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Abstract

Tendon injuries are one of the most common musculoskeletal disorders that cause considerable
morbidity and significantly compromise the patients’ quality of life. The innate limited
regenerative capacity of tendon poses a substantial treating challenge for clinicians. MicroRNAs
(miRNAs) are a family of small non-coding RNAs that play a vital role in orchestrating many
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biological processes through post-transcriptional regulation. Increasing evidence reveals that
miRNA-based therapeutics may serve as an innovative strategy for the treatment of tendon
pathologies. In this review, we briefly present miRNA biogenesis, the role of miRNASs in
tendon cell biology and their involvement in tendon injuries, followed by a summary of current
miRNA-based approaches in tendon tissue engineering with a special focus on attenuating post-
injury fibrosis. Next, we discuss the advantages of miRNA-functionalized scaffolds in achieving
sustained and localized miRNA administration to minimize off-target effects, and thus hoping
to inspire the development of effective miRNA delivery platforms specifically for tendon tissue
engineering. We envision that advancement in miRNA-based therapeutics will herald a new era
of tendon tissue engineering and pave a way for clinical translation for the treatments of tendon
disorders.
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1. Introduction

Tendon injuries are one of the most common disorders in the musculoskeletal system.

The etiology of tendon injuries is multifactorial, including trauma, chronic overuse, aging,
inflammation and genetic factors [1-4]. Compared to other musculoskeletal tissues such

as bone and muscle, the innate hypocellular and hypovascular nature of tendon renders it
lacking sufficient healing ability [5]. Currently, exercise-based strategies, injection therapy
and surgical intervention are the standard treating modalities for tendon injuries [6].
However, they are associated with high failure rates owing to different reasons, among
which significant adhesion formation substantially weakens tissue strength, affects the
restoration of function and patients’ quality of life. It has been estimated that approximately
one third of flexor tendon injuries lead to scarring [7, 8], and the retear rate after rotator cuff
repair is up to 90% due to fibrovascular scar formation [9]. Unlike flexor tendon injuries
that often result from direct lacerations, tendinopathy is the most common cause of injuries
to the patellar tendon, the Achilles tendon and the rotator cuff. The prominent pathological
changes of tendinopathy include disorganized collagen fibers, dysregulated extracellular
matrix (ECM), and increased microvasculature with neoinnervation [10]. Normal tendons
consist predominantly of collagen I with small amount of collagen Il1. In tendinopathic
tendons, greater amount of collagen 111 is produced and fails to be replaced by collagen |
with time, thus leading to mechanical inferiority and eventual tendon rupture since collagen
I11 tends to form thin and random fibers [11, 12].

To improve tendon healing quality and functional outcomes, numerous novel approaches
have been developed, among which tissue engineering plays a key role in provoking the
regenerative potential of injured tissue through a combination of cell- and/or scaffold-based
strategies, which may create a favorable microenvironment for tissue healing [13-16].
Although cells and scaffolds are two fundamental components of tissue engineering, the
concept of utilizing cell-free or scaffold-free approaches has gained increasing popularity
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in the field of regenerative medicine over the past few years. Notably, the effect of
microRNAs (miRNASs) on tissue repair and regeneration has been exploited and miRNA-
based therapeutics have demonstrated a great translatable value. miRNAs are ubiquitously
expressed in different species and are evolutionarily conserved in expression [17]. To date,
there have been around 2,600 mature miRNAs identified in humans that participate in the
regulation of more than 60% of coding genes [18]. In contrast to short interfering RNAs
(siRNASs), a unique feature of miRNAs is that they are commonly binding to the target
mRNA with partial complementarity which means one miRNA is capable of regulating
hundreds of target genes. Therefore, the expression change of miRNAs could exert
considerable influence on many biological processes involving cell proliferation, migration,
differentiation or apoptosis. While sometimes work as potentiators [19, 20], miRNAs mainly
act as a silencer of coding genes, the expression of miRNAs is thought to inversely related
to the regenerative potential of injured tissue. Observation of the mouse fetal skin healing
pattern at different developmental stages revealed the regulatory role of miRNAs in tissue
regeneration. Scarless healing of the skin at an early embryonic stage is characterized by

a global suppression of miRNA function compared to scar formation at a later stage [21].
Additionally, the downregulation of miRNAs resulted in cell proliferation and enhanced
tissue regeneration in patients receiving liver transplantation [22]. These results suggested
that if certain miRNA functions are selectively and purposely suppressed in the injured
tissue, the silencing of coding genes responsible for tissue repair and regeneration could be
revoked and may restore the regenerative potential akin to the /n-utero state [23].

Compelling evidence have shown dysregulation of miRNA expression is correlated

with diseases in the musculoskeletal, cardiovascular and nervous system [24-28]. More
importantly, miRNAs play a critical role in maintaining normal tissue homeostasis and has
been associated with the occurrence of tendinopathy [29-33]. Herein, we review the current
knowledge of miRNA function related to tendon cell biology and miRNA profiling in tendon
injuries. In addition, we summarize the application of miRNAs in tendon tissue engineering,
especially in preventing strategy for tendon disorders.

