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Abstract

MicroRNA (miRNA) are noncoding RNA that provide an endogenous negative feedback
mechanism for translation of messenger RNA (mRNA) into protein. Single miRNAs can regulate
hundreds of MRNAs, enabling miRNAs to orchestrate robust biological responses by
simultaneously impacting multiple gene networks. MiRNAs can act as master regulators of normal
and pathological tissue development, homeostasis, and repair, which has recently motivated
expanding efforts toward development of technologies for therapeutically modulating miRNA
activity for regenerative medicine and tissue engineering applications. This review highlights the
tools currently available for miRNA inhibition and their recent therapeutic applications for
improving tissue repair.
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1. Introduction

MicroRNA (miRNA) are noncoding RNA molecules that are expressed in both animal and
plant cells to provide a mechanism for negative regulation of messenger RNA (MRNA)
translation into protein [1]. Delivery of synthetic sSiRNA or antisense oligonucleotides have
been heavily investigated for therapeutic post-transcriptional inhibition of target genes [2—
6]. These exogenously delivered molecules are effectively miRNA mimics but are designed
to silence a single MRNA as specifically and potently as possible in order to produce
predictable pharmacodynamics; therefore, one must design and deliver multiple antisense
oligonucleotides or siRNA to modulate more than one gene. On the other hand, endogenous
miRNA are often cross-reactive with hundreds of different MRNA with partial, but not
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necessarily 100% complementarity [7]. As a result, miRNA can orchestrate robust,
comprehensive responses by simultaneously affecting a broad network of related genes. The
prevalence of miRNA post-transcription regulation is very high, and it is estimated that
miRNAs regulate greater than 60% of human protein encoding genes [8]. Specific miRNAs
are dysregulated in many pathological settings [1, 9-11], and miRNAs have recently
emerged as a new class of disease biomarkers [12-14]. There is also a tremendous
opportunity to develop new classes of pharmaceuticals that specifically modulate miRNA
pathways in order to manipulate multiple, related genes with a single intervention. In the
context of therapy, there is potential both for delivery of miRNA molecules, as thoroughly
reviewed in the other articles within this issue, and also for delivery of miRNA inhibitory
therapeutics (known as anti-miRs), as reviewed here.

Therapeutic inhibition of miRNA represents a relatively unexplored but potentially powerful
approach to modulate stem cell differentiation, to control host cell function as they infiltrate
tissue engineering constructs, and to therapeutically normalize activity of gene networks
required for progression of endogenous repair processes. Availability of robust tools for
measuring and modulating miRNA activity is critical to understanding the roles of specific
miRNA in normal cell and developmental biology and to discover miRNAs that are
promising therapeutic targets. Clinical translation requires optimization of anti-miR
chemistry and engineering of carrier technologies to overcome in vivo delivery barriers not
often considered during the development of the in vitro research tools and reagents.
Recently, progress has been made to this end, and anti-miRs are currently under
development for a broad range of clinical indications. Some of the most advanced anti-miR
therapies have been tested in nonhuman primate preclinical trials for hepatitis C [15] and
atherosclerosis [16], as well as in human clinical trials for hepatitis C [17]. Based on the
promise of these studies and the knowledge that miRNA play fundamental roles in cellular-
fate processes essential in tissue development, homeostasis, and repair [7, 18], there is rapid
growth in research aimed at harnessing anti-miRs for regenerative medicine and tissue
engineering applications. This review will overview current miRNA inhibitor designs,
discuss delivery challenges, and highlight miRNA targets that have shown therapeutic
potential in the context of tissue engineering and regenerative medicine.

2. Anti-miR mechanisms

There are multiple stages during the biogenesis of miRNA that represent potential points of
intervention for anti-miRs (Figure 1). Briefly, the first step in miRNA production is
transcription into long primary RNA transcripts known as pri-miRNAs. The pri-miRNAs are
cleaved by Drosha in the nucleus into a 70 base pair pre-miRNA hairpin intermediate. Pre-
miRNA are then exported to the cytoplasm and processed by Dicer ribonucleases into
mature, double-stranded miRNA that are between 18 and 25 nucleotides in length. The
mature miRNA interacts with the proteins that comprise the RNA-induced silencing
complex (RISC), which separates the guide strand of the mature miRNA from the passenger
strand, retaining the guide strand to form an active RISC [19-20]. The miRNA guide strand
then binds to complementary mRNA and enables target mRNA cleavage by the RISC-
associated endonuclease Argonaut2 (Ago2) (Figure 1A) [20]. As illustrated in Figure 1, anti-
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miRs can be designed to inhibit either the mature miRNA in the active RISC complex, or
any of its precursors [21].

Most miRNA inhibitors are designed to bind to and inhibit the activity of the mature miRNA
guide strand once it is loaded into the RISC (Figure 1D-F), and these classes of anti-miRs
are summarized in the next section [22]. However, there has also been proof of successful
inhibition of the mature miRNA precursors. Targeting pri- and pre-miRNAs can be
advantageous because they contain sequences that are not present in mature miRNA; these
sequences are typically not conserved among different miRNAs (even from the same
family) [23]. Targeting miRNA precursors therefore enables better discrimination among
miRNAs that possess similar mature sequences [23]. Kloosterman et al. showed that
miRNA activity can be inhibited by targeting the pri-miRNA or the pre-miRNA (Figure 1B
and 1C). Anti-miRs complementary to the pri-miRNA Drosha cleavage site inhibited
processing into pre-miRNA, while those complementary to the Dicer-cleavage site on the
stem of pre-miRNA inhibited Dicer processing into mature miRNA. Both tactics resulted in
robust inhibition of mature miRNA formation in zebrafish [24]. Another approach by Lee et
al. demonstrated that delivery of double-stranded siRNA against the loop region of pre-
miRNA can deplete the pool of mature miRNA in vitro. However, this approach did not
work in all cell types tested, and was less potent in comparison to inhibitory strategies that
target mature miRNA [21]. The potential disadvantages in targeting miRNA precursors are
that they are relatively transient species during processing to mature miRNA and that not all
miRNAs are equally susceptible to inhibition at the level of pre- or pri-RNA [24]. In
addition, pri-miRNAs are especially difficult targets because they require inhibitor access to
the nucleus.

Another alternative approach to targeting mature miRNA known as “blockmir” technology
has also shown promise. Blockmirs are ~15mer antisense oligonucleotides that are instead
targeted to the mRNA and function to target and block miRNA binding sites (Figure 1G)
[25]. These molecules bind to untranslated regions of MRNA where miRNA bind, thus
blocking miRNA-induced mRNA degradation while retaining the ability of the mRNA to be
translated into protein [26]. In a recent application of a blockmir designed against the
miR-27 binding site on VE-cadherin mRNA, the authors achieved selective up-regulation of
VE-cadherin but not two other verified miR-27 targets, PPARy and SEMAGA. Ultimately,
this gene-specific miRNA inhibition strategy stabilized vascular endothelial cell-cell
junctions, regulated vascular leakage, and enhanced recovery from ischemic limb injury in
mice [25]. Because blockmirs target individual mMRNAS, they may provide a means to
reduce off-target effects and to achieve more predictable pharmacodynamics than anti-miRs
that block all miR activities. This better specificity may aid clinical translation of anti-miR
therapeutics for regenerative medicine, but it also abrogates the ability to develop
therapeutics that simultaneously regulate multiple genes.

