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Abstract
MicroRNAs (miRNAs), which are small (~21 nucleotides) non-coding RNAs, are important players in endochondral ossification, articular cartilage homeostasis, and arthritis pathogenesis. Comprehensive and genetic analyses of cartilage-specific or cartilage-related miRNAs have provided new information on cartilage development, homeostasis, and related diseases. State-of-the-art combinatorial approaches, including transcription-activator like effector nuclease (TALEN)/clustered regularly interspaced short palindromic repeats (CRISPR) technique for targeting miRNAs and high-throughput sequencing of RNA isolated by cross-linking immunoprecipitation for identifying target messenger RNAs, should be used to determine complex miRNA networks and miRNA-dependent cartilage regulation. Use of advanced drug delivery systems involving cartilage-specific miRNAs will accelerate the application of these new findings in arthritis therapy.
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INTRODUCTION
MicroRNAs (miRNAs) are small (~21 nucleotides) non-coding RNAs that play critical roles in various biological events such as development; homeostasis; and pathogenesis of diseases, including cancer and arthritis. To date, approximately 2,000 miRNAs have been identified in humans and mice. However, only a small number of these miRNAs have been examined in detail. This is partly because mammalian miRNAs were identified only approximately a decade ago and because experimental approaches for examining miRNAs need some skill and information. Nevertheless, growing evidence on the functional roles of miRNAs in various human diseases have prompted us to obtain insights on tissue- and/or disease-specific miRNAs of interest. Functions of several miRNAs in cartilage development and arthritis pathogenesis were confirmed in the first decade of miRNA research in arthritis. Results of these early studies have increased our chances of determining new miRNAs and of using these miRNAs for medical diagnosis and as therapeutic targets. This review provides a relatively short historical background of miRNA discovery and highlights cutting-edge research on miRNAs involved in cartilage development and arthritis pathogenesis.

HISTORY OF miRNA DISCOVERY
Although non-coding RNAs such as transfer RNA and ribosomal RNA have been known for decades, miRNAs have been identified recently in Caenorhabditis elegans by performing advanced genetic experiments.
Lin-4, a gene encoding an miRNA that was first identified by Dr. Ambros, regulates developmental timing in C. elegans and therefore is called a "heterochronic gene".[1] Mutations in C. elegans lin-4 induce incorrect cell division at specific developmental stages because of the upregulation of LIN-14 protein.[1, 2]
For a while, this epoch-making discovery of miRNAs was thought to be an exception to the "central dogma," in which gene function appears as protein through messenger RNA (mRNA) transcription. However, after the identification of another miRNA (let-7) in 2000 in C. elegans and other species, including flies and humans, significant number of miRNAs were identified, which were transcribed from novel conserved genes.

MOLECULAR MECHANISMS UNDERLYING miRNA EXPRESSION AND FUNCTIONS
In general, miRNAs are generated from large transcripts called primary miRNA transcripts that are transcribed by Pol-II and processed by RNases Drosha in the nucleus and Dicer in the cytosol. Pre-miRNAs, which are transient products obtained from primary miRNAs during miRNA maturation, are transported from the nucleus to the cytosol by exportin 5, a dsRNA-binding protein. The final products, i.e., miRNAs, are integrated into RNA-induced silencing complex (RISC) to mediate their function, i.e., recognition of target mRNAs and repression of their expression (Fig. 1).
[image: Figure F1 ]Fig. 1
MicroRNA (miRNA) synthesis and functions in chondrocytes. miRNAs are transcribed by specific transcription factors and processed by Drosha- and Dicer-mediated editing. A functional miRNA complex targets multiple messenger RNAs to regulate cartilage differentiation and homeostasis.


Spatio-temporal miRNA expression patterns have been examined by performing microarray analysis, next-generation sequencing, systematic and quantitative reverse transcription-polymerase chain reaction (RT-PCR), and whole-mount in situ hybridization. Results of these analyses have indicated that expression of some miRNAs is tissue and signal dependent. This specific miRNA expression is regulated at the level of Pol-II-dependent primary miRNA transcription and maturation, such as let-7 family by Lin-28a.