2. miRNA biogenesis

miRNAs are a class of small noncoding endogenous RNAs (normally 20-24 nucleotides
long) 12 that regulate post-transcriptional gene expression. miRNAs can be categorized
into two types: intracellular miRNAs and extracellular miRNAs (i.e., circulating miRNAS)
[34]. The miRNA genes are first transcribed by RNA polymerase 11 or 111 into primary
miRNAs (pri-miRNAS), which have a stem-loop structure [35, 36]. The pri-miRNAs are
further processed by RNase 111 enzyme, Drosha and DGCR8 (DiGeorge Syndrome Critical
Region 8) in the nucleus into precursor miRNAs (pre-miRNAS) with a hairpin structure
(approximately 60-80 nucleotides in length) [37, 38]. The pre-miRNAs are then exported
to the cytoplasm and subjected to processing by Dicer and TRBP (transactivation response
element RNA-binding protein) to generate mature miRNA duplexes. The miRNA duplexes
are subsequently unwinded to form single-stranded miRNA molecules which enter the
RNA-induced silencing complex (RISC) by interacting with Argonaute (AGO) proteins.
Eventually, the RISC binds to the 3’ untranslated region (UTR) of the target messenger RNA
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(mRNA) and functions by either inducing mRNA degradation or repressing gene translation
[39] (Figure 1).

3. miRNAs in tendon tissue engineering

3.1 miRNA profiling and tendon injuries

Tendon injuries encompass chronic tendinopathy and acute tendon rupture. Under normal
conditions, physiological loading can lead to increased ECM synthesis and tenocyte
density [40]. When a tendon fails to compensate the mechanical stimuli and age-related
changes, including oxidative stress, cellular senescence, calcification or fatty infiltration,
tendinopathy persists causing pain and dysfunction [41]. Taking a profiling approach,
previous studies have revealed differentially expressed miRNAs in tendinopathy. Millar

et al. [42] collected 17 samples of supraspinatus tendon (torn tendon) and subscapularis
tendon (early tendinopathy) from the same patients during shoulder surgery, respectively.
Ten subscapularis tendon samples from patients without rotator cuff tears were served as
controls. They found expression of miR-29 family in all tendon samples with miR-29a
demonstrating a remarkable reduction in early tendinopathic tendons compared with control
and torn tendons. Hall et al. [43] acquired ten paired supraspinatus (tendinopathy) and
subscapularis (normal) tendon samples arthroscopically from five patients and identified 21
differentially expressed miRNAs using RNA sequencing. In particular, six miRNAs (let-7g,
miR-7a, miR-22, miR-26a/b and miR-29a) were predicted to regulate genes involved in
tendinopathy including bone morphogenetic protein (BMP)-2, BMP-7, interleukin (IL)-6,
collagen I and 111. [42]

Matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases
(TIMPs) are two major players in maintaining normal tendon homeostasis [44]. The
imbalance between MMPs and TIMPs could be the reason of ECM disorganization, a
hallmark of tendinopathy. One study evaluated the miRNASs expression pattern in the long
head of biceps tendons obtained from patients with or without glenohumeral arthritis

[33]. A total of 1001 miRNAs were identified by microarray analysis to mediate the
expression of 81 genes responsible for ECM disorganization. More importantly, seven
highly altered miRNAs (miR-145-5p, miR-151a-3p, miR-382-5p, miR-199a-5p, miR-21-
5p, miR-125a-5p and miR-498) were projected to be associated with the tendon ECM
reorganization through regulating MMPs expression [33]. Persistent inflammation is another
hallmark of tendinopathy. Following the above study, Thankam et al. [32] examined

the miRNA profiling and associated inflammatory pathway in patients with or without
glenohumeral arthritis and rotator cuff tears by sampling the long head of biceps tendon.
There were 235 miRNAs demonstrated fold changes, among which 39 miRNAs and

196 miRNAs were significantly upregulated and downregulated, respectively. The authors
screened 284 genes that closely related with inflammation via 120 different pathways which
subjected to the regulation by approximately 1500 miRNAs. By selecting miRNAs that
have multiple target genes, 77 miRNAs were found to have regulatory control over more
than 10 genes. Furthermore, the expression of miR-145-5p, miR-100-5p, miR-23b-3p,
let-7d-5p, miR-146a-5p, miR-150-5p, miR-181a-5p and miR-193b-3p was decreased more
than 20-fold in patients who had severe inflammation, suggesting their potent role in
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regulating inflammatory genes and interconnecting pathways. Additionally, Thankam et
al. [45] identified 13 miRNAs related to fatty infiltration and inflammation from rotator
cuff injured patients that are associated with genes involved in metabolic homeostasis and
inflammation.

More recently, circulating miRNAs were detected in liquid biopsies (i.e., venous blood)
from 14 patients with chronic tendinopathy or degenerative tear of the rotator cuff to identify
distinct miRNA profiles [31]. The serum level of six miRNAs (miR-19b-3p, miR-192—

5p, miR-25-3p, miR-19a-3p, miR-18b-5p and miR-93-5p) was only downregulated in
degenerative tear samples when compared to chronic tendinopathy samples or healthy
controls. Another six miRNAs (miR-30a-5p, miR-324-3p, miR-210-3p, miR-140-3p,
miR-425-5p and miR-222-3p) were differentially expressed in pathological serum samples
compared to healthy controls. Subsequently, nine miRNAs repressed in sera (miR-29a-3p,
miR-29c¢-3p, miR-30a-5p, miR-140-3p, miR-192-5p, miR-210-3p, miR-222-3p, miR-324-
3p and miR-425-5p) were selected to examine their expression in torn supraspinatus or
intact subscapularis tendons collected from patients. Of note, except for miR-222-3p, the
rest miRNASs either demonstrated a significant repression or a clear trend of repression
when compared to healthy controls, which was in good agreement with the serum results.
These findings provided us with a distinct signature of miRNAs in degenerative rotator cuff
injuries and may direct the development of novel diagnostic tools for such disorders [31].
Major findings from clinical studies described in this section are summarized in Table 1.