3. Classes of anti-miRs

The two primary classes of miRNA inhibitors are oligonucleotides (including both
conventional nucleic acids and synthetic nucleic acid analogues) and small-molecules. This
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section introduces the portfolio of technologies currently available for modulation of
miRNA activity for applications in tissue engineering and regenerative medicine.

3.1 Anti-miR oligonucleotides

Anti-miRNA oligonucleotides (AMOs) are the most prevalent class of miRNA inhibitors.
There are several variants of AMOs utilized as anti-miRs, but they are all generally designed
to be complementary to the full mature miRNA, such that they bind to and sterically inhibit
the binding of the RISC-loaded miRNA guide strand to target mRNAs (Figure 1E) [27].
Effective AMOs must have high specificity and strong binding affinity to target miRNA [1].
The first AMO developed was a DNA oligo of complementary sequence and equal length to
the target miRNA [28]. Later work revealed that the instability of unmodified DNA AMOs
in serum severely limits their effectiveness in vivo [29]. Subsequent AMO designs have,
therefore, focused on increasing AMO stability and endonuclease resistance, in addition to
improving binding affinity to miRNA.

Most AMOs are single stranded nucleic acids with modifications to RNA backbone
chemistry (Figure 2A) incorporated to improve binding and/or impart nuclease resistance.
The earliest tested AMO modifications included methylation of nucleoside ribose 2’
hydroxyl groups (Figure 2B). This “OMe” modification improves RNA binding affinity and
contributes a modest improvement in nuclease resistance compared to unmodified
sequences. However, OMe modified AMOs still suffer from relatively poor stability in
serum [22]. Replacing the phosphodiester bonds in the AMO backbone with
phosphorothiolate (PS) linkages is a more effective way of conferring nuclease resistance,
but it also results in decreased AMO binding to target miRNA (Figure 2D) [30]. An
additional modifier, N,N-diethyl-4-(4-nitronaphthalen-1-ylazo)-phenylamine, dubbed
“ZEN?” increases the binding affinity and nuclease resistance by enhancing steric blocking
when positioned near the ends of OMe-modified RNA (Figure 2E) [27]. Antagomirs are
another AMO derivative designed to improve the biostability and bioavailability of OMe
oligos [31-32]. Antagomirs possess a 3’ end conjugation to cholesterol which imparts
nuclease resistance [32]. As an added benefit, this hydrophobic cholesterol moiety enables
antagomirs to better traverse the cell membrane and enter cells without the aid of a delivery
vector [31]. However, clinical translation of antagomirs is limited as they require relatively
high doses to achieve miRNA inhibition (up to 80 mg/kg in a mouse model) [31], and have
shown concerning off-target effects in vivo, as evidenced by discrepancies in the cardiac
phenotypes of animals with genetic depletions of miR-21 and miR-133a and those treated
with antagomirs against miR-21 and miR-133a [31, 33-35].

The most effective, high-affinity AMO designs rely on highly-modified, synthetic
oligonucleotide chemistries: locked nucleic acids (LNA), phosphorodiamidate morpholino
oligonucleotides (PMOs), and peptide nucleic acids (PNA). LNA contain a methylene
bridge between the 2’-O and 4’C of ribose to “lock” it into a configuration which is optimal
for hybridization. LNA are also highly resistant to nuclease degradation (Figure 2C) [36].
Consequently, LNA-based AMOSs show higher anti-miR activity at lower doses compared
with the equivalent antagomir [37]. PMOs, another AMO derivative, substitute ribose with
6-membered morpholine rings, and phosphorodiamidates are used rather than
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phosphodiester bonds, making the overall molecule neutrally-charged (Figure 2F) [38].
These modifications sterically hinder nuclease binding and thus prevent enzymatic
degradation of PMOs, but PMOs exhibit lower binding affinity for miRNA compared to
LNA [38-39]. The binding affinity of PNA is the result of PNA’s chimeric structure, in
which nucleobases are spaced along a peptide backbone (Figure 2G) [40]. PNA’s synthetic
structure imparts both nuclease and protease resistance to PNA AMOs [41], while PNA’s
charge neutrality allows it to bind with high affinity and specificity to miRNA targets [42].
In general, the AMO target miRNA binding affinity listed from lowest to highest affinity
follows the order: DNA<OMe oligos<PS-modified OMe oligos<ZEN-modified OMe
0ligos<PMO<PNA~LNA [27, 37-39]. The nuclease resistance imparted from these
modification listed from lowest to highest stability follows the order DNA<OMe
oligos<ZEN-modified OMe oligos<PS-modified OMe oligos< PMO~PNA~LNA [27, 43—
44].

A recent, alternative approach to improve DNA-based AMO activity without modifying
basic nucleic acid chemistry is to design DNA that “puts a lid on miRNA.” Known as
LiDNA, these structures contain two single-stranded miRNA binding regions between two
double-stranded DNA segments [45]. LIDNA are thought to bind miRNA with higher
affinity than typical single stranded DNA AMOs by reducing the free motion of the middle
miRNA binding region [45]. When delivered in vitro using a cationic liposomal transfection
reagent, LIDNA targeting miR-16 showed inhibitory activity at doses as low as 10 nM, and
the inhibition effect of LidNA-16 was sustained for five days [46]. However, to our
knowledge, there have not yet been any direct comparisons made between the miRNA
binding affinity and nuclease stability of LIDNA and the other AMOs discussed in this
section.

3.2 miRNA sponges

In contrast to AMOs, which act transiently to inhibit miRNA, miRNA sponges are long
RNA transcripts expressed from transgenes transfected into cells that allow for longer term
miRNA inhibition [47]. Synthetic miRNA sponges are analogous to the recently elucidated
member of the transcriptome known as competing endogenous RNA (ceRNA) [48-49]. The
ceRNA function as competitive inhibitors that bind to miRNAs and block interactions with
mRNA. A very recent study has also hypothesized the existence of circular RNA (circRNA),
which contain up to 70 miRNA competitive binding sites and act as ceRNAs [50].
Expression of miRNA sponges mimics ceRNA by “soaking up” miRNA and limiting its
access to RISC loading and downstream target mRNA (Figure 1D). Although miRNA
sponges are nucleic acid based inhibitors of miRNA, they differ from AMOs in that they are
expressed from transgenes within target cells and may contain one or multiple competitive
miRNA binding sites [51-52]. Ebert, Neilson, and Sharp demonstrated that active miRNA
RISC complexes bind to miRNA sponges containing binding sites complementary to the
target miRNA, thus sterically preventing miRNA binding to and cleaving of natural mMRNA
targets [52]. In in vitro luciferase studies, an anti-miR-20 sponge outperformed both LNA
and OMe AMOs, at a 20 nM dose for up to 48 hrs. The authors note, however, that high
levels of miRNA inhibition occur only when the miRNA sponge plasmids contain strong
promoters or when multiple vector copies are transfected into the cells [52].
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The miRNA sponges can also be designed to be more potent miRNA inhibitors by using
“bulged” sequences that are imperfectly complementary to the miRNA and thus less prone
to RISC-mediated degradation [47, 52]. Another modification reported to enhance sponge
anti-miR activity is to increase the number of mMiRNA binding sites on a single sponge,
although this effect eventually saturates [47, 52]. A variety of modified miRNA sponge
architectures have been developed including the miRNA eraser, miRNA mower, tough
decoy (TuD), and LidNA [51]. These modifications include targeting multiple miRNAs on a
single sponge [53], and extending the miRNA inhibition timeframe by getting more stable
transduction using lentiviral vectors [54].

