronounced changes in single
targets—that mediates the biological actions of miRNAs on disease processes. Thus, when
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identifying targets, it may be beneficial to manipulate miRNAs that target multiple genes of
a pathway that is dysregulated in a pathological condition.

Successful delivery of RNAIi molecules in vivo is based mainly on incorporation into lipid-
or polymer-based nanoparticles. An ideal delivery system should be bio-compatible,
biodegradable or excretable, and nonimmunogenic [65]. Natural and synthetic lipids and
polymers such as phosphatidylcholine, PLGA, and chatoyant, which can undergo
biodegradation into products absorbed by the natural biochemical pathways of the body, are
the most common nanocarriers for therapeutics delivery.

Other requirements of the delivery system include being stable in the circulation, arriving at
the target site, facilitating cellular uptake, avoiding lysosomal degradation, enabling
endosomal escape, and bypassing rapid renal clearance [67]. miRNA molecules are
negatively charged and hydrophilic, therefore, incorporation of the negatively charged
nucleic acid with cationic lipids or polymers resulting in a net positive charge enables it to
cross the negatively charged cell membranes by receptor mediated endocytosis or
pinocytosis. The nanoparticle complex (<100 nm in diameter) is coated with targeting
molecules that can specifically interact with the target antigen on the cell surface. The outer
surface of the nanoparticle contains hydrophilic groups in order to avoid rapid clearance by
the reticuloendothelial system and enhance circulation time when injected into the
bloodstream.

The nanocarriers then escape from the early endosome in order to avoid fusion with the
lysosome and ultimately elimination via the Golgi system. The nonviral miRNA delivery by
nanocarriers can generally be divided into three main categories: complexation,
encapsulation, and conjugation. Complexation is the formation of an electrostatic complex
between the negatively charged miRNA and the positively charged vehicle. Liposomes
which are lipid vesicles composed of bilayer phospholipid membrane are the best examples.
Encapsulation inside biodegradable nanoparticles such as PLGA or silica nanoparticles is
another approach for miRNA delivery. The cargo is released following intracellular
dissolution of the particle. This method is advantageous since it does not require the use of
potentially toxic cationic materials.

Conjugation is the process of covalently binding the miRNA to its carrier using different
linkers that will release the cargo specifically at the target site either by hydrolysis or
reduction. Conjugation results in a highly stable delivery system that can effectively protect
miRNA in the bloodstream [65]. Three forms of chemically modified oligonucleotides that
have been used are (a) 2"-O-methyl-group (OMe)-modified oligonucleotides; (b) 2”-O-
Methoxyethyl-modified oligonucleotides; and (c) Locked nucleic acid or LNA [68]. Another
approach involves linking a RNA-binding protein or domain to the Fab fragments of a cell or
tissue-specific antibody. The high affinity and binding specificity of antibodies make them
attractive vehicles for targeted delivery of miR mimics or anti-miRs in vivo. Other
considerations that need to be factored in, when designing the delivery system, include the
knowledge of the tissue architecture, the microenvironment, and therapeutically meaningful
doses that is required for efficient miRNA inhibition. Designing a delivery system that is
more efficient in releasing the miR mimics or anti-miRs from the endosomes will
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considerably decrease the therapeutic dose of the oligonucleotides and improve therapeutic
potential (Fig. 15.5).

Conclusion

The induction and silencing of a unique set of genes represent a trigger for the onset of
pathology and restoration of the normal expression levels is key to the repair process. This
well-orchestrated symphony is under the control of the small nucleotide regulators in the
body called microRNAs. In this chapter, we have reviewed the miRs that have been
identifying to be dysregulated during the different stages of the healing cascade.

As newer miRs and targets for these miRs are discovered, the therapeutic prospect will
improve for use of miR manipulators in skin injury repair. microRNA-210, which is induced
highly in ischemic conditions, is already being tested in a clinical trial as molecular marker
that can be used to predict healing outcomes, thereby making treatments more accurate and
efficient. Further development of the technology into a successful therapy will involve (a)
identification of new miRNA targets and dissecting their function; (b) identifying and
improving agents capable of successful in vivo delivery of the antagomiR; and (c) delivering
the nucleotides to the specific targeted sites. Thus, along with identifying new microRNA
targets, future investigations need to be directed towards more efficient in vivo delivery
systems.
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