3.2 miRNAs in tendon cell biology

The physiological role of miRNAs in many biological processes have been well established
[17, 30, 46, 47]. Among them, several studies have demonstrated the significance of
miRNAs in mediating tenogenesis, tendon cell apoptosis or senescence [48-51] as
summarized in Table 2. For example, Wang et al. [51] found decreased collagen formation
during the tenogenesis of human tendon derived stem cells (TDSCs) as a result of targeted
suppression of early growth response-1(EGR1) by miR-124. Similarly, miR-217 inhibited
the differentiation of human TDSCs towards tenogenic pathway by decreasing EGR1
expression [52]. Chen et al. [48] demonstrated miR-135a can promote the tenogenic
differentiation of rat TDSCs through upregulating the gene expression of scleraxis (Scx) and
tenomodulin (Tnmd) which critically involved in tenocyte specification. In another study
using mouse TDSCs, the transfection of miR-378a mimics led to significant decrease of
collagen synthesis and tenogenic gene expression. The miR-378a inhibitory regulation of
tenogenesis was further confirmed by targeting TGF-p2 [49].

Aging is thought to have negative effects on the composition and function of tendon.

A comprehensive RNA expression analysis of young and aged human Achilles tendon
identified a suppression of miR-1245a in aged tendon compared with young tendon [53].
When comparing TDSCs isolated from aged and young rats, Chen et al. [54] found
remarkable downregulation and upregulation of miR-135a in aged and young TDSCs,
which was accompanied by increased and decreased expression of Rho-associated coiled-
coil protein kinase 1 (ROCKL), respectively. Overexpression of miR-135a in aged TDSCs
resulted in decreased expression of ROCK1 and other senescence markers such as p16 and
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B-galactosidase compared to controls. Conversely, the suppression of miR-135a in young
TDSCs aggravated senescence as evidenced by increased expression of ROCK1, p16 and
B-galactosidase. Meanwhile, cell proliferation and migration capacities were improved in
aged TDSCs overexpressing miR-135a whereas opposite effects were seen in young TDSCs
with anti-miR-135a. Furthermore, the authors revealed the control of miR-135a over TDSCs
senescence was mediated by repressing ROCK1 through direct binding to its 3> UTR. Since
ROCKU1 is correlated with TDSC aging [55], the application of miR-135a may contribute to
the reversal of tendon degeneration [48].

The response of tendons to mechanical stimuli has also been associated with altered miRNA
expression. Mendias et al. [56] compared the expression of miRNAs in Achilles tendons
between sedentary and treadmill exercised rats. They found miR-100 and miR-378, which
involved in cell proliferation and ECM production, were differentially expressed under
mechanical loading. Additionally, three miRNAs (miR-338, miR-381 and miR-743a) that
predicted to bind to the Scx was significantly suppressed in loaded tendons. Given the
important regulatory role of Scx in tendon cell biology, it is reasonable to postulate that
these miRNAs may participate in the mechano-adaptation of tendons.

Although several miRNAs have been identified in /n vitro studies to regulate tendon

cell biology, the majority of these studies have not taken into account that there are
heterogeneous populations of cells reside within the tendon, such as tenoblasts, tenocytes
and TDSCs, on which different miRNAs may have specific subpopulation functions. It is
intriguing to explore the potential differential effect of a single miRNA on each distinct cell
population in an /in vivo environment. In addition, how miRNAs guide the differentiation of
TDSCs is not fully understood. Previous reports have shown TDSCs differentiated towards
nontenocyte lineages when responded to excessive mechanical loading, but whether miRNA
is associated with this process remains unknown [57, 58]. Future studies are warranted to
unveil the role of miRNAs in determining the fate of TDSCs after tendon injury.

3.3 miRNAs alleviate adhesion formation

Due to the limited regenerative capacity, tendon often heals via the formation of scar

tissue with suboptimal histological and mechanical properties [5]. In rotator cuff injuries,
the tendon-to-bone interface is filled with fibrovascular scar tissue after repair that never
recapitulates the functional transition zone in the native enthesis [59]. Adhesion formation
is also a major complication after flexor tendon injury which impairs the digit mobility and
may require reoperation [7]. Tendon healing can be divided into three stages: inflammation,
proliferation and remodeling. Both extrinsic and intrinsic mechanisms are involved in each
healing stage [5, 8]. Extrinsic healing is characterized by the recruitment and infiltration