An advantage of using a miRNA sponge or decoy approach for regenerative medicine is that
they can be continually expressed within transfected/transduced cells and thus can more
stably reprogram cells treated in vitro prior to subsequent use in regenerative applications in
vivo [51]. Several groups have delivered anti-miRs to cells ex vivo in order to study loss of
function phenotype of the cells implanted in vivo [55-57]. For example, Papapetrou,
Korkola, and Sadelain used a lentivirus to transfect bone marrow cells with a vector
expressing anti-miR sponge target sequences for miRNA-144 and miR-451 [56]. These cells
were then transplanted into irradiated mouse bone marrow to probe the functions of
miR-144 and miR-451 in the murine hematopoietic system. Three to four weeks after bone
marrow transplantation, hematopoietic cells harboring lentivirally-encoded anti-miRs gave
rise to ~15% less erythroid cells than those transfected with a control vector. Although the
main goal of this loss-of function study was to demonstrate that the miR-144/451 locus is
essential to mammalian erythropoiesis [56], it also demonstrates the feasibility of using ex
vivo viral miRNA sponge transfection to reprogram cells prior to transplantation in vivo.
Other studies have shown that viral vectors can be used to deliver miRNA sponge constructs
to target tissue in vivo [58]. While viral delivery of miRNA sponges may be the ideal
inhibitors for chronic diseases such as diabetes (where stable miRNA inhibition is
preferred), regenerative applications, such as those concerned with tissue development or
repair, may be ideally approached using anti-miRs that achieve transient miRNA inhibition
[59].

3.3 Small molecule inhibitors

The need for potent miRNA inhibitors with improved pharmacokinetics has motivated
development of non-nucleic acid-based small molecule miRNA inhibitors. Small molecule
inhibitors circumvent some of the drug delivery challenges that can limit in vivo use of
AMOs and miRNA sponges, including cell uptake, nuclease-based degradation, and
recognition by the innate immune system [60]. In addition, small molecule drugs fit better
into the classical drug development process established within larger pharmaceutical
companies. Thus, small molecules are generally considered to be easier to deliver and less
expensive to manufacture than nucleic acid-based therapeutics.

Several small molecules have been discovered that can inhibit the miRNA pathway [61].
Some of these molecules, such as substituted dihydropteridinone ATP analogues, are general
inhibitors of mMiRNA pathways and act by preventing formation of active RISC complexes
(Figure 1F) [62]. Others, such as the diazobenzene discovered by Dieters et al., suppresses
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the activity of miR-21, they hypothesize, by preventing the transcription of the miR-21 gene
into pri-miRNA (Figure 1H) [63]. The approach in the Dieters group is to develop cell
assays that serve as a readout for miR inhibition and then utilize this tool to screen small
molecule libraries to uncover miR inhibitors [64]. Other non-cell based screening
approaches include assessing binding affinity for mature miRNAs, as has been described for
inhibitors such as helix-threading peptides [61, 65].

Though small molecules have some advantageous drug properties, small molecule anti-miRs
typically have decreased specificity for miRNA targets and therefore have a higher potential
for side effects compared to nucleic acid-based inhibitors [66]. In an attempt to mitigate the
potential for off-target effects, high throughput screening (HTS) approaches have been
devised to simultaneously test both the anti-miRNA activity and toxicity of each small
molecule within a library of compounds [61, 67]. Identifying and testing for the complex
outcomes typically desired in regenerative medicine is difficult to replicate in a cellular
assay compatible with HTS, and it is therefore a formidable challenge to screen small
molecule libraries for “hits”[61, 68—69]. Furthermore, molecules identified by in vitro high
throughput screening often have poor solubility or cause adverse, off-target effects not
identified by HTS once applied in vivo [70]. Therefore, there is an ongoing challenge to
develop improved screening methods to find small molecule inhibitors of specific miRNAs.

4. Delivery considerations for anti-miR therapies

Regenerative medicine brings a unique set of anti-miR delivery considerations and
challenges. Plasmid- and oligonucleotide-based anti-miR therapies must overcome
conventional nucleic acid delivery barriers including nuclease degradation, cell membrane
impermeability, trafficking to the desired intracellular compartment (nucleus for plasmid,
cytosol for AMOs), and generally transient activity. Small molecule based therapies are still
relatively uncharacterized for off-target effects and specificity. Anti-miR delivery
approaches vary based on the class of inhibitor, the delivery route, and the target tissue. For
example, in dispersed diseases like atherosclerosis, or for tissue targets that are difficult to
access by direct injection, systemic anti-miR delivery approaches may be preferred [58]. For
local applications in poorly vascularized tissue, such as meniscus and cartilage repair, direct
tissue injection of anti-miR or controlled release anti-miR depots may be optimal. One
possible anti-miR delivery approach is to use a scaffold and/or hydrogel that simultaneously
serves as a tissue template and allows for local and sustained anti-miR release [71]. Another
strategy that is relatively unique to tissue engineering is anti-miR delivery to cells prior to
implant or during transplant to either direct cell differentiation or enhance subsequent cell
survival [56]. While end application does necessitate obvious differences in therapeutic
strategy, all anti-miR delivery approaches share the need to achieve efficient biodistribution
to the target tissue site / cell type, cellular internalization, and intracellular trafficking to the
site of action, typically to the cytosol where mature miRNA and the RISC machinery are
located. The previous section discusses approaches to modify the drug molecule chemistry,
especially of AMOs, to enhance their pharmaceutical properties, while this section will
discuss delivery technologies that have been applied to address these delivery barriers.
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4.1 Non-viral delivery

Basic scientists often carry out in vitro mechanistic studies utilizing non-viral delivery
methods and reagents (e.g., cationic lipofection reagents) that are not suitable for clinical use
[72-75]. However, a variety of agents have been developed with the intent to improve
clinical anti-miR delivery and to expand the therapeutic index of anti-miRs. Examples of
these agents include dendritic polymer nanoparticles [76], amphiphillic polymer micelles
[77], gold nanoparticles [78-79], porous silicon nanoparticles [80], lipid nanoparticles [37,
81-82], and cell penetrating peptides (CPPs) [37, 83]. While CPPs conjugated directly to
AMOs to increase oligo intracellular delivery, CPPs can also be attached to the surface
nanoparticles to improve uptake of AMO-carrying nanoparticles into cells and tissues. For
instance, Cheng and Saltzman demonstrated that addition of the CPP nona-arginine to the
surface of their AMO-loaded poly(lactic-co-glycolic acid) (PLGA) polymer nanoparticles
significantly increased uptake in human KB oral carcinoma cells relative to unmodified
nanoparticles [84].

