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MicroRNA-34a-5p Promotes Joint Destruction During 
Osteoarthritis
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Roman Krawetz,3 Nizar N. Mahomed,4 Igor Jurisica,5 Rajiv Gandhi,4 and Mohit Kapoor1

Objective. MicroRNA-34a-5p (miR-34a-5p) expression is elevated in the synovial fluid of patients with late-stage 
knee osteoarthritis (OA); however, its exact role and therapeutic potential in OA remain to be fully elucidated. This 
study was undertaken to examine the role of miR-34a-5p in OA pathogenesis.

Methods. Expression of miR-34a-5p was determined in joint tissues and human plasma (n = 71). Experiments 
using miR-34a-5p mimic or antisense oligonucleotide (ASO) treatment were performed in human OA chondrocytes, 
fibroblast-like synoviocytes (FLS) (n = 7–9), and mouse OA models, including destabilization of the medial meniscus 
(DMM; n = 22) and the accelerated, more severe model of mice fed a high-fat diet and subjected to DMM (n = 11). Wild-
type (WT) mice (n = 9) and miR-34a–knockout (KO) mice (n = 11) were subjected to DMM. Results were expressed as 
the mean ± SEM and analyzed by t-test or analysis of variance, with appropriate post hoc tests. P values less than 
0.05 were considered significant. RNA sequencing was performed on WT and KO mouse chondrocytes.

Results. Expression of miR-34a-5p was significantly increased in the plasma, cartilage, and synovium of patients 
with late-stage OA and in the cartilage and synovium of mice subjected to DMM. Plasma miR-34a-5p expression was 
significantly increased in obese patients with late-stage OA, and in the plasma and knee joints of mice fed a high-fat 
diet. In human OA chondrocytes and FLS, miR-34a-5p mimic increased key OA pathology markers, while miR-34a-
5p ASO improved cellular gene expression. Intraarticular miR-34a-5p mimic injection induced an OA-like phenotype. 
Conversely, miR-34a-5p ASO injection imparted cartilage-protective effects in the DMM and high-fat diet/DMM 
models. The miR-34a–KO mice exhibited protection against DMM-induced cartilage damage. RNA sequencing of 
WT and KO chondrocytes revealed a putative miR-34a-5p signaling network.

Conclusion. Our findings provide comprehensive evidence of the role and therapeutic potential of miR-34a-5p 
in OA.

INTRODUCTION

Despite its being the most common type of arthritis, the patho-
genesis of osteoarthritis (OA) is not fully understood due to its com-
plex etiology. Consequently, no disease-modifying therapies have 

been effective to date. Obesity is the most prominent modifiable 
risk factor for OA development (1). A combination of mechanical 
and molecular mechanisms drives progressive articular cartilage 
loss. Molecular mechanisms contributing to OA include increased 
expression of extracellular matrix (ECM) catabolic enzymes 
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(e.g., matrix metalloproteinase 13 [MMP-13] and ADAMTS-5), 
inflammatory cytokines (e.g., interleukin-1β [IL-1β], IL-6, and tumor 
necrosis factor [TNF]), and mediators of apoptosis (e.g., caspase 
3 and its substrate, poly(ADP-ribose) polymerase [PARP]), in addi-
tion to reduced expression of anabolic genes (e.g., COL2A1 and 
ACAN) and modification of homeostatic processes, including auto-
phagy (2–9). These changes result in cartilage degradation, syno-
vial inflammation, fibrosis, and subchondral bone sclerosis, which 
contribute to joint pain, stiffness, and reduced mobility (10,11).

Concerted efforts have been dedicated to understanding 
the genetic and epigenetic mechanisms underlying OA (12). The 
expression of a wide array of genes that regulate joint structure 
and function is controlled by microRNAs (miRNAs) (13). MiRNAs 
are short noncoding RNA segments that bind specific comple-
mentary sequences in the 3′-untranslated region of target mes-
senger RNAs (mRNAs) to negatively regulate gene expression 
(14). Differential miRNA expression patterns in OA patients com-
pared to healthy individuals highlight the importance of miRNAs in 
OA pathophysiology (15–19). Previous studies have identified crit-
ical roles for miRNAs in chondrogenesis, ECM regulation, inflam-
matory cytokine production, and other biologic processes that 
govern normal joint function and maintain homeostasis (19–23). 
For instance, miR-26a expression is reported to alleviate both 
 synovial inflammation and cartilage injury in surgically induced OA 
in rats (24).