of surrounding fibroblasts which leads to scar formation. In contrast, intrinsic healing
activates tenocytes in the endotenon and epitenon together with the recruitment of TDSCs
within the tendon proper contributing to scarless healing [60]. However, in most cases,
extrinsic healing prevails over intrinsic healing and damages tendon gliding properties.
While various methods have been attempted to reduce the formation of adhesions, including
hyaluronic acid, growth factors, lubricin and mechanical barriers, none of them have yielded
satisfactory outcomes in clinical settings [61-64].
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Mechanistically, the fibrosis after tendon injury can be attributed to the disruption of tissue
mechanical homeostasis, which sustains the normal tissue stiffness and cell contractility.
To reveal the regulatory feedback pathways mediating mechanical homeostasis, Moro et al.
[29] identified a network of 122 AGO2-associated miRNA families responsible for keeping
constant tissue properties through buffering 73 targeted mMRNAs that encodes cytoskeletal,
contractile, adhesive and extracellular matrix proteins. By quantifying tissue stiffness with
atomic force microscopy in a zebrafish fin-fold model, it was shown that ago2 ~/~ mutants
had approximately 30% higher elastic modules compared to wild type (WT) embryos.

This abnormal tissue stiffness was recovered by administration of human AGO2 mRNA.

In addition, the limb repair speed was comparable between WT embryos and ago2 =/~
mutants which received human AGO2 mRNA. These results shed a light on the role of
miRNA-dependent regulatory network in stabilizing mechanical homeostasis and promoting
tissue healing.

Among various growth factors that participate in tendon healing, TGF-p1 is one of

the most extensively studied factors that contributes to scar tissue formation [65-67].
Engineered miRNA plasmid targeting TGF-B1 gene was delivered by polylactic-co-glycolic
acid (PLGA) nanoparticles into tenocytes /n vitro and to the flexor tendon laceration site

/n vivoto modulate TGF-B1 expression [68, 69] (Figure 2). The nanoparticle/miRNA
plasmid significantly suppressed the TGF-B1 protein synthesis in tenocytes after 3 days

of culture, and this effect persisted to 21 days of culture [69]. Similarly, the injection of
nanoparticle/miRNA plasmid /n vivoresulted in decreased TGF-B1 expression accompanied
with downregulation of collagen I and 111 mRNA compared to nanoparticle/mock miRNA.

Of note is that although the application of nanoparticle/miRNA plasmid reduced adhesion
formation and did not elicit notable inflammation after tendon repair, the ultimate repair
strength was significantly lower than the nanoparticle/mock plasmid treated tendons [68,
69]. Using adeno-associated virus (AAV) as a vector, Wu et al. [70] transferred TGF-p1-
miRNA to the injured flexor tendon in a chicken model. At postoperative 6 and 8 weeks,
the TGF-B1 protein synthesis was decreased accompanied with improved tendon gliding
property and adhesion formation. However, consistent with previous reports, the ultimate
strength of repaired tendons treated with TGF-B1-miRNA was 12—24% lower than that of
the control tendons. The inferior mechanical properties observed in TGF-B1-miRNA treated
tendons suggested that purely inhibition of TGF-B1 function have a mixed influence on
flexor tendon healing. This could be attributed to the fact that TGF-B1 does not only play
arole in scar tissue formation but also other biological processes related to tendon healing
and regeneration such as cell proliferation, migration or ECM production [71, 72]. Katzel

et al. [73] found that TGF-p deficiency mice had lower flexor tendon repair strength and
decreased expression of collagen | compared to WT controls. It has also been shown that
TGF-p inhibition significantly reduced collagen | production in cultured rabbit flexor tendon
cells [74]. Therefore, the downregulation of collagen I induced by TGF-p1-miRNA is likely
the reason for the decreased mechanical strength in the above studies.

In addition to TGF-B1, cyclooxygenases (COX-1/COX-2) are important inflammation-
related proteins that regulate the inflammatory response after tendon injury [75, 76]. The
degree of adhesion formation of an injured tendon is closely related to the degree of
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inflammatory response [77]. Consequently, controlling or reducing the inflammation after
tendon injury can effectively prevent the formation of adhesions. To this end, Zhou et al.
[78] developed a novel system for controlled topical delivery of cyclooxygenase-engineered
miRNA plasmids via PLGA nanoparticles and hyaluronic acid hydrogels. Three different
miRNA plasmids were screened for their effects on COX-1/COX-2 gene silencing. It was
shown that COX-1-miRNA1 and COX-2- miRNAZ2 had the most substantial inhibition

of COX-1/COX-2 in tenocytes, respectively. These two miRNAs were subsequently used
for /n vivo studies which effectively downregulated the COX-1/COX-2 protein in the
injured tendon and surrounding subcutaneous tissue one-week after surgery. Functionally,
the tendon gliding excursions and work of flexion were both enhanced in the nanoparticle/
miRNA plasmid hydrogel group compared to other groups, though the result of work

of flexion did not reach statistical significance. Additionally, the gross observation and
adhesion scoring were better in the nanoparticle/miRNA plasmid hydrogel group, indicating
effective reduction of adhesions. More encouragingly, the mechanical strength of the
nanoparticle/miRNA plasmid hydrogel treated tendons was significantly higher than that

of the other groups (Figure 3). Unlike the blockade of TGF-p1, targeted silencing of COX-1/
COX-2 genes with miRNA-based strategy yielded histological and mechanical satisfactory
results, which may serve as a more desired approach in the modulation and improvement of
tendon healing.