Of these non-viral vectors, nanoparticles and liposomes in particular have been pursued for
systemic anti-miR delivery applications, notably for liver targeting [81, 85], and tumor
targeting [36, 86]. For example, intravenous injection of lactosylated gramicidin-containing
lipid nanoparticles (Lac-GLN) loaded with OMe-maodified anti-miR-155 AMOs (1.5 mg/kg
AMO dose) resulted in anti-miR-155 accumulation in the liver and a 6.9- and 2.1-fold
respective increases in anti-miR-155 target genes CCAAT-enhancer binding protein beta (C/
EBPp) and forkhead box P3 (FOXP3), 48 hours after injection. Although the miRNA in this
study, miR-155, was targeted for its oncogenic role in hepatocellular carcinoma, these
results suggest that Lac-GLN can be applied as a liver-specific delivery vehicles for anti-
miR therapy [81]. Other anti-miR delivery vectors demonstrated to target the liver in vivo
are interfering nanoparticles (iNOPs), which are lysine-containing, dendritic nanoparticles
decorated with lipid chains [76]. In mice, intravenous delivery of iINOPs complexed with
RNA-based anti-miR-122 (at a 2 mg/kg dose) resulted in a 83.2 + 3.2% decrease in liver-
specific miR-122 levels. Although targeting of nanoparticles to tumors is typically more
challenging than to liver, there has been some promising work focused on targeting
endothelial cells to prevent tumor neovascularization. For example, when coupled to an
integrin-avp3 targeting ligand, PEGylated LPH (liposome-polycation-hyaluronic acid)
nanoparticles have demonstrated delivery of anti-angiogenic AMOs to tumor vasculature in
mice [86]. Conveniently, many of the advances which have been made in improving
biodistribution and uptake for plasmids and siRNA (such as shielding with PEG to improve
circulation time, or conjugation to targeting antibodies) can be easily adapted for delivery of
most AMOs in the context of regenerative medicine [87]. PNA and PMO by exception
require additional delivery-vector design considerations due to their lack of charge. For
example, we previously demonstrated that porous silicon nanoparticles loaded with PNA by
in situ synthesis improve intracellular uptake and anti-miR activity of these neutrally-
charged AMOs [80].

In contrast to nucleic-acid based anti-miRs, small molecule inhibitors are often delivered
systemically without the aid of a carrier. This is in part due to their greater enzymatic
stability and cell membrane permeability. Even so, systemic delivery of small molecules
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requires repeated dosing to maintain a therapeutic but non-toxic concentration, and high
biodistribution to the liver and kidneys can limit the dose. One potential strategy to optimize
the local effects of small molecule miRNA inhibitors at the target site is to incorporate them
into biomaterial scaffolds or other depots for local and sustained delivery [88-90]. However,
local delivery of small molecules from a biomaterial scaffold may result in rapid diffusional
loss of the drug away from the site of interest due to high diffusivity and permeability. More
advanced material approaches such as electrospinning techniques that enable encapsulation
of drugs into core-sheath nanofiber scaffolds may limit this initial burst release [88].

4.2 Viral delivery

Viral transduction of target cells is a viable approach for regenerative applications where
chronic, degenerative diseases (e.g. osteoarthritis) may benefit from stable expression of
miRNA sponges. Viral transduction is well established in delivering transgenes to a variety
of tissues when delivered both locally and systemically. Once inside the tissue, viruses need
to be delivered to the nucleus where they can express their transgenic miRNA sponges. To
ensure that miRNA sponges expressed in the nucleus are then transported to their cytosolic
site of action, sponge sequences can be modified via addition of a nuclear export signal,
such as a 3’ poly(A) tail [91]. Several viral vectors with diverse properties are available for
use [92-94]. Adenoviral vectors are commonly-used because they can efficiently achieve
high viral titers in dividing and nondividing cells, but they suffer from significant
immunogenicity and toxicity [95]. Adeno-associated viruses (AAV) have a low risk of
disrupting native genes, are stable in the nucleus, and can maintain high levels of gene
expression for months or years. AAV are, however, only able to package small transgene
cassettes (up to 4.7 kb), complex to prepare recombinantly, and comprised of AAV viral
capsid proteins that can be immunogenic [96]. Retroviral and lentiviral vectors can package
larger transgene casettes (8—10 kb) and can be used to stably integrate genes into the
genomes of a wide variety of cell types for long-term transgene expression, but they are
unstable in storage and unable to achieve high viral titers [97]. Of these, adenovirus,
lentivirus, and adeno associated virus (AAV) have been used to transduce cells and provide
long-term expression of mMiRNA inhibitors [98-101], and new, safer viral variants are may
aid in clinical translation of this delivery technology [102]. Lentiviruses and rAAV have
been utilized to achieve stable expression of miRNA inhibiting sponges or tough decoys for
loss of function miRNA studies [100, 103]. For example, intravenous injection of rAAV
encoding an anti-miR122 sponge reduced serum cholesterol in mice by >30% for 25 weeks
[100], consistent with previous studies which have shown that miR-122 plays a critical role
in regulating cholesterol biosynthesis [31].

In spite of these promising demonstrations of viral-mediated miRNA inhibition, achieving
biodistribution to the target tissue, cell tropism, and viral immunogenicity remain concerns
[104]. One potential approach for improving the activity of virally delivered anti-miRs in
certain cell types is through careful design and selection of the promoter. While the powerful
cytomegalovirus (CMV) promoter is often used for mammalian cell applications, tissue-
specific promoters, such as the prostate-specific probasin promoter [105], may replace the
CMV promoter to impart more cell type specificity. Other challenges to clinical translation
of viral anti-miRs include innate immunity to the DNA or the viral vector [106]. To address
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these concerns, techniques such as directed evolution and high-throughput screening of large
mutant capsid libraries are being used to discover viral vectors that avoid immune detection
and have preferential affinity to specific tissue and cell types [107-108]. A final issue which
needs to be addressed is the potential for insertional mutagenesis, which is a concern with
some viral vectors, specifically lentivirus [109].

