Hindawi

Oxidative Medicine and Cellular Longevity
Volume 2017, Article ID 3720128, 16 pages
https://doi.org/10.1155/2017/3720128

Review Article

MicroRNAs and Autophagy: Fine Players in the Control of
Chondrocyte Homeostatic Activities in Osteoarthritis

Stefania D’Adamo,’ Silvia Cetrullo,' Manuela Minguzzi,>> Ylenia Silvestri,'

Rosa Maria Borzi,” and Flavio Flamigni'

Dipartimento di Scienze Biomediche e Neuromotorie, Universita di Bologna, Bologna, Italy
°Dipartimento di Scienze Mediche e Chirurgiche, Universita di Bologna, Bologna, Italy
’Laboratorio di Immunoreumatologia e Rigenerazione Tissutale, Istituto Ortopedico Rizzoli, Bologna, Italy

Correspondence should be addressed to Silvia Cetrullo; silvia.cetrullo@unibo.it

Received 24 February 2017; Revised 12 May 2017; Accepted 22 May 2017; Published 21 June 2017

Academic Editor: Kotb Abdelmohsen

Copyright © 2017 Stefania D’Adamo et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Osteoarthritis (OA) is a debilitating degenerative disease of the articular cartilage with a multifactorial etiology. Aging, the main risk
factor for OA development, is associated with a systemic oxidative and inflammatory phenotype. Autophagy is a central
housekeeping system that plays an antiaging role by supporting the clearance of senescence-associated alterations of
macromolecules and organelles. Autophagy deficiency has been related to OA pathogenesis because of the accumulation of
cellular defects in chondrocytes. Microribonucleic acids (microRNAs or miRs) are a well-established class of posttranscriptional
modulators belonging to the family of noncoding RNAs that have been identified as key players in the regulation of cellular
processes, such as autophagy, by targeting their own cognate mRNAs. Here, we present a state-of-the-art literature review on
the role of miRs and autophagy in the scenario of OA pathogenesis. In addition, a comprehensive survey has been performed on
the functional connections of the miR network and the autophagy pathway in OA by using “microRNA,” “autophagy,” and
“osteoarthritis” as key words. Discussion of available evidence sheds light on some aspects that need further investigation in

order to reach a more comprehensive view of the potential of this topic in OA.

1. Introduction

Osteoarthritis (OA), a chronic degenerative disease of the
articular cartilage, is the most common form of arthritis,
affecting millions of people worldwide, with a prevalence as
high as 60% in men and 70% in women above 65 [1]. OA
mainly affects the major joints such as the knee and hip [2]
and heavily impacts on life quality [3]. Therefore, OA rep-
resents a major burden for the National Health Systems
and is expected to rise in Western countries with aging of
the population.

Age is indeed one of the major risk factors for OA, but the
hypothesis of a mechanical pathogenesis as dependent on
“wear and tear” or “overload” is questioned by the evidence
that OA may also affect non-weight-bearing joints, such as
the hands. The risk of hands OA is more than doubled in
obese patients, in keeping with the relevance of a systemic

inflammation status [4] that compromises joint tissues. It is
indeed recognized that OA is a disease with multifactorial
etiology including biochemical or systemic factors (genetics,
aging, dietary intake, oestrogen use, bone density, and
metabolic syndrome) and biomechanical causes (muscle
weakness, obesity, joint laxity, and injury) [5, 6].

The final common effect is the loss of cartilage integ-
rity, due to the defective homeostatic balance between
extracellular matrix (ECM) synthesis and degradation by
the chondrocytes, the unique cells inside cartilage. Chon-
drocytes are indeed responsible for cartilage homeostasis
through a very tight regulation of ECM turnover and
recycling of damaged components.

Healthy articular cartilage homeostasis guarantees the so-
called “maturational arrest” of chondrocytes and prevents
their progression towards hypertrophy and terminal differ-
entiation [7]. Instead, OA is characterized by a loss of this
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chondrocyte maturation block, that is, essentially “age”-
related in human and other species, according to life expec-
tancy [8], although comorbidity factors may anticipate the
“age” of maturation block failure.

Aging and obesity are associated to a systemic oxidative
and inflammatory status [4, 9] that can impact on chondrocyte
health via mitochondria targeting. The oxidative stress condi-
tion can result from an imbalance between the production of
reactive oxigen species (ROS) in mitochondria and cell ROS
scavenging systems, comprising superoxide dismutase
(SOD), catalase, glutathione peroxidase, glutathione reduc-
tase, and reduced glutathione.

Mitochondrial pathology has been recently recognized
as having a pivotal role in OA [10] and ROS produced
by dysfunctional mitochondria are able to boost cellular
signalling and matrix catabolism [10]. Moreover, the turn-
over of damaged mitochondria via autophagy is impaired
in aged and OA cartilage. Autophagy can be defined as a
quality control system able to preserve the efficiency of cell
activities through the removal of damaged or aged cell
components such as organelles and proteins. The possibility
of discarding/recycling damaged organelles is pivotal in
tissue maintenance, particularly in postmitotic conditions.
In particular, mitochondria may be the target of oxidative
stress, and on the other hand, when aged or injured, they
become defective in energy production and generate ROS at
a higher rate. Autophagy failure contributes to OA patho-
genesis and is responsible for the accumulation of cellular
defects in chondrocytes [11, 12]. Indeed, even before the
occurrence of structural damages, aged cartilage features a
decrease in critical autophagy genes and an increase in
mTOR, an autophagy repressor. The correlation between
cartilage health and autophagy has also been confirmed
with functional genomic studies [13, 14].

Cytokines, growth factors, and ECM component by-
products trigger intracellular signals able to regulate chon-
drocyte metabolic activity and to switch on a proinflamma-
tory and catabolic scenario. Indeed, the presence of many
inflammatory mediators (such as interleukin 1 (IL-1), IL-6,
IL-7, IL-8, and tumour necrosis factor-a (TNF-«)) points at
OA as a low-grade inflammatory disease much more than
what was initially thought [4, 15]. Inflammatory cytokines
lead to cartilage destruction through activation of nuclear
factor x¥B (NF-xB) [16], phosphatidylinositol 3-kinase
(PI3K)/AKT, and transcription pathways [17] and induce
the upregulation of major catabolic enzymes. The complex
cartilage ECM is at first cleaved by aggrecanases, belonging
to the “a disintegrin and metalloproteinase with thrombos-
pondin motifs” ADAMTS family. Then, the collagen
becomes accessible to the matrix metalloproteinases
(MMPs). The OA cartilage shows a high expression of
MMP-13, the major type II collagen (COL-2) degrading
MMP, which instead is absent in healthy tissue. The pivotal
pathogenetic role of MMP-13 activity has also been pointed
out by functional genomics studies [18]. In the above
described scenario, the outcome of articular cartilage degen-
eration depends on the balance between inflammatory sig-
nalling pathways and other homeostatic molecular systems,
such as AMP-activated protein kinase (AMPK) and sirtuin-
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1 (SIRT-1) that counteract oxidative stress and inflammation
[19] and also exert a pivotal role in metabolic stress and
autophagy management [20]. SIRT-6 has also recently
emerged as key factor in cartilage homeostasis, being
decreased in both OA and aged cartilage [21].