During the early inflammatory stage of tendon healing, besides the infiltration of fibroblasts,
the migration of macrophages to the injury site is considered to exert a negative effect on the
healing process [1, 79]. Previous reports have demonstrated that by depleting macrophages
in Achilles tendon injury, the mechanical properties of the repaired tendon were significantly
improved [80]. In a study by Cui et al. [81], the depletion of bone marrow-derived
macrophages (BMDMs) in mice flexor tendon injury led to minor fibrosis and less
inflammatory cell infiltration around the repair site as well as unimpaired joint mobility.
Interestingly, the ultimate tensile strength of repaired tendons was not compromised in the
macrophage-depleted group which is quite counterintuitive as accumulation of fibrous tissue
could increase the repair strength. Thus, it was postulated that diminishing fibrous tissue
within the tendon cutting ends allowing better collagen fiber regeneration and integration
contributed to the maintained tendon healing strength. Further, the introduction of BMDMs-
exosome reactivated the fibrotic process, which was found to be mediated by exosomal
miR-21-5p. More importantly, it was revealed that miR-21-5p exerted its pro-fibrogenic
function through suppressing Smad7 expression. Recently, Yao et al. [82] found that

human umbilical cord mesenchymal stem cell (MSC)-derived exosomes (HUMSC-Exo0s)
decreased rat fibroblast proliferation and downregulated fibrosis-related genes expression /in
vitro. Additionally, localized delivery of HUMSC-Exos alleviated formation of adhesions

in injured Achilles tendons. Specifically, the HUMSC-Exos contained low amount of
miR-21a-3p by which the activity of p65 and COX-2 was repressed, which is consistent
with previous study that inhibition of RelA/p65 pathway may prevent tendon adhesions
[83]. Taken together, regulating exosomal miR-21 could promote tendon healing by reducing
fibrosis through Smad7 and p65 mediated pathways.

Another major fibrosis regulator is miR-29. Previous reports have shown miR-29b affected
fibroblasts growth and improved Achilles tendon healing via inhibiting TGF-p1/Smad3
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pathway [84]. In contrast, Lu et al. [85] demonstrated that miR-29b-3p negatively regulate
tenogenesis by targeting TGF-p1 and collagen | expression. This discrepancy further
substantiates the notion that inhibition of TGF-p1 alone may not achieve desired tendon
healing. For rotator cuff injured patients with stiffed shoulder, a systemic (serum) and

local (bursa tissue and cell) reduction in miR-29a expression is associated with the

severe subacromial bursa fibrosis [86]. When inducing rotator cuff injury in miR-29a
overexpression mice, the tissue fibrosis, inflammation response and gait profiles of injured
limbs were significantly improved compared to WT mice. The favorable result of miR-29a
in mitigating fibrotic subacromial bursa was owing to targeted silencing of collagen 111 gene
[86].

Compiled evidence has shown miR-21 and miR-29 mediate fibrosis in many organs, such as
the heart [87, 88], liver [89, 90], lung [91, 92] and kidney [93, 94]. miR-21 also serves as a
long-term fibrotic memory keeper of MSCs [95]. However, their pro-fibrotic role in tendon
injury has not been elucidated previously. These above studies extended our understanding
of the relationship between miRNAs and tissue fibrosis, which may pave new avenues for
miRNA-based approaches in improving peritendinous adhesion formation.

3.4 miRNAs facilitate tendon remodeling

Similar to the pathophysiology of tendinopathy, the imbalance of collagen I to collagen Il
ratio, namely increased collagen Il and decreased collagen | synthesis during the tendon
remodeling phase, contributes to the inferior mechanical strength and undesired tendon
healing [12, 41]. It has been suggested that IL-33 play a role in inflammation response and
fibrotic disorders [96, 97], however, whether it’s implicated in tendon diseases and how

it influences tendon healing remains unknown. Based on animal and human tendinopathy
models, Millar et al. [42] revealed that inflammatory response and imbalance in collagen
production was initiated by IL-33/ST2 pathway. In particular, the 1L-33/ST2 pathway
functions by increasing collagen 111 synthesis after tendon injury which is associated

with decreased mechanical strength. Considering that miR-29 family target collagen | and
I11 genes, the researchers predicted that miR-29 may regulate IL-33/ST2 pathway with
computational algorithms, especially miR-29a which had substantial expression change in
tendinopathy biopsies. Next, transfection assays in human tenocytes confirmed that miR-29a
directly inhibited the expression of soluble ST2. In a mice tendon healing model, the
miR-29a expression was downregulated by 22-fold and 6-fold on day 1 and day 3 post
injury, respectively. The administration of exogenous IL-33 resulted in a 10-fold decrease
of miR-29a expression in injured WT mice while had no effect on St27~ mice, indicating
miR-29a is mediated by IL-33/ST2 system to some extent. Finally, the delivery of miR-29a
mimic to treat the injured tendon significantly reduced collagen 111 production without
affecting collagen | synthesis.

Following the above study, Watts et al. [98] evaluated the effect of miR-29a replacement
on treating tendinopathy in a randomized study using an equine model. The miR-29a
mimic transfected equine tenocytes had decreased collagen 111 expression but unchanged
collagen I expression, which corresponds well with previous reports on human tenocytes
[42]. When administering miR-29a mimic or placebo to tendon lesions one-week post
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injury, the expression of collagen 111 but not collagen | was significantly decreased at two
weeks after injury. In addition, miR-29a treated tendons showed improved histology in
terms of lower normalized lesion cross-sectional area and modified Bonar scores (Figure 4).
These results provided further evidence supporting the potential therapeutic role of miR-29a
delivery in facilitating tendon remodeling and improving tendon healing after injury.