4.3 Scaffold-mediated delivery

For regenerative applications, local application bypasses many of the systemic delivery
barriers by directly increasing the dose in the target tissue relative to off-target sites. An
added benefit is that anti-miR approaches may be integrated with conventional regenerative
biomaterial scaffolds that can simultaneously create tissue templates and provide platforms
for sustained/controlled release, enabling greater spatiotemporal control over miRNA
activity. The materials engineered to deliver anti-miRNA molecules or nucleic acids would
be analogous to the technologies used for the delivery of plasmid [110-111] and siRNA [71,
112-113] as reparative/regenerative therapies. Local anti-miR delivery strategies may also
be enhanced through substrate mediated transfection achieved by material surface
immobilizing or anti-miRs [114-116]. Material mediated viral delivery has also been use to
enhance local delivery and confine cell transduction within specific tissues [117]. Such local
delivery strategies may be critical in minimizing off-target effects, as the promiscuous
nature of mMiRNAs makes the side effects of long term inhibition difficult to predict.

5. Regenerative medicine targets

Basic scientists have and continue to elucidate a plethora of miRNAs and their mMRNA
targets. These discoveries provide abundant new opportunities for development of
interventions to enhance tissue regeneration (Figure 3). Anti-miRs may prove to be
important both for development of translatable therapeutics and for mechanistic, loss-of-
function studies intended to better understand miRNA function in tissue development and
healing. Both the potential advantage and the potential downfall of targeting miRNAs in
tissue regeneration is the robust, and often incompletely understood, effects that miRNAs
can have on networks of multiple genes. It is, however, enticing that a single therapeutic
could orchestrate a more comprehensive response that better recapitulates the complex
biological control of tissue regeneration. In this section, we will review the foundational
work on therapeutic applications of anti-miRs and also highlight some potentially promising
targets that have not yet been therapeutically tested in vivo. Where possible, we have
correlated functional therapeutic outcomes with the associated % miRNA inhibition
determined by quantitative-polymerase chain reaction (qPCR) and/or northern blotting. It is
important to note, however, that there are potential artifacts associated with using these
methods to measure active intracellular miRNA levels [118]. PCR quantification of
downstream genes that are regulated by the targeted miRNA, miRNA reporter methods
(such as luciferase under the control of miRNA target sites), and/or measurement of the
miRNA level following Argonaute immunoprecipitation may more accurately quantify the
active miRNA pool within cells [118].
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5.1 Bone regeneration

The current clinical gold standards for healing of critical-sized defects (CSDs), defined as
bone defects that do not spontaneously heal over the life-time of the animal, are
osteoconductive and osteoinductive autografts. These approaches, however, are often
limited by infection, pain, donor sire morbidity, loss of function, and limited supply [119].
Bone tissue engineering has shown tremendous promise as a more effective approach for
healing bone CSDs [120-123]. Bone regeneration can be improved through use of tissue
scaffolds and/or the delivery of proteins or other therapeutics that stimulate osteogenesis and
angiogenesis, such as factors that stimulate expression of bone morphogenic proteins
(BMPs) [124], vascular endothelial growth factor (VEGF), and hypoxia-inducible factor-1a
(HIF-1a) [125-130]. As a potentially advantageous alternative to delivery of a single
protein, the endogenous expression of multiple growth factors can be simultaneously
regulated by overexpression or inhibition of miRNAs [131]. Consequently, modulation of
specific miRNA might allow for optimized bone regeneration through optimal coordination
of angiogenesis and osteogenesis processes [132]. In one recent example, it was discovered
that miR-92a was down-regulated in human patients in response to trochanteric fractures
[133]. MiR-92a targets integrin alpha-5 and mitogen-activated protein kinase 4, and is
thought to be an inhibitor of angiogenesis [11, 134]. To determine whether down-regulation
of miR-92a helps to promote fracture healing and to test whether systemic down-regulation
of miR-92a can enhance the endogenous fracture repair process, LNA targeting miR-92a
were administered to mice given femoral fractures. Both repeated systemic delivery of anti-
miR-92a by tail vein injections and repeated local delivery by direct injection significantly
enhanced fracture healing and neovascularization [133].

In addition to coordinating angiogenesis, miRNA inhibition may provide a powerful tool for
enhancing mesenchymal stem cell (MSC) function in tissue engineered constructs [132,
135]. For example, inhibiting endogenous miR-31 significantly increases the osteogenic
potential of bone mesenchymal stem cells (BMSCs) [136]. In one demonstration, Deng et al.
lentivirally-transfected BMSCs to express anti-miR-31 and observed a 2.5-fold increase in
expression of special AT-rich sequence-binding protein 2, a protein involved in osteoblastic
differentiation and bone development [137]. This increased expression was maintained in
vitro at a relatively constant level between 4 and 21 days after treatment [137]. To determine
whether modulation of miR-31 activity in BMSCs affected CSD repair in vivo, BMSCs were
transfected in vitro with anti-miR-31 containing vectors, seeded 24 hours later onto
poly(glycerol sebacate) (PGS) scaffolds, and then implanted into 8 mm rat calvarial CSDs.
Eight weeks after surgery, micro-CT was used to visualize the amount of bone ingrowth into
the defects (Figure 4). Overall, incorporation of cells pre-treated with anti-miR-31 into the
PGS scaffold significantly increased bone regeneration in a CSD when compared with the
PGS alone [137], demonstrating that bone tissue engineered constructs can improve tissue
integration and regeneration through incorporation of anti-miR therapeutics.

5.2 Liver regeneration

Human liver tissue, unlike cardiac muscle and cartilage, has tremendous ability to regenerate
and can regulate both its growth and mass [138]. For example, successful regeneration has
been shown following removal of approximately 70% of the liver in rat studies [139]. This
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regenerative capacity is primarily due to the ability of hepatocytes to adapt to variable
metabolic demands and proliferate to repopulate the liver in response to tissue damage or
resection [138]. In the event that hepatocyte proliferation is impaired by injury, as is the case
in massive necrosis and carcinogenesis, the liver also possesses stem-like precursor cells
capable of differentiating into mature hepatocytes [138]. Despite the endogenous repair
capabilities of the liver, 17,000 adults and children with chronic liver disease were medically
approved for liver transplants in 2013, and every year, more than 1,500 people die waiting
for a donated liver to become available [140]. While anti-miR therapies are relatively
unexplored in this context, the need for a better alternative to liver transplants motivates
research on miRNA targets that may be relevant for liver regeneration in vivo.

Many studies have shown that miRNA are key regulators of hepatic regeneration process,
including miR-378, 127, and 34a Transgenic mouse knock-out studies revealed that down-
regulation of miR-378 promotes DNA synthesis in the early phase of liver regeneration by
increasing the expression of the miR-378 target ornithine decarboxylase [141]. Decreased
miR-127 levels have been correlated with significant up-regulation of Bcl6 and Setd8 target
genes, and increased hepatocyte proliferation [142-144]. In another study, it was shown that
up-regulation of miR-34a suppresses hepatocyte proliferation via inhibition of inhibin BB
[145]. Taken together, these studies help to identify promising anti-miR targets that may
therapeutically promote hepatocyte proliferation and restoration of proper liver architecture.