MicroRNA-34a-5p (miR-34a-5p) is a p53-regulated tumor 
suppressor miRNA that modulates biologic functions such as p53- 
induced cell cycle arrest, apoptosis, senescence, and proliferation 
(25–27). We previously showed that miR-34a-5p expression is sig-
nificantly increased in the synovial fluid of patients with late-stage OA 
(Kellgren/Lawrence [K/L] grade 3 or 4) compared to patients with 
K/L grade 1 or 2 radiographic knee OA (28). Its expression is also 
increased in chondrocytes from late-stage OA cartilage compared 
to healthy cartilage and has been linked to increased apoptosis and 
reduced proliferation (29,30). Zhang et al showed that rats receiv-
ing a miR-34a antagomir injection followed by surgical OA induction 
have reduced chondrocyte death and cartilage degeneration (31), 
indicating a prophylactic effect. However, the overall contribution 
of miR-34a-5p to OA pathophysiology, including its function, signal-
ing, and therapeutic potential, remains to be fully elucidated.

In this study, we examined the role and therapeutic potential 
of targeting miR-34a-5p in knee OA pathogenesis using human 
OA biospecimens, in vivo and in vitro models subjected to miR-
34a-5p mimic and miR-34a-5p antisense oligonucleotide (ASO) 
treatments, and miR-34a–knockout (KO) mice.

MATERIALS AND METHODS

OA patient recruitment. Blood, cartilage, and syn-
ovial tissue were obtained from patients with a K/L grade of 3 
or 4 who were scheduled to undergo total knee replacement 
(TKR), using Research Ethics Board (REB)–approved protocols 

(07-0383-BE and 14-7592-AE). Informed consent was obtained 
from all patients. Plasma was obtained from healthy individu-
als without musculoskeletal injury, pain that persisted at least 
1 month, or pain present on at least half the days of the month 
prior to providing consent (REB 07-0383-BE). Synovial tissue 
was obtained from patients with early radiographic knee OA (K/L 
grade 0 or 1) undergoing joint arthroscopy (REB 16-5969-AE). 
Biospecimens used in this study were not donor-matched (Sup-
plementary Table 1,  available on the Arthritis & Rheumatology 
website at http://onlinelibrary.wiley.com/doi/10.1002/art.41552/
abstract). The sample numbers for individual biospecimen groups 
are detailed in the respective text below.

Expression of miR-34a-5p in plasma and joint  tissues. 
Expression of miR-34a-5p in human plasma (n = 37 patients under-
going TKR; n = 34 healthy controls) was determined by quantita-
tive reverse transcriptase–polymerase chain reaction (qRT-PCR). 
To account for OA-related changes in the circulatory levels of miR-
34a-5p as practically as possible, samples from patients who 
self-reported various preexisting conditions were excluded (see 
Supplementary Methods, available on the Arthritis & Rheumatology  
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ 
abstract). Expression of miR-34a-5p was also determined in human 
articular cartilage (n = 11 patients with OA [undergoing TKR]; n = 8 
normal cadaver controls) and synovial tissue (n = 7 patients with 
late radiographic OA [K/L grade 3 or 4]; n = 7 patients with early 
radiographic OA [K/L grade 0 or 1]) by qRT-PCR. To determine the 
localization of miR-34a-5p in joint tissues, in situ hybridization (ISH) 
was performed on tissue sections of human articular cartilage with 
no evidence of degeneration (n = 4) and articular cartilage obtained 
from TKR patients (n = 4), and on knee joints of 10-week-old 
C57BL/6J mice subjected to destabilization of the medial menis-
cus (DMM) or sham surgery (n = 4 per group). Additional details are 
 provided in Supplementary Methods.