3.5 miRNAs in tendon angiogenesis

Being a hypovascular tissue, angiogenesis is a key factor in tendon healing. A variety of
miRNAs have been reported to regulate the process of angiogenesis [46], among which
miR-210 has been investigated in promoting tendon healing. In a rat Achilles tendon

injury model, miR-210 injection resulted in significantly higher collagen fiber diameter,
maximum failure load and capillary density at two weeks. The expression of vascular
endothelial growth factor (VEGF), fibroblast growth factor (FGF)-2 and collagen | were
also upregulated in miR-210 treated tendons three days after injection. However, the positive
effect of miR-210 on capillary density diminished at six weeks, suggesting the miR-210
mediated angiogenesis was confined to the early stage of tendon healing [99]. Recently, in a
rat rotator cuff injury model, Xu et al. [100] demonstrated that MSCs overexpression VEGF
contributed to significantly higher ultimate failure load at 4 and 8 weeks postoperatively
compared to controls. The expression of collagen I and |1 at the tendon-bone interface were
upregulated via MSCs-VEGF treatment. It was further confirmed that VEGF was targeted
by miR-205-5p during the healing process. Through inhibiting miR-205-5p in MSCs,

the VEGF expression was remarkably increased as well as the repair strength, indicating
improved tendon-to-bone healing.

4. miRNA delivery for future clinical translation

miRNA-based therapies can generally be classified into miRNA inhibition therapy and
miRNA replacement therapy. The miRNA inhibition therapy is conducted by using anti-
miRs or miRNA inhibitors. The miRNA replacement therapy is conducted by introducing
miRNA mimics into cells which act as exogenous source of additional miRNAs [101].
Since systemic administration of miRNA is subjected to rapid clearance, the success of
miRNA therapy mainly lies in an effective localized and controlled delivery to desired
tissues or organs. Scaffold-based system possesses the advantage of realizing site-specific
miRNA delivery by which the off-target effects of miRNA therapy could be avoided and
thus maximizing miRNASs’ function. In addition, the natural degradation of scaffolds can
ensure a sustained release of encapsulated or immobilized miRNA. Recently, a variety of
biomaterials have been developed to serve as novel delivery platforms for miRNA-based
therapeutics such as hydrogels, collagen-nanohydroxyapatite scaffold, electrospun scaffold
and microspheres [102-105].

Hydrogels are one of the most widely utilized materials in tendon tissue engineering [106].
The miRNA can be encapsulated into hydrogels without compromising its bioactivity. More
importantly, the degradation rate of hydrogels could be fined-tuned through adjusting its
physicochemical properties to enable long-term sustained delivery of miRNAs. Conde et

al. [103] reported a self-assembled RNA-triple-helix hydrogel bearing miR-221 antagomir
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and miR-205 mimic for tumor abrogation in a triple-negative breast cancer mouse model.
The RNA-triple-helix was initially conjugated to dendrimers (triplex nanoconjugates) and
then mixed with dextran aldehyde to form hydrogel scaffolds that can readily adhere to the
tumor tissue. The cellular uptake efficiency of the triplex nanoconjugates was close to 100%
(99.8+2.5%) with the internalization began at 3h and reached peak at 48h in cancer cells

in vitro. After implanting the RNA triplex hydrogel scaffolds to the tumor /n vivo, neither
inflammation around the surgical site nor body weight change was noticed, indicating good
biocompatibility of the hydrogel scaffolds. Regarding tumor suppression, approximately
90% reduction of tumor size was obtained by the RNA triplex hydrogel scaffolds at 13
days after implantation. Furthermore, the considerable tumor shrinkage was correlated with
significantly prolonged animal survival. Hence, the dextran-dendrimer hydrogel scaffold
could be an effective platform for efficient local miRNA delivery.

Electrospun fibrous scaffolds are capable of replicating the complex ECM topography and
providing essential biophysical cues in guiding stem cell differentiation and promoting

cell proliferation [107-109]. Various electrospun fibrous scaffolds have been used in
tendon tissue engineering to improve tendon repair and regeneration [110-112]. However,
the reports on electrospun fibrous scaffolds for localized miRNA delivery have been
elusive. Zhou et al. [104] prepared electrospun poly (ethylene glycol)-b-poly(L-lactide-
co-e-caprolactone) (PELCL) and poly(e-caprolactone) (PCL) bilayer scaffolds combined
with REDV peptide-modified trimethyl chitosan for vascular endothelial cell-specific
delivery of miR-126. The sustained release of miR-126 from the electrospun scaffolds

was observed for up to 56 days. The miR-126-loaded scaffolds not only promoted human
umbilical vein endothelial cells (HUVECS) proliferation but also demonstrated excellent
cellular biocompatibility as evidenced by well-preserved cell morphology and phenotype.
Additionally, the target gene expression of SPRED-1 in HUVECs was downregulated by
nearly 50% after seeding on miR-126-loaded scaffolds for 3 days. Postoperative evaluation
of the transplanted bilayer scaffolds by immunofluorescent staining with anti-CD31 further
confirmed its positive effect on endothelialization /n vivo.