5.3 Kidney regeneration

In response to acute injury, mammalian kidneys can undergo significant remodeling and
cellular repair through mitosis and proliferation of neighboring cells [146]. The cells
responsible for kidney repair are thought to be derived from interstitial cell
transdifferentiation [147], dedifferentiation of renal cells followed by migration to the
damage site and redifferentiation [148-149], or migration of BMSCs to the damaged tissue
[150-151]. In situ regenerative medicine strategies which encourage the recruitment of stem
cells to the kidney or the dedifferentiation of resident renal cells may therefore be attractive
approaches for repairing acute tissue damage [146]. For example, pro-angiogenic miRNAs
released from endothelial progenitor cells following renal ischemia-reperfusion injury can
have paracrine effects to reprogram resident tubular cells within the hypoxic environment to
adopt a regenerative phenotype [152]. Consequently, there may be therapeutic potential in
reprogramming of renal cells by delivery of anti-miRs to inhibit anti-angiogenic or anti-
proliferative miRNAs. An alternative possibility could be to culture stem cells ex vivo for
reprogramming and deliver them to damaged kidneys [146].

In chronic injury, the kidney responds with fibrosis, scarring, and irreversible loss-of-
function [146]. Diabetic nephropathy (DN) is a chronic, incurable disease that is the most
common cause of total renal failure [153]. DN is characterized by thickening of the
glomerular basement-membrane, mesangial expansion and hypertrophy, and extracellular
matrix protein accumulation [154]. Already, many studies have highlighted the promise of
miRNAs both as biomarkers and therapeutic targets for chronic renal disease [153, 155—
157]. A 2007 study identified miR-192 as a potential target for inhibition in order to
decrease the collagen accumulation associated with DN fibrosis [153]. Repeated
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subcutaneous injections of LNA anti-miR-192 in diabetic mice (2 mg/kg twice a week up to
4 weeks, and then subsequently once weekly until sacrifice at 17 weeks) decreased miR-192
levels by ~60% over the course of 17 weeks, resulting in ~3- and 1.5-fold increased
expression of the E-box repressors Zeb1/2 in the renal glomeruli and cortex, respectively. In
addition, the mRNA levels of the pro-fibrotic genes regulated by Zeb1/2 (TGFB, fibronectin,
and collagen) were significantly decreased in the renal cortex for up to 12 weeks, and
decreased in the glomeruli for up to 17 weeks [158]. Histological comparison of kidney
sections taken from non-diabetic, diabetic control, and diabetic mice treated with LNA anti-
miR192 indicate that LNA anti-miR significantly attenuates both glomeruli growth and
mesangial cell expansion that characterizes diabetic pathology (Figure 5). This study
demonstrates the promise of anti-miR delivery to the kidneys as a strategy for in situ
recovery of tissue function in chronic kidney disease.

5.4 Muscle regeneration

5.4.1 Skeletal muscle regeneration—Several miRNAs are integral in the development
of skeletal and cardiac muscle and regulating the regenerative potential of muscle
progenitors. Muscle related miRNAs (termed myomiRs) such as miR-1, miR-206, and
miR-133 play an integral role in guiding muscle differentiation [159]. Chen et al. recently
examined the role of miRNAs in regenerating skeletal muscle and found miR-1 and
miR-206 were significantly down-regulated [6]. These authors demonstrated that inhibition
of miR-1 and miR-206 using two antagomir injections at a dose of 80 mg/kg body weight
increased paired-box transcription factor 7 (Pax7) levels in vivo, 24 hours after treatment.
Pax7 is an indicator of muscle satellite cells, which are a critical cell type in muscle tissue
regeneration; satellite cell absence prevents myogenesis following skeletal muscle injury
[160-162]. However, other studies have suggested presence of miR-206 improves skeletal
muscle regeneration in Duchenne muscular dystrophy [163] and also delays Amyotrophic
lateral sclerosis progression [164] suggesting that the roles of myomiRS are highly context
dependent and that caution should be exercised in choice of anti-miR therapies [159].
Several other non-myomiRs also play a role in skeletal muscle regeneration. Notably,
miR-203 has been shown to inhibit skeletal muscle proliferation and differentiation by
inhibiting c-Jun and MEF2C and may be a potential therapeutic target for anti-miRs [165] .

5.4.2 Cardiac muscle regeneration—Cellular and tissue functions relevant to heart
failure, including myocardial hypertrophy and infarction, are also regulated by miRNAs.
Although the causes of heart failure are diverse, encompassing such diseases as
atherosclerosis, hypertension, and myocarditis, the defining characteristic of heart failure is
loss of contractile function and reserve [166]. The complex intracellular network that
governs cardiomyocyte contractility and intracellular Ca2* handling presents an intriguing
opportunity for therapeutic miRNA inhibition. In this context, Wahlquist et al. recently
utilized high-throughput screening to identify miRNAs that functioned to suppress
contractility by down-regulating calcium-transporting ATPase SERCAZ2a [167]. From this
screen, miR-25 was identified and confirmed to be up-regulated in human myocardial
samples from patients with severe heart failure. The authors then demonstrated that
overexpression of miR-25 with an AAV9 vector decreased SERCAZ2a levels in mouse
ventricular myocardia, causing decreased cardiac function (as measured by a decline in
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fractional shortening). To test the effectiveness of miR-25 as a therapeutic target, mice were
subjected to 3 months of trans-aortic constriction (TAC) to model chronic failure. The
animals were then treated with repeated intravenous injections of a commercial anti-miR-25
AMO (300 ug oligonucleotide per dose delivered by jetPEI into the tail vein consecutively
for 3 days, with 3 additional injections performed once a week for the following 3 weeks)
[168]. Histological analyses 5.5 months after TAC revealed that ~30% reduction in miR-25
levels following anti-miR treatment significantly reduced cardiac tissue fibrosis when
compared to injection of a scrambled control miRNA (Figure 6), while echocardiographic
analysis revealed that anti-miR-25 treatment restored loss of SERCAZ2a protein and
significantly improved left ventricular and overall cardiac function. Further, anti-miR-25-
treated mice demonstrated stabilized heart to body weight ratios, culminating in an increased
survival rate with 7/8 anti-miR-25-injected and 8/8 sham-operated animals surviving
compared to 7/22 of the control anti-miRNA-injected animals [168].