Whatever the initial trigger, OA progression is sustained
by profound changes of the epigenetic control of gene expres-
sion and transcription factors. This leads to marked changes
of target gene expression in joint tissues in association with
an altered methylation status of the genome [22]. In this
regard, microribonucleic acids (microRNAs or miRs) are an
abundant, evolutionary conserved subfamily of short non-
coding RNAs (22-25nt) acting as potent posttranscriptional
regulators through target recognition modules. To date, 1881
sequences of precursor miRs and 2588 mature miRs have
been identified in human cells and uploaded in the main
web databases miRBase based on the new human genome
assembly (GRCh38) released. Computational predictions,
tools also available in many others web databases (TargetS-
can, miRWalk2.0, and miRanda), unveil that more than
50% of all human proteins are under potential regulation
by miRs. Indeed, an altered epigenetic signature of micro-
RNAs drives both OA onset and progression. Most of these
miRNAs are directly regulated by major OA risk factors,
including aging, mechanical stress, and inflammation and
are able to affect homeostatic mechanisms [23].

Despite the shared final pathogenic mechanisms of the
disease, OA patients present a high variability in etiologies,
comorbidity factors, clinical assessment, and involvement
of the other joint tissues. This hampers the definition of a
useful patient stratification for both research purposes [24]
or for personalized therapy. Indeed, there is an urgent need
of disclosing new diagnostic and prognostic biomarkers as
well as targets for really disease-modifying therapies. A com-
plete understanding of the molecular mechanisms that keep
articular cartilage homeostasis becomes critical in advancing
in this direction.

2. MicroRNAs and OA

2.1. Biogenesis and Mode of Action. As initially found for C.
elegans lin-4 and let-7, most of the currently annotated miR
genes lie in introns of protein coding or noncoding genes;
these miRs can occur alone or in a cluster of several miRs
and are thought to be regulated by the same promoter of host
genes and likely generated from the host intron. As expected,
the expression level of the “host” gene mRNA is positively cor-
related with that of the miR under study because they share
the same transcriptional regulation and function. On the
other hand, the expression level of the “target” gene mRNA
is negatively correlated [25]. Based on a “coherence of func-
tion,” it is becoming clear that miRs represent a tool to support
the expression of host genes, while repressing the expression
of antagonistic genes. However, it has been also found that a
“host” gene mRNA can harbour both an intronic miR and a
predicted seed sequence of this miR in its 3' UTR [26].

The long RNA precursor with a single or several stem
loops is called primary (pri)-miR. Then, pri-miR undergoes
a cleavage by a miR processor composed of DROSHA (a
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highly conserved RNase type III) and DGCR-8 (DiGeorge
syndrome critical region 8) in the nucleus. This complex gen-
erates a shorter hairpin structure, called pre-miR, of 70-
100 nt that is transferred through EXPORTIN-5 to the cyto-
plasm, where it undresses of the loop by another RNase III,
DICER, to form the double-stranded (ds) miR duplex. This
ds-RNA is 22nt in length and is composed of the mature
miR and the so-called passenger miR. Generally, but not
always, the latter (3'end, called passenger strand and usually
shown with an asterisk) is degraded and the mature miR
(5end-thermodinamically less stable) forms the RNA-
induced silencing complex (RISC) alongside with the main
components, Argonaute proteins (AGOs). In this way, a spe-
cific miR addresses RISC towards specific mRNA cognate tar-
gets by matching them. Hence, miRs negatively modulate the
bioavailability of mRNA targets [27]. As taps are able to regu-
late a flux intensity, miRs act by finely tuning protein output.

The base-pairing sequence, called seed sequence, is 2-8 nt
long and lies at the 5%nd of the mature miR. As mentioned
above, the mechanism of action is mainly exerted by the
matching of the miR to the mRNA 3' UTR, but alternative
bindings to the coding portion or to the 5 UTR have been
confirmed [28]. The repressed target mRNAs and miRs
aggregate in cytoplasmic foci, called processing bodies
(P-bodies) where mRNA is decayed or stored with RNA decay
factors, such as AGO family members, deadenylases and
GW182[27,29,30]. This process, well known as RNA interfer-
ence, has been discovered by Jorgensen and colleagues in 1990
[31] and characterized by Fire and Mello in 1998 with a first
study in C. elegans showing that dsRNA is much more potent
at inhibiting gene expression than antisense RNA [32]. This
major breakthrough sets the stage for understanding the role
of miRs in development and gene regulation.

2.2. miR Expression and Role in OA. Although the function of
miRs needs further and deeper investigations, their involve-
ment in cartilage and chondrocyte physiology has been estab-
lished. Indeed, the importance of a successful miR processing
machinery has been reported in cartilage homeostasis by
means of tissue-specific knockout animal models. Kobayashi
et al. showed skeletal growth defects and premature death in
DICER-deficient chondrocytes derived from DICER-null
mice. Since DICER composes the miR processor, this finding
unveils the fundamental role of miRs in chondrogenesis and
bone development [33]. The latter has been further confirmed
by similar results achieved in mice with DROSHA and DGCR-
8-deficient COL-2a1-expressing cells [34].

Research on the role of miR in OA pathogenesis started
in 2008 with the work of Iliopoulos and colleagues who
investigated the differential expression of 365 miRs in articu-
lar cartilage derived from OA patients compared with that
from normal patients without a history of joint disease [35].
They reported that 16 miRs were deregulated in OA versus
normal cartilage. In particular, 9 miRs were upregulated
and 7 downregulated. These microarray-derived results were
confirmed by real-time PCR and northern blot assay. Fur-
thermore, a very interesting discovery was that some of these
miRs showed a significant correlation with patient body mass

index (BMI), opening a new window on the involvement of
miRs in obesity and inflammation [35].