ROLE OF miRNAs IN SKELETAL DEVELOPMENT
Chondrocytes play a major role in skeletal development [3, 4] and articular cartilage homeostasis.[5] The precise patterning underlying the development of skeletal framework relies on the appropriate control of chondrogenesis during which mesenchymal cells differentiate into chondrocytes.[3, 4] During endochondral ossification, chondrocyte differentiation is divided into several stages, including proliferation, maturation, hypertrophy, and apoptosis. Finally, a cartilaginous scaffold formed by chondrocytes is replaced by the bone.[3, 4] These differentiation and growth stages are tightly regulated by various molecules, including growth factors, cell signaling molecules, transcription factors, and miRNAs.[6]
Critical functions of miRNAs in endochondral ossification were determined by generating chondrocyte-specific Dicer-deleted mice that showed skeletal growth defects.[7] As stated above, Dicer is essential for synthesizing most miRNAs. Loss of Dicer produces diverse miRNA types in chondrocytes. Cartilage-specific Dicer-knockout mice develop growth defects because of the reduced proliferation of chondrocytes and because of the differentiation of these chondrocytes into their hypertrophic stages.
Based on this finding, which indicated the critical role of miRNAs in chondrogenesis, researchers next examined miRNA types involved in the generation of this phenotype. Expression of some miRNAs is ubiquitous, whereas that of some miRNAs is spatially and temporally restricted. Various miRNAs specifically expressed in chondrocytes were identified by performing microarray analysis, next-generation sequencing, etc., and their functions in cartilage development were examined.
A study involving in situ hybridization-based screening by using zebrafish development was the first to survey miRNAs expressed in chondrocytes.[8] This study identified 10 miRNAs (miR-23a, miR-27a, miR-27b, miR-140, miR-140*, miR-199, miR-199*, and miR-214) in the pharyngeal arches of zebrafish, suggesting their potential role in chondrocytes.[8] Cartilage-specific miRNAs were examined in various species, and miR-140 and miR-199 were identified as chondrocyte-specific miRNAs.[9] More comprehensive approaches such as next-generation sequencing by using various tissues from different species and in different developmental stages can be used to identify cartilage-specific miRNAs.[10]
Functions of specific miRNAs have been examined by generating miRNA-knockout mice.[11, 12] Targeted deletion of miR-140 induces a mild defect in skeletal development. miR-140-null mice show disturbed endochondral ossification and reduced longitudinal bone growth.[11, 12] Different target genes, including 1-(4,5-dimethoxy-2-nitrophenyl)ethyl ester (Dnpe), platelet derived growth factor receptor alpha (Pdgfra) and histone deacetylase-4 (HDAC4), are involved in the development of this phenotype.[11, 12]
Although genetic evidence of the role of chondrocyte-specific miRNAs in bone development is limited, in vitro studies suggest that multiple miRNAs are involved in chondrogenesis. Use of mesenchymal stem cell (MSC) chondrogenesis as a model of cartilage development indicated that miR-199a, miR-124a, miR-130b, miR-152, miR28, miR26b, miR-455, miR192b, and miR-140 were upregulated and that miR-96 and miR-145 were downregulated during chondrogenesis (Fig. 2).[6, 13]
[image: Figure F2 ]Fig. 2
MicroRNA (miRNA) molecular networks involved in chondrocyte differentiation and homeostasis. Each miRNA has specific target messenger RNAs and affect anabolic or catabolic signals in chondrocytes. MMP, matrix metalloproteinase; PDGFRα, platelet-derived growth factor receptors-alpha; IGFBP, insulin-like growth factor binding protein; Dnpep, aspartyl aminopeptidase; BMP, bone morphogenetic protein; TGF-β, transforming growth factor-beta.



ARTICULAR CARTILAGE HOMEOSTASIS AND OSTEOARTHRITIS (OA) PATHOGENESIS
Articular cartilage, which lines the ends of bones in synovial joints, facilitates load transfer and frictionless movement.[5] Chondrocytes in the articular cartilage regulate cartilage homeostasis partly by synthesizing an extracellular matrix rich in type II collagen, proteoglycans, and related macromolecules.[14]
The articular cartilage is a target tissue for catabolic and inflammatory processes in joint diseases such as OA and rheumatoid arthritis.[15, 16] Although precise mechanisms underlying the pathogenesis of arthritis are unknown, abnormal gene regulation in chondrocytes is suggested to be the main cause.[16]
OA is the most prevalent disorder of the synovial joints. It is characterized pathologically by focal articular cartilage degradation centered on load-bearing areas and is associated with new bone formation at joint margins (osteophytes), changes in the subchondral bone, and variable degrees of synovitis.[17] OA-associated changes in the articular cartilage include gradual proteolytic degradation of extracellular matrix along with increased synthesis of normal matrix components and of proteins that are normally absent in the articular cartilage, such as type X collagen or type IIA procollagen. These molecular events result in early morphological changes, cartilage surface fibrillation, cleft formation, and cartilage volume loss. Collectively, these changes in OA cartilage are attributed to the abnormal activation or differentiation of articular chondrocytes and possibly of resident adult MSCs.[17] Studies on the molecular control of the normal function of these cells and changes in arthritic joints have the potential to identify new disease mechanisms and therapeutic targets (Fig. 2).