More recently, Milbreta et al. [113] used a hybrid scaffold consisting of poly (caprolactone-
co-ethyl ethylene phosphate) (PCLEEP)-aligned fibers and collagen hydrogel for sustained
delivery of miR-219 and miR-338 in guiding oligodendrocyte differentiation, maturation
and myelination. The hybrid scaffolds released 10% of loaded miRs within the first 1h

and gradually released 65% of miRs over a period of 20 days. The hybrid scaffolds also
demonstrated a steady degradation rate with around 60% of mass lost in 30 days. In a

rat spinal cord injury model, the authors found that miR-219/miR-338 activated scaffolds
led to significantly higher number of oligodendroglia lineage cells compared to control
group both at 2- and 4-weeks post implantation. Moreover, the myelination after injury
was almost doubled in miR-219/miR-338 scaffolds implanted group compared with control
group. Altogether, these results highlighted the potential of the fiber-hydrogel scaffolds
acting as a non-viral, sustained delivery platform for miRNAs therapeutics.

It is noteworthy that although the above studies revealed the efficacy of miRNA-
functionalized scaffolds in cell- or tissue-specific tissue engineering, none of them have been
reported in improving tendon regeneration. Given the similar design concept and mature
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technique of loading miRNAs [114], it is not difficult to learn from the already successful
miRNA-activated scaffolds delivery system and derivate platforms specifically for tendon
tissue engineering. More importantly, a variety of bioscaffolds with multi-phasic structures
which highly recapitulates the tendon ECM microenvironment or gradient tendon-bone
interface have been developed and showed promising results [14, 115-118]. Therefore, it
is optimistic to assume that the combination of biomimetic scaffolds and miRNA delivery
could exert favorable synergistic effects on modulating tissue repair and regeneration after
tendon injury.

5. Concluding remarks

miRNA-based therapeutics have received growing interest in the field of regenerative
medicine given its profound potential in regulating a plethora of cellular functions.
Promisingly, the miRNA profiling in tendinopathy and the roles of single miRNA in
mediating tendon repair and healing are beginning to be exploited. miRNA-based strategies
have shown a considerable beneficial effect on improving tendon healing in terms of
alleviating adhesion, facilitating remodeling and promoting angiogenesis. Consequently,
mimicry or antagonism of targeted miRNAs might open an exciting avenue for the treatment
of tendon injury. However, successful clinical translation mainly relies on addressing the off-
target effects associated with miRNA-based approaches. An effective way of circumventing
the off-target effects is ensuring a localized delivery of miRNA to the desired site or coding
gene. Therefore, the design and development of novel delivery platform for miRNA-based
therapies, specifically miRNA-functionalized bioscaffolds holds enormous translational
potential to serve as off-the-shelf product for clinical use. To achieve this, more future
studies are needed to deepen the understanding of miRNAs in tendon biology, the miRNA
regulatory mechanism in tendon injury, and the interplay between miRNAs and bioscaffolds.
While miRNA-based therapies for tendon injury lag behind those of other musculoskeletal
tissues including bone, cartilage and muscle, its endowed with great promise in the near
future to realize scarless healing and obtain optimal outcomes. We believe that advancement
in miRNA-based therapeutics will herald a new era of tendon tissue engineering and thereby
initiating clinical trials for tendon applications.
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Figure 1.

Schematic illustration showing the biogenesis of miRNA. The pri-miRNA is first cleaved
by Drosha and DGCRS8 to form pre-miRNA with a hairpin structure. The pre-miRNA is
exported to the cytoplasm by Exporting 5 and subjected to further processing by Dicer
and TRBP. The mature miRNA duplex is unwinded and enter the RISC by interacting
with AGO proteins. The RISC binds to the 3° UTR of target mRNA to induce either
translation repression or mRNA degradation. DGCR8, DiGeorge syndrome critical region
8; TRBP, transactivation response element RNA-binding protein; RISC, RNA-induced
silencing complex; AGO, argonaute; UTR, untranslated region.
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Figure 2.

(A) Schematic illustration demonstrating the process of preparing nanoparticle/plasmid
complexes; (B) a) The area between the proximal interphalangeal and distal interphalangeal
joint levels of chicken toes corresponds to zone Il of human hands and the major pulley
structure (2C); b) Various agents were injected to the cross-section of tendon cut at a depth
of 0.5 cm using a microinjection needle; (C) Representative images of immunohistochemical
staining of TGF-B1 in repaired tendons treated with nanoparticle/miRNA plasmid or
nanoparticle/mock plasmid at 2, 4 and 6 weeks after surgery. Scale bar=100 um; (D)
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Adhesion scores and ultimate strength were significantly lower in nanoparticle/miRNA
plasmid treated tendons compared with saline and negative (nanoparticle/mock plasmid)
controls at 6 weeks after surgery. *p < 0.05 compared with saline and negative controls. Data
are expressed as mean + SD. (A), (B), (D) Adapted and reprinted with permission from Ref.
[68]; (C) Adapted and reprinted with permission from Ref. [69].
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(A) Schematic diagram of adhesion formation after tendon injury in the non-treatment
group and treatment group. Tendon adhesion in the treatment group was reduced by the
local delivery of nanoparticle/miRNA plasmid targeting COX1/COX2 in hydrogel through
inhibiting the synthesis of prostaglandins; (B) Representative images of repaired tendons
after 6 weeks of surgery. There were less adhesions in the nanoparticle/miRNA plasmid
hydrogel treated group compared to non-treated, hydrogel only (CON) and nanoparticle/
mock plasmid hydrogel (NC) treated groups. Scale bar=0.5 cm; (C) Adhesion score and
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ultimate strength of the repaired tendons were significantly improved in the nanoparticle/
miRNA plasmid hydrogel group compared with other groups at 6 weeks post-surgery.
Adapted and reprinted with permission from Ref. [78].
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Figure 4.
(A) Schematic illustration showing the role of IL-33 and miR-29a in tendon disease;