More recent research has focused to define an “OA signa-
ture” of circulating miRs. They are supposed to derive from
several sources or events, including cartilage destruction,
chronic inflammation and apoptosis, or from joint cells as a
mean for establishing intercellular and intracellular commu-
nication. miRs are able to circulate in plasma and other body
fluids (e.g., synovial fluid) associated to proteins, such as
AGOs, or embedded in microvesicles, named exosomes.
Because of their stability in body fluids, they can represent
useful diagnostic or prognostic biomarkers. Beyer and
colleagues were the first to investigate the potential of circu-
lating miRs as predictors for OA and among 12 miRs identi-
fied let-7e as a promising candidate to predict OA risk
because of its age-, sex- and BMI-independent association
with OA [36]. Another study reported the expression profil-
ing of circulating miRs in plasma from OA knee patients with
early or intermediate (radiological score 2 or 3) OA and with
a BMI <27. The study disclosed a panel of 12 miRs (miR-16,
-20b, -29c¢, -30b, -93, -126, -146a, -184, -186, -195, -345, and
-885-5p) that are overexpressed in OA compared with those
in healthy subjects [37]. These findings obtained in early OA
patients are “closer” to disease pathogenesis and are therefore
valuable in order to identify candidate biomarkers for an
early diagnosis. This could allow the use of therapeutic strat-
egies at a stage where disease-modifying drugs could be effec-
tive in blocking or reverting disease progression. On the
other hand, the pattern of circulating miR could be different
in patients with advanced or end-stage OA.

The most common methods used for large-scale detec-
tion of miRs include hybridization-based microarray plat-
forms and next-generation sequencing analysis. The major
advantages of these methods consist in high throughput pro-
filing data and therefore cost effectiveness. Despite the high
quality of several studies focused on miRs in OA, it is how-
ever difficult to find consistent, shared outcomes. This dis-
crepancy may be mostly due to the variety of the study
design, with particular emphasis on patient stratification
and comorbidity factors and also to different specimen
sources, choices of control sources, different brand of chips,
and lack of parameters to compare results from different
platforms and different bioinformatic approaches and statis-
tical analyses to process the results. On the other hand, a dif-
ferent, complementary approach is represented by functional
studies focusing on a target gene and a putative targeting
miR, usually quantified by real-time quantitative polymerase
chain reaction (RT-qPCR) analysis. This is required to reli-
ably identify the targets and provide information in support
of their use in diagnosis, prognosis, or therapy.

The best characterized microRNA in OA pathology is
miR-140, whose gene is harboured between exons 16 and
17 of the E3 ubiquitin protein gene WWP2 on chromosome
8 in mouse and chromosome 16 in human genome. Tudden-
ham et al. reported a study on miR-140 regarding its expres-
sion in cartilage in murine embryos and its direct target,
histone deacetylase 4 [38]. Later, Miyaki et al. performed a
gene expression profiling through microarray technology
and validation phase using RT-qPCR in human articular



chondrocytes (hAC) and human mesenchymal stem cells
(hMSCs). They demonstrated that miR-140 expression in
MSC cultures increased in parallel with the expression of
SOX9 and COL2A1 during chondrogenesis, and this expres-
sion was significantly reduced in OA tissue compared to that
in normal cartilage. Moreover, they also showed that IL-1p is
able to inhibit miR-140 expression in chondrocytes [39].
miR-140 is also able to target ADAMTS5 [40] and MMPI13
[41] fundamental matrix-degrading enzymes in OA develop-
ment. Therefore, miR-140 is an example of a pathogenic miR
for OA, crosscutting in all OA subtypes and affecting both
cartilage and the subchondral bone. Indeed, its expression
resulted in altered murine models of OA induced by aging,
mechanical stress, and inflammation. Moreover, miR-140
defective mice showed an altered balance between catabolic
and anabolic enzymes in cartilage and spontaneously devel-
oped early OA alterations leading to loss of proteoglycans
and articular fibrillation [23, 39, 40]. The reduction of miR-
140 levels in many microarray data set of OA models, includ-
ing human OA cartilage [35, 39], confirms that this miR is
associated with OA pathogenesis. Indeed, miR-140 is a target
of key chondrogenic transcription factors and functions as a
central hub of the differentiation program tuning the expres-
sion of chondrocyte growth factors, key signalling proteins
and matrix degrading enzymes [42]. Although most initial
studies focused on the miR-140 role in cartilage physiology
and pathology, later studies revealed that other miRs may
act as important posttranscriptional regulators of key
pathways involved in OA pathogenesis. A list of the main
differentially regulated miRs in relation to OA is given in
Table 1. Jones et al. showed that the overexpression of
miR-9, miR-98, or miR-146 in isolated human chondrocytes
suppressed IL-1p-induced TNF-« production and that
miR-9 was able to modulate MMP-13 secretion [43]. This
was the first study to report altered miR-9 levels in OA and
prompted more researchers to investigate the miR-9 role
and its putative targets [44-46]. Makki et al. demonstrated
that miR-9 promotes IL-6 induction by decreasing M-phase
inducer phosphatasel (MCPIPI) expression [46]. These
authors described the same mode of action also for miR-
139 overexpressed in OA [47]. Then, Akhtar et al. reported
that IL-1$ suppressed miR-27b expression that, in turn,
resulted inversely correlated to MMP-13 production, so as
to identify the linear IL-13/miR-27b/MMP-13 axis [48].

miRs are also deregulated in aging, affecting cellular
mechanisms such as senescence, mitochondrial homeostasis,
oxidative defence, and DNA repair. MicroRNA expression
observed during age have a specific deregulated pattern
depending on cell and tissue type, despite the existence of
some common age-related miRs that control general cellular
functions [49]. OA cartilage shows reduced expression of
miR-24 that targets P16INK4, a factor able to affect cell cycle
and senescence. Selective inhibition of P16INK4 delays age-
related diseases [50], whereas its upregulation in OA is
responsible for increased MMP-1 expression, thus disclosing
the dual ability of miR-24 to control both cell senescence and
ECM remodelling [51].

