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146a-5p in response to IL-1β in articular chondrocytes were selected by overlaying the
entire list of predicted targets with the 420 downregulated DEGs identified in RNA-Seq.

2.8. Pathway and Functional Association Analyses

DEGs from RNA-Seq with Log2FC > 2 and Padj < 0.05 were uploaded into the En-
richr [32] and overlaid with the global signaling pathways from KEGG database to identify
significant pathways and related genes. The miR-146a-5p putative targets and the gene sub-
set enriched in the most significant pathways were used to construct a protein–protein inter-
action network with STRING database [33]. Interaction sources from biochemical/genetic
experiments and databases are only selected as the association evidence. Minimum re-
quired interaction score was set to 0.7 to identify potential protein–protein interactions
with high confidence. Disconnected nodes in the network were hidden in the predicted
functional association network.

2.9. Statistical Analyses

All data were expressed as means± SD. Results were analyzed using GraphPad Prism
version 7 (GraphPad Software, Inc., San Diego, CA, USA). Comparisons between groups
were analyzed using two-tailed unpaired Student’s t-test. When comparing multiple
groups, two-way ANOVA was used, followed by Tukey test as appropriate, for subsequent
pairwise (group) comparisons. A p value < 0.05 was considered statistically significant.

3. Results
3.1. Inflammation Occurs in OA Cartilage and Exogenous Administration of Proinflammatory
Cytokines Provokes Catabolic Changes in Articular Chondrocytes

To establish the link between inflammation and OA occurrence, we first assessed the
levels of phospho-p65, an essential indicator of NF-κB signaling activation, in normal and
OA cartilage from patients. Compared to the nearly undetected levels in normal cartilage,
phospho-p65 was remarkably elevated in OA cartilage (Figure 1a). Interestingly, phospho-
p65 was specifically seen in cell clusters residing in the superficial zone, a hallmark of
arthritic cartilage, which express a broad range of differentiation markers and aberrant
signaling activation related to disease pathogenesis [34]. In line with NF-κB activation
in arthritic cartilage, inflammatory cytokines, including IL6 and TNFa, were significantly
upregulated in human OA articular chondrocytes compared to healthy cells (Figure 1b). In
addition, one of the key cartilage-degrading enzymes, MMP13, was substantially increased
in OA chondrocytes (Figure 1b), consistent with a shift towards a catabolic state occurring
in progressive OA. These findings buttress the phenomenon that inflammation is one of
the typical manifestations of OA.
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Figure 1. Cont.
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Figure 1. Inflammation occurs in OA cartilage, and IL-1β induces inflammatory responses and
catabolic markers in articular chondrocytes. (a) Immunohistochemistry (IHC) for phospho-p65 on
articular cartilage sections from healthy and OA patients (n = 3) (scale bar, 100 µm); (b) Real-time
qPCR analyses of gene expression for IL6, TNFα, and MMP13 in articular chondrocytes from healthy
or OA patients (n = 3); (c) Relative gene expression for Il6, Tnfα, and Mmp13 in primary murine
articular chondrocytes treated with IL-1β or vehicle (n = 3). Data presented as mean ± SD. * p < 0.05
by Student’s t-test.

Next, primary murine articular chondrocytes were isolated and treated with IL-1β, an
activator of NF-κB and a proinflammatory cytokine closely associated with OA [35], and
inflammatory factors and pathological proteases were evaluated. Compared to control,
IL-1β markedly stimulated expression of cytokines, including Il6 and Tnfα (Figure 1c).
Moreover, Mmp13 was greatly upregulated in the presence of IL-1β (Figure 1c). These
results collectively suggest that proinflammatory mediators elicit inflammatory responses
in articular chondrocytes, leading to excess production of proteolytic enzymes, accounting
for cartilage degradation.