miRNAs in OA
More than 30 miRNAs, including miR-455s,[18] miR-145, [10, 13, 19] miR-27b,[20] miR-146a,[21, 22] miR-199a,[23, 24] and miR-125b,[25] are abnormally expressed in human OA samples, suggesting the potential implications of cartilage homeostasis and OA development.[26, 27, 28, 29, 30]
miR-140 is persistently expressed in chondrocytes of the adult articular cartilage. Expression levels of miR-140 are significantly altered in human chondrocytes in the articular cartilage of patients with arthritis. Several studies performed to date indicate that miR-140 expression is downregulated in chondrocytes of patients with OA because of interleukin-1 beta (IL-1β) stimulation, which is suggested to be an in vitro model of arthritis pathogenesis.
Expression level of miR-140 may be upregulated in OA cartilage. This discrepancy may be explained as follows. OA may promote the regeneration of cartilage in some areas where chondrocyte proliferation is upregulated, resulting in the overexpression of these miRNAs. However, chondrocytes in severely damaged cartilage may lose their cartilage-specific gene expression, including cartilage-specific miRNA expression, and undergo dedifferentiation.
Knockdown of miR-140 in chondrocytes induces various changes in the expression profiles of genes involved in anabolic and catabolic phases. Importantly, miR-140-null mice show early onset of osteoarthritic changes in various articular cartilages. Consistently, miR-140 transgenic mice are resistant to arthritis induction compared with wild-type mice. Multiple potential miR-140 targets have been reported, including ADAMTS5 and MMP13 mRNAs, which are critical mediators of OA pathogenesis. The 3´-untranslated region (3´-UTR) of these mRNAs contain a miR-140 target sequence called "seed sequence," which is well conserved among various species, indicating that miR-140 expression strongly affects chondrocyte homeostasis and that consistent miR-140 expression in chondrocytes protects against arthritis progression (Fig. 2).

Sox9-DEPENDENT REGULATION OF CARTILAGE-SPECIFIC miRNAs
Sox9 is the key transcription factor in chondrogenesis. Sox proteins are homologous to proteins encoded by sex-determining region of Y chromosome (Sry) [31] and represent high-mobility group domain transcription factors. Sox9 plays an essential role in establishing precartilaginous condensations and in initiating chondroblast differentiation.[4, 32, 33] Sox5 and Sox6 cooperatively activate transcription along with Sox9 during chondrogenic differentiation. Mutations in SOX9 are observed in patients with a rare congenital dwarfism syndrome called campomelic dysplasia.[34, 35, 36] Analysis of mouse chimeras by using Sox9-/- embryonic stem cells indicates that Sox9-/- cells are excluded from cartilage tissues and that conditional deletion of Sox9 in cartilage leads to severe cartilage phenotype, with the downregulation of chondrocyte-specific extracellular matrix genes such as Col2a1.[37, 38] Several studies have shown that Sox9 is downregulated in OA cartilage and that IL-1- and tumor necrosis factor-alpha (TNF-α) inhibit the expression of cartilage-specific genes such as Col2a1, Col11a2, Col9a2, and aggrecan,[39] suggesting that IL-1- and TNF-α-dependent downregulation of Sox9 contributes to OA pathogenesis.[39]
Primary miR-140 expression pattern are shadowing Sox9 and Col2 expression. Detailed analysis of potential tissue-specific enhancers of miR-140 by performing in vivo reporter assay have identified a non-coding sequence close to the gene encoding miR-140, which contains putative Sox9-binding sequences,[40, 41, 42] indicating cartilage-specific enhancer activity. Further studies indicate that Sox9 along with Sox5 and Sox6, which act together during Col2 expression, synergistically promote enhancer-dependent transcriptional activity, suggesting that miR-140 expression in cartilage is tightly regulated by the tissue-specific Sox trio at the level of primary miR-140 transcription.[42]
Sox9 expression is regulated by miR-145.[10, 43] This regulation may inhibit chondrogenesis by repressing Sox9 expression. Therefore, reduced miR-145 expression may trigger chondrocyte differentiation (Fig. 2).[10, 43]