Age-related miRs target factors affecting cell capability to
counteract stress (e.g., oxidative stress) and senescence-
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associated factors. miR-34a is able to regulate at the same
time the mitochondrial function and oxidative stress, DNA
damage and P53 pathway, and apoptosis and differentiation.
miR-34a is upregulated in samples derived from OA patients
[52] and increased in chondrocytes after IL-1f3 exposure in a
rat model. Accordingly, miR-34a silencing reduces apoptosis
by reverting the IL-13-upregulation of inducible nitric oxide
synthase [53]. miR-34a is implicated in stress-dependent
senescence, being a direct target of P53 and in its turn target-
ing SIRT1 [23, 49]. The role of this loop has recently been elu-
cidated in OA development [52]. It has been demonstrated
that miR-34a induces apoptosis and reduces proliferation of
human chondrocytes by directly targeting SIRTI. Indeed,
SIRT-1 reduction observed in OA patients and in vitro exper-
iments is responsible for reduced P53 deacetylation and
consequently reduced BCL-2 and increased BAX levels.
Noteworthy, the therapeutic potential of “miR-34a targeting”
has been confirmed in a rat model of OA where intra-
articular injection of lentiviral vector encoding anti-miR-
34a led to a significant delay in disease progression [52].
Sirtuins are enzymes in charge of regulating resistance to
stress. miR-34a at the same time targets SIRTI and SIRT6;
the latter recently emerged as a key regulator in chondrocyte
homeostasis [54]. The negative correlation between SIRT-6
and miR-34a expression uncovered in squamous cell differ-
entiation could be translated to aging and other tissues
[55]. Indeed, SIRT6 knockout mouse shows a dramatic aging
phenotype and spontaneously develops a progeroid syn-
drome. The degenerative phenotype of these mice also affects
the bones and it is characterized by alterations of transcrip-
tion, genomic instability, and above all by impairment of
DNA repair [56]. In addition, SIRT-6 prevents senescence
and DNA damage in human chondrocytes [57]. Interest-
ingly, miR-34a impacts on mitochondrial stress being able
to target the antioxidative enzyme TXNRD?2. The only other
age-related miR involved in mitochondrial control is miR-
335 which targets SOD2. Both these enzymes are crucial in
the control of ROS neutralization [58].

Most of recent studies have shown the ability of one or
two miRs to simultaneously target some factors or pathways
that are dysregulated in OA pathogenesis. For instance, miR-
127-5p was shown to target osteopontin (OPN), an impor-
tant regulator of OA-related factors, such as MMP-13,
TIMPs, and ADAMTS-4, in human chondrocytes [59].
miR-26a-5p was found to be suppressed by IL-15-mediated
NF-«B activation, thereby allowing induction of its direct tar-
get iNOS in cartilage [60]; in addition, miR-26a, alongside
with miR-26b, was found to modulate NF-«B p65 transloca-
tion via repression of karyopherin subunit alpha 3 (KPNA3)
[61]. Therefore, downregulation of some miRs may contrib-
ute to the pathogenesis of OA via promotion of the NF-xB
signalling pathway. Interestingly, miR-33a, one of the master
regulators of cholesterol and fatty acid metabolism, was also
shown to modulate cholesterol homeostasis in chondrocytes
through the TGFpB1/AKT/SREBP-2 pathway, as well as
cholesterol efflux-related genes ABCA1 and APOAI [62].

Although in the last decade numerous studies have been
carried out with the purpose of detailing new miR-targets
related to OA changes, few recent findings provide novel
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TaBLE 1: Summary of differentially expressed miRs in relation to OA discussed in the text.
MicroRNA Targets Pathway Model Reference
MMP13 Matrix degradation [43]
miR-9 SIRT1 Autophagy Human osteoarthritic chondrocytes [44]
MCPIP1 Inflammation [46]
miR-21 Inc GAS5 Apoptosis Human osteoarthritic chondrocytes [163]
Autophagy
miR-23a-3p SMAD3 TGF-f3 signal pathway Human osteoarthritic chondrocytes [65]
miR-24 p16INK4 Cell Sfirelzi:fir;iieorlz/[atrlx Human osteoarthritic chondrocytes [51]
miR-26a KPNA3 p65 translocation Human osteoarthritic chondrocytes [61]
miR-26a-5p iNOS NF«B pathway Human osteoarthritic chondrocytes [60]
miR-26b KPNA3 p65 translocation Human osteoarthritic chondrocytes [61]
miR-27b MMP13 Matrix degradation Human osteoarthritic chondrocytes [48]
. TIMP1 Matrix degradation Mouse chondrocytes
miR-29a : _ (63]
MMP13 Matrix degradation Mouse chondrocytes
Apoptosis
miR-30b BECNI Atll)toghagy ADTCS cells [155]
ATG5 Matrix degradation
SMAD7
miR-33a ABCA1 Cholesterol homeostasis Human osteoarthritic chondrocytes [62]
ApoAl
DNA damage and P53
. SIRT1 pathway Human osteoarthritic chondrocytes [52]
miR-34a apoptosis and differentiation
iNOS Inflammation apoptosis Rat chondrocyte culture [53]
miR-127-5p OPN Cell proliferation Human osteoarthritic chondrocytes [59]
miR-139 MCPIP1 Inflammation Human osteoarthritic chondrocytes [47]
EOCI T =
SOX9 Chondrogenesis Human articular chondrocytes [39]
miR-140 ADAMTS5 Matrix degradation Mouse chondrocytes [40]
TIMP1 Matrix degradation Mouse chondrocytes [63]
MMP13 Matrix degradation U OSSO CROMIOONIES 4, 63
Bcl-2 [158]
miR-146a Traf6 Autophagy C57BL/6] mouse chondrocytes [159]
IRAK1
Ulkl
FoxO3
ATGL H teoarthritic chond
miR 155 ATGS Autophagy uman osteoarhritc chondrocytes )
ATG3
Gabarapll
Mapllc3
miR-449 SIRT1 Autophagy Human osteoarthritic chondrocytes [162]
miR-483, miR-22, miR-377, miR-103,
Eiﬁ:ég;ﬁ;ﬁi&%;g;ﬁ:&f(I)Z(’)’mnlllflizgg” — — Human osteoarthritic chondrocytes [35]
miR-337, miR-210, miR-26a, miR-373
let-7e, miRNA-454, miRNA-885-5p — — Serum OA patients [36]
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TasLE 1: Continued.

MicroRNA Targets Pathway Model Reference

miR-16, miR-20b, miR-29¢, miR-30b,

miR-93, miR-126, miR-146a, i Plasma OA patients [37]

miR-184, miR-186, miR-195 miR-345,
miR-885-5p

insights on a new role for miR in system biology, with partic-
ular reference to the OA field. Outside the box, Li et al.
reported a synergistic collaboration of two miRs, miR-140
and miR-29, able to reverse the increase in IL-1f3-stimulated
MMP-13 and TIMP-1 levels and, in turn, to rescue type II
collagen in an in vitro model of OA [63]. The preliminary
potential can be set on the basis of the useful miR synergy
score comprising two independent parameters, the target
similarity score (TSS) and the protein interaction score
(PIS) [64]. Recently Kang and colleagues investigated the role
of miR-23a-3p in OA progression by directly targeting small
mother against decapentaplegic 3 (SMAD3). More interest-
ing, they identified a hypomethylated status of CpG islands
in the promoter region of miR-23a-3p in OA patients, thus
accounting for the higher levels of this miR in OA cartilage
compared with those in normal tissues [65].

Although these studies are far behind the possibility of
translating their findings into clinical applications, neverthe-
less, they represent the basis to develop future therapeutical
strategies aimed to affect dysregulated pathways by employ-
ing stable synthetic miRs or anti-miRs.