While the systemic approach taken by Wahlquist and company is a promising strategy for
restoring mycardiocyte contractility following heart failure, it may also be possible to use
anti-miR therapies to prevent progression to heart failure in patients following myocardial
infarction (MI). For example, local, adenoviral delivery of miR-24 sponges post-MI
improved blood perfusion, reduced the infarct size and improved cardiac function [169]. In
another example, Bonauer et al. discovered that repeated intravenous injection miR-92a
antagomir (8 mg/kg injected at days 0, 2, 4, 7, and 9) decreased miR-92a levels by ~80% at
day 2 in a mouse ischemic limb and by nearly 100% at day 6 in a mouse heart following
acute myocardial infarction (compared to treatment with a scrambled antagomir control). In
both models, miR-92a inhibition improved blood vessel growth and functional recovery of
damaged tissue [11]. Based on this promising result, Otani et al. used a gelatin hydrogel
microsphere (GHM) sheet to deliver miR-92a antagomirs locally to myocardial infarcts in
rats [13]. Importantly, they demonstrated that antagomir delivery to the local tissue
improved left ventrical remodeling and function (associated with increased angiogenesis in
the infarct border, recruitment of stem cells, and cardiomyoctye regeneration) [13]. miR-15
may be another promising target for treating myocardial infarction [14, 170]. Hullinger et al.
used LNA anti-miRs to silence the miR-15 family in a mouse model of ischemia-induced
myocardial infarction. Intravenous injection with 0.5 mg/kg LNA anti-miR-15b at the onset
of reperfusion decreased miR-15b levels by ~80%, and reduced infarct size, inhibited
cardiac remodeling, and improved heart function [14]. Other miRNAs linked to heart
disease, including miR-221 [171], miR-208 [172], miR-21, miR-23a, miR-125, miR-195,
miR-199, and miR-214 [173], may also have potential as anti-miR targets, in addition to
angiogenic miRNAs such as miR-503 and the miR-17-92 cluster [13, 174-175], which are
discussed in more detail in the subsequent section (Angiogenesis).

5.5 Wound healing

Wound healing requires coordination of a complex cascade of biochemical events following
injury to the skin (or other damaged tissue). These events can be organized into a broader
sequence of stages known as coagulation, inflammation, proliferation, angiogenesis,
maturation, and remodeling, which are tightly regulated by miRNAs [176-178]. Several
miRNAs are known to be preferentially up-regulated or down-regulated during normal
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wound healing, and miRNA dysregulation may cause pathologic skin conditions and non-
healing wounds [174, 179-182]. As successful wound healing will likely necessitate
temporal-control over miRNAS, this section will review potential miRNA targets as they
occur in the different stages of wound healing.

5.5.1 Inflammation—Inflammation is an important early step in wound healing wherein
chemokines and cytokines are released to attract phagocytic cells which clean up damaged
tissue, bacteria, and other debris from the site of injury before inducing the proliferative
phase of healing. If, however, the inflammatory phase is prolonged or excessive, as is often
the case for diabetic wounds, inflammation can exacerbate tissue damage and prevent
normal wound healing [179, 183-184]. Consequently, miRNAs that either promote or
resolve inflammation may be logical targets to improve wound healing [176]. To identify
such therapeutically-relevant miRNAsS, several studies have examined changes in miRNA
profiles in response to inflammation induced in mouse models by injection of
lipopolysaccharide (LPS). One such study found miR-155 to be up-regulated following LPS
injection into the peritoneal space. Up-regulation of miR-155 was correlated with increased
expression of LPS signaling proteins such as the Fas-associated death domain protein
(FADD), IxB kinase ¢ (IKKe), and the receptor (TNFR superfamily)-interacting serine-
threonine kinase 1 (Ripk1) [185]. In another study, Murphy et al. found that the miRNA
let-7a increased inflammation by suppressing NF-xB via destabilization of the inhibitor «B-
Ras2 [186]. Both miR-155 and let-7a may, therefore, be promising targets for miRNA
inhibitors intended to decrease the excessive inflammation in non-healing wounds. Two
other miRNAs involved in the TLR4-mediated immune-response to LPS, miR-221 and
miR-4661, have been selected as targets for in vitro studies aimed at decreasing
inflammation in microglial cells [187]. In these studies, cell penetrating peptide (CPP)-PEG-
PNA constructs targeting miR-221 and miR-4661 decreased the inflammatory response of
microglial cell to LPS stimulation, suggesting miR-221/ -4661 inhibition as a potential anti-
inflammatory therapy [187].

5.5.2 Proliferation—Proliferation, the second phase of wound healing, involves migration
and proliferation of endothelial cells and fibroblasts, granulation tissue formation, collagen
deposition, and tissue epithelialization by keratinocytes. To increase fibroblast
differentiation in mouse skin punch wound model, Li et al. conjugated thiolated anti-
miR-378a sponge transcripts onto PEGylated 10 nm gold nanoparticles. Intradermal
administration of anti-miR-378a nanoparticles significantly improved overall wound healing
by increasing expression of vimentin and 33 integrin, which accelerate fibroblast migration
and differentiation [188]. In another approach targeting granulation tissue formation, Feng et
al. delivered miR-200b and miR-146a antagomirs topically with lipofectamine (at an
antagomir dose of 1.4 pug/wound), which decreased local target miRNA levels by ~75% one
day after wounding. This therapy improved healing of cutaneous wounds in normal and
diabetic mouse models [189]. In this study, they showed that co-delivery of antagomirs
against miR-200b and 146a had a synergistic effect in accelerating wound healing [189].
This work was an extension of previous findings by these authors that an antagomir against
miR-146a increased fibronectin production [190] and that an antagomir against miR-200b
increased VEGF expression and angiogenesis in the setting of diabetic retinopathy [191].
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Inhibition of miRNAs that reduce keratinocyte proliferation is another promising strategy to
improve wound healing. Biswas et al. found that miR-210 is driven by ischemia, reduces
keratinocyte proliferation, and increases the time to wound closure [192]. They also showed
that in vitro delivery of an AMO target to the stem-loop of hsa-miR-210 decreased miR-210
levels by ~80% and increased keratinocyte proliferation 72 hours after treatment, suggesting
its potential as a therapeutic target to improve ischemic wound closure [192]. Similarly,
Sundaram et al. recently showed that miR-198 negatively regulates keratinocyte migration
to decrease wound healing. Importantly, samples from patients with chronic diabetic ulcers
demonstrate differential levels of miR-198, suggesting it may be an effective target to
improve wound healing clinically[193].

5.5.3 Angiogenesis—Angiogenesis is a critical part of the wound healing process that
occurs concurrently with the proliferative phase of wound healing. Failure to generate new
and stable blood vessels results in delayed closure. While a number of miRNAs have been
demonstrated to be up-regulated and important to improving blood vessel growth [58],
others, such as miR-221/222, miR-320, and miR-200b, have been identified in vitro as
negative regulators of angiogenesis. Induced overexpression of miR-221/miR-222 in
transfected cells caused poor tube formation and scratch wound healing [194], while
miR-320 is increased in type 2 diabetic Goto-Kakizaki rats and was confirmed as an
inhibitor of angiogenesis in myocardial microvascular endothelial cells [195]. The anti-
angiogenic function of miR-200b is mechanistically due to negative regulation of VEGF and
VEGF receptors [196], and Chan et al. demonstrated that hypoxia-induced miR-200b down-
regulation promotes angiogenesis by de-repression of v-ets erythroblastosis virus E26
oncogene homolog 1 (Ets-1) [197].