NEW STRATEGIES FOR EXAMINING CARTILAGE-SPECIFIC miRNAs
Although analysis of miRNA functions is more difficult than that of mRNA functions, recent technological advances have identified the exact and comprehensive miRNA molecular networks in chondrocytes. The following sites are frequently used for bioinformatics approaches: Target–Scan, http://www.targetscan.org/; miRanda, http://cbio.mskcc.org/research/sander/data/miRNA2003/miranda_new.html; and PicTar, http://pictar.bio.nyu.edu/.
To identify the target mRNA of each miRNA, the potential target site of 3´-UTR sequence is subcloned into a luciferase reporter cassette, and the effect of the overexpression of a specific miRNA on luminescence activity is monitored (Fig. 3).
[image: Figure F3 ]Fig. 3
MicroRNA (miRNA) target site validation. Reporter assay is routinely performed to determine whether an messenger RNA is a direct functional target of an miRNA.


High-throughput sequencing of RNA isolated by cross-linking immunoprecipitation (HITS-CLIP) is a powerful strategy to determine the direct targets of each miRNA.[44] In HITS-CLIP, chondrocytes are UV cross-linked and an enriched mRNA–miRNA–Ago2 complex obtained by Ago2 immunoprecipitation is treated with RNase to completely degrade unmasked mRNAs. The remaining masked mRNAs, which escape RNase treatment, are examined by performing next-generation sequencing. To further validate the potential targets identified by HITS-CLIP, RNA-Seq is performed.[45]
Clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein-9 nuclease (Cas9) and transcription-activator like effector nuclease (TALEN), which introduce small deletions in a targeted sequence in vivo, are recently developed editing techniques for miRNA research.[46] We found that CRISPR-Cas9 and TALEN could be used to delete specific miRNAs and generate miRNA-knockout mice.[47, 48] Application of these techniques allows us to delete various cartilage-related miRNAs rapidly and easily without affecting host gene expression.

THERAPEUTIC POTENTIAL OF miRNAs
Despite substantial recent progress in understanding OA pathogenesis, disease-modifying therapies for treating this prevalent joint disease are unavailable. miRNAs are a type of regulatory non-coding RNAs. Our and other recent studies suggest that miRNAs are important regulators of cartilage development, homeostasis, and OA.[29, 30]
Accumulating evidence on the role of miRNAs in cancer, metabolic diseases, viral infections, and arthritis have suggested their use as novel therapeutic agents. However, efficient and precise delivery of miRNAs for therapeutic purposes is very challenging because of multiple obstacles such as methodologies for targeting various organs or tissues, protection against degradation by RNases, escape from Toll-like receptor-mediated immune system activation, appropriate incorporation into endogenous RISC, and off-target effects.[49, 50]
Although recent advances for stabilizing anti-miRNAs, such as 2'-sugar modification, including 2'-O-methoxyethyl and locked nucleic acid, allow the knockdown of specific miRNAs, appropriate delivery systems are necessary to efficiently apply miRNA mimics in vivo.[49, 50]
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MicroRNA (miRNA) synthesis and functions in chondrocytes. miRNAs are transcribed by specific transcription factors and processed by Drosha- and Dicer-mediated editing. A functional miRNA complex targets multiple messenger RNAs to regulate cartilage differentiation and homeostasis.
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[image: Figure F2 ]Figure 2

MicroRNA (miRNA) molecular networks involved in chondrocyte differentiation and homeostasis. Each miRNA has specific target messenger RNAs and affect anabolic or catabolic signals in chondrocytes. MMP, matrix metalloproteinase; PDGFRα, platelet-derived growth factor receptors-alpha; IGFBP, insulin-like growth factor binding protein; Dnpep, aspartyl aminopeptidase; BMP, bone morphogenetic protein; TGF-β, transforming growth factor-beta.
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MicroRNA (miRNA) target site validation. Reporter assay is routinely performed to determine whether an messenger RNA is a direct functional target of an miRNA.
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