3. Autophagy in OA

3.1. Phases and Actors of Autophagy Process. Based on the
type of cargo delivery, three different forms of autophagy
have been described in mammals: macroautophagy, micro-
autophagy, and chaperone-mediated autophagy, all of them
characterized by proteolytic degradation of cytosolic compo-
nents at the lysosome. “Macroautophagy” is a bulk degrada-
tion of cytosolic portions after fusion with a lysosome. This is
the most prevalent and studied form of autophagy, and here-
after, we refer to macroautophagy simply as autophagy. The
first step of this process is represented by the isolation of a
membrane, named “phagophore”, from the endoplasmic
reticulum (ER) and/or the trans-Golgi and endosomes,
which engulfs the cargo by stretching the ends around and
thereby incorporating it in a double-membrane “autophago-
some”. Then, the stuffed autophagosome is ready to fuse with
the lysosome thus forming the “autolysosome” whose cargo
is finally digested by the lysosomal acidic hydrolases [66, 67].
The autophagy machinery involves several autophagy-
related proteins (ATGs) participating in each stage of this
dynamic process [68].

Although autophagy is active in the cell under basal
conditions to guarantee the replacement of old with fresh,
better quality components, several key proteins influence this
process responding to many stimuli [20]. One of the main
sensors of nutrient and energy status is the mammalian target
of rapamycin (mTOR) kinase. It can be activated by the
AKT-PI3K pathway when nutrients and growth factors, such

as insulin, are available so as to stimulate cell growth by
increasing protein translation [69]. mTOR forms two differ-
ent complexes, alternatively interacting with either RAPTOR
to form TORC-1, directly involved in autophagy inhibition,
or with RICTOR to form TORC-2, mainly influencing
cytoskeleton organization and cell survival [70, 71]. Once
activated, TORC-1 suppresses the most upstream autophagy
protein complex that comprises unc-51-like kinase-1
(ULK-1), ULK-2 (corresponding to ATGI in C. elegans),
ATG-13 and focal adhesion kinase (FAK) family-
interacting protein of 200kDa (FIP-200) [72]. This first
complex is required for phagophore formation because it
triggers the activation of the BECLIN-1 complex including
vesicular protein sorting-34 (VPS-34), P150, ATG-14L,
UVRAG, and RUBICON [73].

Two ubiquitin-like conjugation systems are responsible
for autophagosome elongation and maturation steps: the
ATG-12-ATG-5-ATG-16L1 complex and the microtubule-
associated protein light chain-3- (LC-3-) phosphatidyletha-
nolamine (PE) machinery. In the first case, ATG-7 activates
ATG-12 which, through an E2-like ubiquitin carrier protein,
covalently binds ATG-5. This complex finally associates with
ATGI6L. LC-3, the mammalian homologue of ATG-8 in
yeast, undergoes an ATG-4-mediated proteolytic cleavage
resulting in the formation of LC-3I, a cytosolic form able to
bind ATG-7, subsequently conjugated by ATG-3 (E2-like
ubiquitin carrier) to phosphatidylethanolamine (PE) so as
to generate LC-3II. This latter processed form is engaged to
the phagophore membrane by means of ATG-12-ATG-5
system and it becomes responsible for the fusion between
membrane ends and for cargo selection. In fact, LC-31I acts
as a phagophore receptor that recognizes P62/SQSTM-1, an
adaptor protein that links targets, such as polyubiquitinated
protein aggregates and mitochondria, addressing them to
autophagic degradation.

Another protein sharing sequence similarity with LC-3 is
GABARAP (GABA(A) receptor-associated protein) [74].
The abundance of members in this ATG-8 homologue family
is due to their specific involvement in different types of autoph-
agy (e.g., aggrephagy, mitophagy, pexophagy, ribophagy, or
xenophagy) [75].

Finally, in the maturation step, autophagosomes fuse
with lysosomes to form the so-called “autolysosomes” where
cargo is degraded and the resulting products are released in
the cytosol in order to be recycled [76].

Other important proteins involved in the control of
autophagy are AMPK and SIRT-1 both with promoting
actions on this process. Low ATP levels and thus high aden-
osine 5-monophosphate (AMP)/ATP ratio lead to the activa-
tion of AMPK. This kinase is able to directly phosphorylate
ULK-1 [77] and negatively modulate TORC-1 [78]. Like
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AMPK, SIRT-1 is a sensor of cell energy status since its
deacetylase activity depends on the NAD™ level. This enzyme
promotes autophagy by directly acting on several AT Gs; more-
over, it can control autophagy gene expression through the
transcription factor forkhead box O-3 (FOXO-3), [79, 80]. A
complex crosstalk between AMPK and SIRT-1 is emerging,
in keeping with the evidence that these proteins are able to
influence each other in several ways [20].

Autophagy is also modulated by myo-inositol-1,4,5-
trisphosphate (IP-3). This second messenger and its receptor
IP-3R repress autophagy as well as regulate many biological
processes like cell differentiation, growth, and apoptosis
[81]. This mechanism can be suppressed in a TORC-1-
independent fashion through the inhibition of inositol
monophosphatase (IMPase), thus reducing free inositol
and IP-3 [82].

3.2. Evidence of Autophagy Modulation in OA. In vitro and
in vivo studies showed that autophagy dysregulation is
related to several disorders, including metabolic diseases
[83], neurodegenerative pathologies [84] cardiovascular dis-
eases [85-87], and cancer [88]; defective or excessive autoph-
agy can address towards pathogenesis; however, a change in
autophagic flux may simply occur without having a causal
role in the disease but merely as one of its manifestations.

First, studies considered autophagy as a mechanism of
cellular self-destruction leading to cell death so that in some
case, it has been identified as the type II-programmed cell
death. In particular, Roach et al. in 2004 reported for the first
time a specific variant of apoptosis in chondrocyte, called
“chondroptosis”, characterized by the presence of autophagic
vacuoles and increasing amount of ER membrane [89]. The
colocalization of autophagy and apoptosis markers has been
recently confirmed in an animal model of OA in late degen-
erative lesions, expression of the combination of both types
of cell death [90]. On the other hand, inducers able to sustain
autophagy cascade have been classified as longevity pro-
moters, confirming the idea that autophagy may be exploited
as a therapeutic target for age-related pathologies, including
OA [91]. Actually, during the initial degenerative phase at
the beginning of OA pathologic process, autophagy may act
as a protective response to environmental stress, but during
OA progression, autophagy efficiency decreases leading to cell
death. Several studies reported beneficial effects of autophagy
in preventing chondrocyte death, OA-like changes in gene
expression, and cartilage degeneration [92-96]. Noteworthy,
while investigating the role of autophagy in human chondro-
cytesand OA pathophysiology, Sasakiand colleagues observed
that the inhibition of autophagy caused the increased expres-
sion of OA-like gene, and conversely, the induction of autoph-
agy prevented them. Furthermore, ROS activity was decreased
by induction of autophagy [95].