(B) Longitudinal section images of horse superficial digital flexor tendon stained with
Picrosirius Red with miR-29a or placebo treatment after 16 weeks, scale bar=200 pm (Left
column), and cross sectional gross images of miR-29a or placebo treated tendons after 16
weeks; Normalized lesion to tendon cross sectional area (CSA) for miR29a- and placebo-
treated tendons at different time points post treatment evaluated by ultrasound (C) and

MRI (D). *p < 0.05 versus control (one-tailed Student’s t test); (E) Modified Bonar score
(cell density, vascularity, linear fiber, and polarized collagen) was significantly improved in
miR-29a-treated tendons compared to controls at 2 and 16 weeks. *p < 0.05 versus controls
(Mann-Whitney U test). (A) Adapted and reprinted with permission from Ref. [42]; (B), (C),
(D), (E) Adapted and reprinted with permission from Ref. [98].
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Condition/mode | Sample type Eﬁﬂggg Major findings Observed expression Ref
Rotator cuff Supraspinatus RNA Identified 6 miRNAs predicted Upregulated: miR-7a-5p [43]
tendinopathy tendon sequencing to bind to genes involved in Downregulated: let-7g-5p, miR-22—
tendinopathy 3p, miR-26a/b-5p, miR-29a-3p
Glenohumeral Long head of Microarray Identified 7 miRNASs associated Upregulated: miR-498 [33]
arthritis biceps tendon with genes in the Downregulated: miR-145-5p,
pathways involved in collagen miR- 151a-3p, miR-382- 5p,
disorganization miR-199a-5p, miR-21 -5p, miR-
125a-5p
Glenohumeral Long head of Microarray Identified 8 mMiRNAs with Downregulated: miR-145-5p, [32]
arthritis and biceps tendon over 20-fold change that miR-100-5p, miR-23b- 3p,
massive RCTs may participate in regulating let-7d-5p, miR- 146a-5p, miR-150—
inflammation 5p, miR-181a-5p, miR-193b-3p
Rotator cuff Long head of Microarray Identified 13 miRNAs Upregulated: miR-297 [45]
injury with fatty biceps tendon associated with genes in the Downregulated: miR-145-5p, miR-
infiltration and pathways involved in metabolic 99a-5p, miR100- 5p, miR-150-5p,
inflammation homeostasis and inflammation miR-193b-3p, miR-103a-3p, miR-31
-5p, miR-195-5p, miR-497- 5p,
miR-15a-5p, miR-16-5p, let-7b- 5p
Rotator cuff Subscapularis gPCR array Identified miR29a/b Downregulated: miR-29a/b [42]
tendinopathy tendon differentially expressed in early
tendinopathic tendons
Rotator Serum/Suprasp gPCR array Identified 6 miRNAs Serum from RCTs samples [31]

cuff tendinopathy/
degenerative RCTs

inatus tendon

differentially expressed in sera
from patients with either
RCTs or tendinopathy/RCTs,
respectively. 5 out of these

12 miRNAs were significantly
repressed in tendon biopsy
samples

Downregulated: miR-19b-3p,
miR-192-5p, miR-25- 3p,
miR-19a-3p, miR-18b-5p,
miR-93-5p

Serum from tendinopathy/RCTs
samples

Downregulated: miR-30a-5p, miR-
324-3p, miR-210- 3p, miR-140-3p,
miR-425-5p, miR- 222-3p

Tendon biopsies Downregulated:
miR-29a-3p, miR- 29¢-3p, miR-30a—
5p, miR-140-3p, miR-192-5p

RCTs, rotator cuff tears.

Biomaterials. Author manuscript; available in PMC 2022 October 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Liuetal.

Table 2

Selected miRNAs and their roles in tendon cell biology
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mMiRNA(s) Cell type Target gene(s) and effect Function Ref
miR-29b-3p  Human TDSCs TGF-Bl and COL1AL | Inhibit tenogenic differentiation [85]
miR-29b Rat fibroblasts TGF-BL{ Inhibit tendon fibroblasts growth [84]
miR17-92 Primary human tenocytes  bim | Suppress apoptosis [50]
miR-135a Rat TDSCs Scx and Tnmd 1 Promote tenogenic differentiation Suppress senescence  [48]
ROCK1 ¥
miR-124 Human TDSCs EGR1 Inhibit tenogenic differentiation [51]
miR-217 Human TDSCs EGR1 Inhibit tenogenic differentiation [52]
miR-140-5p Human TDSCs Pinl { Promote senescence [54]
miR-378a Mouse TDSCs TGF-B2 Inhibit tenogenic differentiation [49]
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