3.2. miR-146a-5p Is Induced in Response to IL-1β in Murine Articular Chondrocytes and Increased
in Human OA Cartilage

To identify the miRNAs involved in OA pathogenesis, high-throughput miRNA-Seq
was conducted to screen for miRNAs responsive to IL-1β treatment in primary murine
articular chondrocytes. Expression profiling of 534 miRNAs identified 23 miRNAs that
showed differential expression (Log2FC > 0.3, Padj < 0.05) between IL-1β- and vehicle-
treated cells (Figure 2a, Supplementary Figure S1). Among the most noticeable changes
was miR-146a-5p, which was upregulated by nearly 4-fold (Figure 2a). This was further
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confirmed by real time qPCR for miR-146-5p, showing a similar degree of elevation in IL-1β-
treated cells (Figure 2b). More importantly, using fluorescent in situ hybridization (FISH)
specific for miR-146a-5p, a marked increase in miR-146a-5p was visualized in human OA
cartilage, largely in chondrocyte clusters when overlapping with DAPI staining (Figure 2c).
This miRNA is of particular interest given previous findings showing its abnormal elevation
in OA chondrocytes and/or cartilage [22,36] and its association with susceptibility to a
variety of inflammatory disorders [37]. For these reasons, miR-146a-5p was selected for
further investigation of its biological role in OA development.
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Figure 2. miR-146a-5p is induced by IL-1β in murine articular chondrocytes and is elevated in human
OA cartilage. (a) MA plot of miRNA expression profiling from microRNA-Seq (miRNA-Seq) assays
with IL-1β or vehicle-treated primary murine articular chondrocytes. Differentially expressed genes
(DEGs) (Log2FoldChange > 0.3, Padj < 0.05) between IL-1β and vehicle groups were highlighted in
blue (n = 4); (b) Real-time qPCR for miR-146a-5p in IL-1β- or vehicle-treated primary murine articular
chondrocytes (n = 3); (c) Fluorescent in situ hybridization (FISH) for miR-146a-5p on articular cartilage
sections from healthy donors or OA patients (n = 3) (scale bar, 100 µm). Data presented as mean ± SD.
* p < 0.05 by Student’s t-test.

3.3. Knockdown of miRNA-146a-5p Antagonizes IL-1β-Induced Cytokines and Catabolic Makers
of Articular Chondrocytes

To elucidate the functional role of miR-146a-5p in the pathogenesis of OA, we trans-
fected primary murine articular chondrocytes with an inhibitor specific for miR-146a-5p.
Expression of miR-146a-5p revealed a dose-dependent reduction at 25 and 50 nM of the
miR-146a-5p inhibitor. Compared with control inhibitor, miR-146a-5p was decreased nearly
80% by transfection of 50 nM of the miR-146a-5p inhibitor without affecting cell viability.
Nonetheless, higher concentration of the inhibitor did not result in further significant re-
duction in miR-146a-5p expression (Supplementary Figure S2). Thus, miR-146a-5p inhibitor
was set at 50 nM for the following studies.
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The effect of miRNAs modulation on inflammatory and catabolic genes was next
explored both at a basal level and following IL-1β induction. Basal Il6 mRNA was greatly
reduced (by 81%) in the presence of the miR-146a-5p inhibitor (Figure 3a). By contrast,
abolishing of miR-146a-5p appeared to have no apparent effect on basal Mmp13 mRNA
levels (Figure 3b). Knockdown of miR-146a-5p significantly attenuated IL-1β inducted Il6 by
44% (Figure 3a). Similarly, the elevation of Mmp13 by IL-1β was antagonized by inhibition of
miR-146a-5p (Figure 3b). The findings that suppression of miR-146a-5p reduced the IL-1β-induced
Il6 and Mmp13 suggest that miR-146a-5p may play a detrimental role in OA pathogenesis.
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Figure 3. Suppression of miRNA-146a-5p antagonizes IL-1β-induced inflammation and catabolism
articular chondrocytes. Relative gene expression analyses for (a) Il6 and (b) Mmp13 in IL-1β- or