Defects in autophagy, reported in aged and OA-affected
cartilage, include a reduced number and size of autophago-
somes and this is, at least in part, related to a reduced expres-
sion of the autophagy proteins ULK-1, BECLIN-1, and LC-3
[97] and mTOR overexpression [14]. Indeed, many recent
papers endorsed the importance of the mTOR pathway in
cartilage regulation. In a surgically induced OA model

(medial meniscus destabilization) established in mice with
cartilage-specific ablation of mTOR, Zhang et al. observed
increased autophagy, decreased apoptosis, and a lower level
of OA catabolic factors [14]. Moreover, the reduced expression
ofthe mTOR endogenous inhibitor REDD-1has been found in
OA and aged cartilage [98]. Another recent study showed that
TSCI knockout, associated with hyperactivation of TORC-1,
provokes an OA-related phenotype in cartilage, possibly con-
nected to the downregulation of two receptors involved in
chondrocyte proliferation and differentiation: the fibroblast
growth factor receptor 3 (FGFR-3) and parathyroid hormone
(PTH)/PTH-related protein (PTHrP) receptor (PPR) [99].
Located upstream mTOR, the transcription factor peroxisome
proliferator-activated receptor gamma (PPAR-y) regulates
cartilage homeostasis, since its deficiency was found to be asso-
ciated to increased TORC-1 signalling, impaired autophagy,
and OA [100]. Increasing evidence identified SESTRINS
(SENS) as key factors able to influence aging processes [101].
SENS are stress-induced proteins known to be involved in cell
survival, DNA stability, and metabolic homeostasis. A recent
paper reports that, even in chondrocytes, these molecules sup-
port cell survival under stress conditions, by inhibiting mTOR
and promoting autophagy flux [102].

Insulin is one of the best known TORC-1 activators and
can depress autophagy in various cell systems. Therefore, the
study of the effects of this hormone in chondrocytes is particu-
larly relevant in the OA field, since its levels increase in associ-
ation with insulin-resistance, a major determinant of the
metabolic syndrome. Indeed, a new OA subtype hasbeen iden-
tified in relation to metabolic syndrome and related patholo-
gies, such as type 2 diabetes (T2D) and obesity. Consistent
with previous evidence indicating autophagy as a common
deregulated pathway in both these hyperinsulinemia-related
conditions and in OA, an inhibitory effect of insulin on
autophagy has been demonstrated in chondrocytes in associa-
tion with the increase of molecular markers of matrix degrada-
tion and inflammation. Moreover, chondrocytes derived from
T2D patients showed impaired autophagy [103], consistent
with the current opinion that identifies diabetes as a risk factor
of OA and also suggesting a possible direct causal role. More-
over, Ribeiro et al. have recently shown that diabetic mice are
more prone to developing OA features and that the treatment
with the autophagy inducer rapamycin is effective at protect-
ing cartilage tissue [104].

A close correlation between the insulin signalling and
leptin is emerging, since high levels of both are common in
obese patients. This adipokine, classically involved in food
intake and energy expenditure modulation, has also been
found overexpressed in OA [105]. In particular, lysyl
oxidase-like-3 (LOXL-3), a copper-dependent amine oxi-
dase, seems to be involved in leptin-induced mechanism of
apoptosis stimulation and autophagy inhibition in chondro-
cytes [106].

It is known that AMPK stimulation exerts a protective
effect on chondrocytes mediated by the activation of autoph-
agy. In keeping with this notion, a decrease of AMPK activity
has been found in OA cartilage while its stimulation reduces
detrimental catabolic changes induced by proinflammatory
stimuli [107]. In an interesting review, Liu-Bryan provided



a new perspective in which AMPK and SIRT-1 are of partic-
ular importance in joint tissue homeostasis in part thanks to
their autophagy-promoting activity [108]. Therefore, the
search of molecules able to activate these enzymes deserves
interest in the OA field.

At present, one of the therapeutic tools available to
reduce cartilage inflammation and the resulting pain is repre-
sented by glucocorticoids (GC). However, besides the known
side effects, these compounds may induce detrimental effects
on some tissues. A recent paper has reported the effects of
dexamethasone, a synthetic GC, on chondrocyte autophagy
and apoptosis. The authors found that this molecule pro-
motes autophagy flux via ROS/AKT/FOXO-3 pathway as
well as apoptosis [109]. In this context, autophagy exerted
a protective effect counteracting cell death, since its impair-
ment provoked ROS accumulation and apoptosis increase
in the presence of dexamethasone. In a following study,
the same authors demonstrated that the prosurvival effect
of autophagy is at least partially mediated by the suppres-
sion of IP-3R signalling [110].

In the light of the limited current therapeutic options,
research in OA is strongly committed to the evaluation of
new molecules. Based on the evidence here reviewed, a useful
screening would be targeted to identify molecules able to
modulate autophagy. Among these, several natural com-
pounds classified as “nutraceuticals” have been studied [111]
and some of these exert an antioxidant action thus reducing
ROS and cell death. For instance, sulforaphane, derived from
cruciferous aliments, exerts prosurvival and antiapoptotic
effects on chondrocytes [112]. Hydroxytyrosol is another
nutraceutical with proved ability to modulate autophagy and
protect the cartilage [113]. This olive-derived compound
promotes autophagy by stimulating SIRT-1 and increasing
the transcription of P62, required for autophagic degradation
[114]. Naturally occurring polyamines, which can be synthe-
sized in cells and also introduced with the diet, are other
molecules implicated in chondrocyte survival. Indeed, several
papers demonstrated their role in modulation of apoptosis,
hypertrophy, and terminal differentiation of chondrocytes
[94, 115-117]. Among these polycations, spermidine recently
became the focus of much interest in virtue of its ability to
modulate autophagy as already demonstrated in various cells
and tissues [118-120]. Thus, new studies are required to evalu-
ate the possible use of spermidine to stimulate autophagy in
chondrocytes and as a therapeutic or preventive agent in OA.