Inhibitors of anti-angiogenic miRNAs that have demonstrated therapeutic promise in vivo
include drugs targeting miR-503 and the miR 17-92 cluster [198-199]. MiR-503 is elevated
in the plasma and muscles of human diabetics (~15 fold) and has been implicated in
impaired endothelial cell function during angiogenesis [198]. Further, delivery of a miRNA
sponge against miR-503 to the ischemic adductor of diabetic mice improved angiogenesis
and recovery of blood flow [198]. Likewise, the miR 17-92 cluster (which includes miR-17,
18a,19a/b, 20a, and 92a) is dysregulated in response to ischemia [199]. Repeated
intravenous injections of antagomirs against miR-17 and miR-20 (8 mg/kg injected at days
0, 2, and 4) decreased target miRNA expression by ~80% and increased angiogenesis on day
7 in subcutaneous matrigel implants in mice [199]. Finally, miR-92a, also discussed above
in the context of bone and cardiac regeneration, holds promise as an anti-miR target for
promoting angiogenesis [198]. Both direct injection and incorporation into gelatin hydrogel
microspheres have proven effective for local delivery of LNA and other AMOs against
miR-92a to cardiac tissue [13, 200], suggesting that local delivery to a wound site may also
be advantageous for promoting wound site angiogenesis and healing.

5.5.4 Scarless healing—Scarring occurs due to repair (rather than regenerative)
mechanisms that drive myofibroblast formation and collagen deposition, resulting in
fibrosis. A large body of research has been dedicated to ‘scarless’ healing of wounds and
surgical incisions. Pure regeneration occurs during embryonic development but is lost in
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human adults for all but the most superficial wounds [201]. Consequently, vertebrate
animals that maintain this regenerative potential, notably salamanders and zebrafish, are
used as models for studies on the roles of miRNA in regeneration. Several miRNAs are
promising candidate targets for reducing scarring [202-203], including miR-1, miR-21,
miR-24, miR-29, and miR-155 [204]. The primary miRNA evaluated to reduce fibrosis is
miR-21, which has been implicated in fibrosis in a number of tissues including lung, heart,
kidney, and skin [205-207]. However, local inhibition of miR-21 to reduce fibrosis may
delay wound healing, particularly at the early stages of repair [208]. Thus, context and
timing of anti-miR delivery will also be key to optimizing clinical outcomes in wound
regeneration.

6. Conclusions and clinical outlook

Modulating miRNA activity provides the ability to achieve greater control over the networks
of genes involved in tissue development, homeostasis, and repair and thus motivates
research into applications of mMiRNA inhibition for tissue engineering and regenerative
medicine. A large tool box of anti-miR therapies has been developed that target miRNA
transcription, miRNA precursors, or mature miRNA in the active RISC complex. Already,
studies have used these tools to show that manipulating endogenous miRNAs and/or re-
programing cells for implantation in tissue-engineered constructs improves regeneration and
repair in bone, liver, kidney, and muscle, in addition to improving wound healing.

Potentially the biggest challenge in clinical translation of anti-miR therapies for tissue
engineering is achieving efficient biodistribution and activity in the target tissue, such that
off target effects are minimized. AMOs, which are the most prevalent and well characterized
class of anti-miR therapeutics, suffer from the same delivery barriers that have largely
impeded progress of other nucleic acid therapeutics into the clinic. Several companies have
taken up this challenge and have begun clinical development of anti-miR therapies,
including Santaris Pharma, Regulus Therapeutics, Mirna Therapeutics, and miRagen
Therapeutics [209-210]. Regulus Therapeutics has designed anti-miRNAs against miR-21
for myocardial disease and kidney fibrosis [205, 211] and miR-155 for ALS [212]. miRagen
Therapeutics is developing an LNA antagonist against miR-208 to treat heart failure by
reducing hypertrophy; this strategy has proven effective in diabetic mouse models of
diabetes [172, 213-214]. Additionally, miRagen is developing an anti-miR-15 and -195
therapies to improve post myocardial infarction heart regeneration [14, 215]. Ultimately,
efforts at increasing our understanding of endogenous miRNA function and our ability to
inhibit specific pathological miRNAs may herald a new, more effective generation of
regenerative medicines.
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Figure 1.
Sites of intervention for different anti-miRs along (A) the miRNA biogenesis pathway. Anti-

miRNA oligos (AMOs) are typically single stranded oligos that are introduced exogenously
into the cell and can bind to (B) pri-miRNA to inhibit Drosha activity or (C) pre-miRNA to
inhibit Dicer cleavage. (D) miRNA sponges are expressed as transgenes that contain
multiple miRNA binding sites for competitive inhibition of binding to mRNA. (E) AMOs
are most commonly designed to bind to and inhibit mature miRNA. (G) Blockmirs are
oligonucleotides that block miRNA activity by specifically masking the 3° UTR of target
mRNA. Small molecule miRNA inhibitors act by either (F) inhibiting the formation of
active RISC, or (H) preventing expression of miRNA genes into pri-miRNA.
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Common oligonucleotide modifications to improve anti-miR activity. (A) The 2’ OH of
ribose RNA can be methylated to create (B) OMe-modified RNA, or a methylene bridge can
be added between the ribose 2’-O and 4’-C to create (C) locked nucleic acid (LNA). (D) The
phosphodiester bonds in the backbone can be replaced with phosphorothiolate (PS) bonds,
or a (E) ZEN maodifier can be added between phosphate groups near oligo ends. Finally,
neutrally-charged, synthetic (F) phosphorodiamidate morpholino oligonucleotide (PMO)
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and (G) peptide nucleic acid (PNA) chemistries can also be designed strongly inhibit
miRNA.
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Potential Anti-miR Targets in Regenerative Medicine
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Figure 3.
Potential anti-miR targets for regenerative medicine.
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Figure 4.
Micro-CT sections following implantation of PGS scaffolds without BMSCs (PGS), or

seeded with BMSCs transfected with lentiviruses encoding for miR-31 overexpression
(BMSCs/miR-31), miR-31 inhibition (BMSCs/anti-miR), or an irrelevant DNA sequence
(BMSCs/miR-Neg). These data suggest that miR-31 impairs bone repair, while transfection
of BMSCs with anti-miR-31 prior to implantation greatly increases bone regeneration.
Reproduced with kind permission fromeCM journal (www.ecmjournal.org).
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Figure 5.
LNA-anti-miR-192 attenuates glomerular growth, mesangial expansion, and TGF§

expression in 17-week diabetic mice. (A-C) Periodic acid-Schiff [PAS] staining of
representative kidney sections. (D-F) Masson’s trichrome staining showing glomerular and
tubulointerstitial fibrosis. (G-1) TGF- immunostaining of kidney sections. Reproduced
from Putta et al. (2012); with kind permission of the Journal of the American Society of
Nephrology.
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Figure 6.

Histology of heart tissue sections stained with Masson’s trichrome reveals that inhibition of
miR-25 reduces fibrosis under conditions that mimic heart failure. Reproduced and adapted
with kind permission from Nature Publishing Group.
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