4. miR and Autophagy in OA

As aforementioned, both miR metabolism and autophagy
have been widely involved in cartilage homeostasis. Indeed,
many dysregulated miRs and autophagy markers turned out
to be related to OA onset and progression. In the last years,
numerous papers highlighted the interaction between miRs
and autophagy pathway in several age-related pathologies,
such as cancer and neurodegenerative diseases [121-123]. A
useful classification of these “autophagic miRs” (also known
as autophagomiRs) distinguishes them on the basis of their
positive or negative action on the successful accomplishment
of autophagy. This final effect clearly depends on miR targets.
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Zhu et al. were the first to report miR-30a as a negative regula-
tor of autophagic activity by targeting BECLINI [124]. Then,
more miRs have been demonstrated to directly modulate dif-
ferent components of the autophagic machinery, at every stage
of the flux: induction, vesicle initiation, elongation, and fusion.
For example, ULK1 is a target of miR-290-295, miR-20a, miR-
106b, and miR-25 [125-127], while ULK2, exerting a redun-
dant function in case of ULK-1 deficiency, is a direct target of
miR-855-3p in response to chemotherapeutic drugs [128].
Moreover, miR-855-3p shows seed-complementary sequence
to other apoptosis and autophagy-related genes, such as
MDM4, BCL2, CASPASE2, and CASPASE3, leading to the
understanding that these small modulators are finely inserted
in the complex regulatory network of cellular processes [128].
The phase of vesicle initiation was suppressed by miR-30a/b,
miR-376b, miR-17-5p, and miR-216a [129-132] inhibiting
BECLINI expression; by miR-152 [133] that targets ATG14;
by miR-101 [134] downregulating RAB5A; and by miR-24-
3p, miR-376b, miR-101, and miR-34a [130, 134-136] that
modulates ATG4. Elongation stage was inhibited by miR-204
that directly targets LC3 [137, 138]. Other miRs are reported
as suppressors of this phase, including miR-143, acting on
GABARAPLI [139], miR-30a [140], miR-181a [141], and
miR-224-3p [142] downregulating ATG5 and miR-17/20/93/
106 [143] targeting P62. Additionally, miR-207, miR-320a,
and miR-95 are involved in the fusion step, the latter two
respectively acting on LAMPI and SUMF]I (activator of cellu-
lar sulfatases) [144, 145].

In addition to directly targeting autophagy-related gene
expression, miRs modulate the mTOR pathway and other
key proteins, including sirtuins and AMPK and transcription
factors, such as FOXOs, implicated in the regulation of
autophagy. Already described as the main negative modula-
tor of autophagy, TORC-1 is suppressed by miR-155, miR-
100, and let-7 [146-148], belonging to the restricted class of
proautophagic miRs. A genome-wide RNA-mediated inter-
ference screen showed that miR-19, included in the miR-
17/92 cluster, targets several autophagy modulators, such as
BIM, AMPK, phosphatidylinositol-3,4,5-trisphosphate 3-
phosphatase (PTEN), and protein phosphatase 2A (PP2A),
both involved in AKT regulation [149]. AMPK expression
is also modulated by miR-137 [150]. Many miRs, including
miR-34, miR-212, and miR-141, have been identified as
direct repressors of SIRTI, thereby modulating apoptosis
and autophagy [151-153]. Instead, the miR-132/212 cluster
has been found to modulate autophagy through the miR-
132-FOXO3 matching [154].

Despite a large body of evidence that demonstrates the
critical role of autophagy in the OA field and the importance
of several miRs as crucial modulators of some OA-related
features, the molecular details of this crosstalk have not been
extensively investigated in this disease. Thus, a deeper under-
standing of the connections between deregulated miR and
autophagy impairment in OA is awaited. A summary of
miR-mediated regulation of the autophagy process in OA is
depicted in Figure 1.

Recently, Chen et al. have demonstrated a direct interac-
tion between miR-30b and the 3' UTR of both BECLINI and
ATG5 mRNAs in an OA in vitro model. In particular, they
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FIGURE 1: Representative drawing of the autophagy pathway modulated by key miRs in joint tissues. FOXO3 [160], SIRT1 [44, 162], mTOR
[160], and BECLIN-1 [155, 157] are orchestrators of the autophagy-related gene expression or of the induction phase of autophagy that have
been reported as crucial targets. Other miRs have been identified as repressors of ATGS5 [155, 160], ATG3, and GABARAPLI [160] proteins
that are involved in maturation and elongation steps. Dashed lines indicate indirect effect of miRs on autophagy.

identified in miR-30b a crucial modulator of the response of
ATDCS5 chondrocytes to TNF-« treatment by orchestrating
the balance between the autophagic and the apoptotic pro-
cesses. TNF-a can stimulate both pathways, but the silencing
of this miR addresses cells to autophagy, whereas its overex-
pression promotes the cell death program. Thus, anti-miR-
30b treatment can protect ATDCS5 cells from apoptosis and
attenuate ECM degradation through the upregulation of
autophagy [155]. In keeping with the notion that a miR fam-
ily generally shares an identical seed sequence and has com-
mon predicted targets [156], BECLINI resulted to be also a
direct target of miR-30a, a different member of the miR-30
family [157]. In the latter study, the extent of autophagy
was investigated in synovial tissue specimen derived from
OA and RA patients, by the assessment of BECLIN-1, LC-
3, and LC-3I1. An upregulation of autophagy was evidenced
in RA compared to that in OA synovial tissues, where
instead, apoptosis was prevailing. The authors speculate that
the correlation between impaired apoptosis and enhanced
autophagy in RA patients may be due to a deficiency in
miR-30a expression. Zhang and colleagues conducted a study
in OA primary chondrocytes focusing on the role of miR-
146a in regulating autophagy under hypoxic conditions.

miR-146 has been indicated as a critical regulator of autoph-
agy by decreasing BCL-2 via HIF-1a under hypoxia. In par-
ticular, they demonstrated that HIFIe and miR-146a
overexpression induced ULK-1 and ATG-5 expression in a
normal 21% oxygen tension, and, conversely, HIFlax and
miR-146 silencing reduced the expression of these autopha-
gic proteins in cells cultured in hypoxia (0.5% oxygen
tension). Thus, according to their results, miR-146a repre-
sents a chondroprotective miR, being able to promote
autophagy [158]. Then, the same authors elucidated the link
between miR-146a and BCL-2 and their implications on
autophagy. TNF receptor-associated factor 6 (TRAF6) and
IL1 receptor-associated kinase 1 (IRAKI), implicated in the
NF-«kB-related inflammatory response, were identified as
direct miR-146a targets and actual mediators of the effects
exerted on BCL-2 and autophagy in OA. Hypoxia-induced
miR-146a represses BCL2 expression through TRAF-6/
IRAK-1 but not SMAD-4 to promote chondrocyte autoph-
agy [159]. Another potential regulator of autophagy is
miR-155. Its seed sequence was recognized in the messenger
of several autophagy-related proteins, including ATG-3,
GABARAPL-1, ATG-5, ATG-2B, LAMP-2, and FOXO-3.
Indeed, miR-155 was able to affect autophagy by matching
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some predicted cognate targets (ATG3, GABARAPLI, ATG5,
and FOXO3) and other factors involved in the autophagic
cascade (ULKI, LC3, and ATGI14). Unexpectedly, miR-155
was found to inhibit mTOR activity rather than activating
it, possibly by targeting RICTOR, a critical component of
TORC-2 that induces TORC-1 activation via AKT. It can
be concluded that miR-155 activity suppresses autophagy
by downregulating the autophagy-related factors, indepen-
dently of its effects on the mTOR pathway [160]. SIRTI,
an important key autophagy regulator in OA, was identified
as target of many miRs, including the widely studied miR-
34a and also miR-449 [161, 162]. Recently, another study
aimed to characterize the molecular mechanisms underlying
the protective effect of hydroxytyrosol in OA found that this
antioxidant promoted SIRTI expression and, consequently,
the autophagy pathway in chondrocytes [114]. In this pano-
rama, miR-9 was demonstrated to act as a fine modulator of
its genuine target SIRTI, already implicated in autophagy.
Moreover this miR was able to mediate OA-related changes
induced by oxidative stress [44].

miR activity may be conditioned by another class of non-
coding RNAs that has also been reported to modulate autoph-
agy. Long noncoding RNAs (IncRNAs) are transcripts of
about 200 nt, whose biological function and mode of action
are still not completely clarified. However, in OA, they are
implicated in the modulation of the autophagy pathway
through the buffering of miR availability. Indeed, acting like
sponges, IncRNAs can bind a miR or a set of miRs thus pre-
venting their interaction with the mRNA targets and therefore
attenuating their final effects. Song et al. first demonstrated
the role of growth arrest-specific 5 (GAS5), a IncRNA upregu-
lated in OA cartilage, in apoptosis and autophagy by seques-
tering miR-21. The authors speculated a possible mutual
regulation between miR-21 and GAS5 [163].

Noteworthy, not only the miR network can influence the
autophagy pathway but also the contrary can occur. Some evi-
dence indicates that ATGS5 silencing can induce DICER and
AGO-2 accumulation, while rapamycin-increased autophagy
canreduce their levels. Furthermore, DICER and AGO-2 colo-
calized with the selective autophagy receptor NDP-52 (also
known as calcium binding and coiled-coil domain-2 (CAL-
COCO-2)) into autophagosomes. Interestingly, precursor
and mature miRs were not found to colocalize with DICER
and AGO-2, thus suggesting that only the DICER/AGO-2
complexes unloaded of miRs are targeted to autophagy degra-
dation, leaving instead the miR-attached DICER/AGO-2
complexes free to exert their physiological function [164].
Autophagy may be required for the homeostatic balance of
the miR network. This point of view, totally unexplored in
OA, could potentially disclose new interesting aspects that
need to be elucidated.

5. Conclusions and Perspectives

Emerging evidence supports the functional links that connect
the autophagy pathway with the miR network in both direc-
tions, but the scientific community has paid more attention
to the posttranslational modifications and protein interactions
of the autophagic machinery components. Therefore, this
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review has focused on the latest studies with the aim of deepen-
ing our knowledge of the complicated molecular scenario
where miRs, autophagy, and their connections contribute to
OA pathogenesis.

Autophagy is a dynamic process that is best evaluated on
the basis of the effectiveness of autophagic flux, that is, of the
clearance of oxidative damage markers. A statistical assess-
ment of autophagy as an instant shot can indeed be mislead-
ing, since senescent cells feature an overlap of autophagy,
apoptosis, and senescence markers. On the other hand, liter-
ature evidence from both in vitro and in vivo studies indi-
cated that an increase of the autophagic flux leads to the
effective clearance of aged molecules and oxidative damage
markers and therefore to the rescue of an anabolic phenotype
in cartilage or chondrocytes. Therefore, the promotion of the
autophagic pathway can represent an adaptative response of
chondrocytes to several stressors, and in this way, it can pro-
tect chondrocytes from the degenerative processes occurring
in OA. Hence, the modulation of autophagy by genetic
manipulation, pharmacological treatment, or nutraceuticals
can be a promising therapeutic strategy for OA since it has
the potential to counteract both the effects of the inflamma-
tory stimuli and the age-related defects. Indeed, the extension
of known application methods of some miRs such as miR-34,
miR-155, and miR-21 in therapy in other models may consti-
tute a bottom support for their use in OA treatment and
autophagy control [165].

However, the loss of autophagy efficiency often occurring
in age-related pathologies needs to be investigated in the per-
spective of understanding its role and before beginning a
treatment. Indeed, this process and its manipulation may
have different outcomes depending on tissue characteristics,
pathological context, and the extent of process alteration.

Based on the findings of our literature survey, the func-
tion of miR metabolism and its role in OA is at gunpoint
but not yet fully understood. However, increasing therapeu-
tic breakthrough in other diseases discloses the potential of
this class of molecular targets in clinical practice also in
OA. Despite the promising discoveries, this review sheds
light on some aspects that need to be deeply investigated in
the OA field and that allow us to hypothesize that miR tuning
of cartilage biology represents an effective tool for the future
management of this disease. Moreover, miR level profiling of
blood or synovial fluid samples may provide important tools
for novel noninvasive tests allowing for an accurate diagno-
sis, staging, and prediction of patients’ potential response to
therapy, thus constituting the basis of the long awaited
“precision medicine” with the potential of reducing health-
care costs. To date, few clinical trials tested the possibility
to use miRs as novel molecular biomarkers for OA diagnosis
and prognosis. Beyond this application, miRs can represent
potent strategies in the therapeutic field, thanks to the possi-
bility to modulate their levels through RNA-based drugs
including antisense miR oligonucleotides, miR mimics, miR
sponges, and vectors expressing miR genes. These tools allow
to restore or inhibit the levels of specific miRs, thus affecting
entire pathways that are fundamental for tissue homeostasis,
such as autophagy. Despite the great potential of this
therapeutic strategy, many variables need to be carefully
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considered and addressed, such as delivery issues, carrier-
induced cytotoxicity, and hybridization-dependent and
-independent off-target effects. Nevertheless, increasing
research and technological advances hold promise in other
fields, such as cancer. Obviously, these studies cannot be eas-
ily translated in a different pathologic context, but they are
spurring the rheumatology community to follow this
approach. Indeed, this kind of gene therapy for OA may rep-
resent a true “disease-modifying” approach since it may
block cartilage degeneration by targeting the key modulators
of autophagy. However, further investigations of miR-based
molecular therapies are necessary to shorten the distances
between preclinical studies and clinical applications.
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