Treatment of chondrocytes and fibroblast-like syno-
viocytes (FLS) with miR-34a-5p mimic or miR-34a-5p 
ASO. OA chondrocytes and FLS from each individual patient 
sample (n = 7–9 independent TKR patient samples) were equally 
seeded in a 12-well plate (60,000 cells/well) and transfected with 
100 nM miR-34a-5p mimic, miR-34a-5p ASO, or control oligo-
nucleotide for 24 hours. Relative expression levels of key OA 
phenotypic markers (Supplementary Table 2, available on the 
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41552/abstract) were investigated by qRT-PCR, 
as detailed in Supplementary Methods, and analyzed in a pair-
wise manner to account for this non-independence.

Intraarticular injection of miR-34a-5p mimic in 
C57BL/6J mice. Ten-week-old male C57BL/6J mice were 
injected intraarticularly with 5 μg of in vivo–ready miRCURY 
LNA miR-34a-5p mimic or control mimic into the right or left knee, 

http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
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respectively (see Supplementary Methods for details). Joints 
were harvested 8 weeks post-injection (n = 8 per group). Histo-
pathologic analysis, Osteoarthritis Research Society International 
(OARSI) scoring, and immunohistochemistry were performed as 
described in Supplementary Methods.

Intraarticular injection of the miR-34a-5p inhibitor 
locked nucleic acid (LNA)–ASO in the DMM mouse model 
of knee OA. Ten-week-old male C57BL/6J mice were subjected 
to DMM of the right knee (n = 22). Mice were injected with 5 μg 
of in vivo–ready miRCURY LNA miR-34a-5p-ASO (mmu-miR-
34a-5p [catalog no. Y104100981; Exiqon]; n = 11) or control 
 oligonucleotide (catalog no. Y100199006 [Exiqon]; n = 11) at 2, 
4, and 6 weeks after DMM surgery (a total of 3 injections). Mouse 
knee joints were collected 10 weeks after DMM surgery for his-
topathologic analysis, OARSI scoring, and immunohistochemistry 
(see Supplementary Methods for details).

Expression of miR-34a-5p in mice fed a high-fat diet. 
Ten-week-old male C57BL/6J mice were fed a high-fat diet (n = 19) 
or lean diet (n = 25) for 18 weeks, and miR-34a-5p expression 
was determined in mouse plasma and knee joints by qRT-PCR 
and ISH, respectively, as detailed in Supplementary Methods.

Intraarticular injection of miR-34a-5p LNA-ASO in  
mice fed a high-fat diet and subjected to DMM surgery. 
Ten-week-old male C57BL/6J mice were fed a high-fat diet for 9 
weeks. At the end of the diet, the 19-week-old mice were sub-
jected to DMM surgery. Mice were injected with miR-34a-5p 
LNA-ASO (n = 6) or control oligonucleotide (n = 5) at 2, 3, and 
4 weeks after DMM surgery (a total of 3 injections). Mouse knee 
joints were collected 5 weeks after DMM surgery for histologic 
analysis and OARSI scoring, as described in Supplementary 
Methods.

MiR-34a–KO mice. Ten-week-old male homozygous miR-
34a–KO mice (n = 11) and wild-type (WT) controls (n = 9) were 
subjected to DMM surgery followed by histopathologic assess-
ment and OARSI scoring 10 weeks after DMM surgery. Addition-
ally, articular chondrocytes isolated from 5-week-old female WT 
and miR-34a–KO mouse cartilage (hip and knee) were subjected 
to qRT-PCR (n = 9 WT and 7 KO mice) (Supplementary Table 2, 
available on the Arthritis & Rheumatology website at http://online 
l ibrary.wiley.com/doi/10.1002/art.41552/abstract), RNA sequenc-
ing (n = 3 WT and 3 KO mice), and computational analysis. See 
Supplementary Methods for details.

Statistical analysis. Data are presented as scatterplots or 
bar graphs with error bars (showing the mean ± SEM). Relative 
expression data and percent positivity were log-transformed to 
fit a normal distribution prior to statistical analyses. ROUT outlier 
test (Q [maximum false discovery rate] =1%) was conducted on 

log-transformed data to determine the presence of outliers using 
GraphPad Prism software, version 8. Statistical analysis was per-
formed on log fold-change values of miR-34a-5p mimic–treated 
or miR-34a-5p ASO–treated chondrocytes and FLS compared to 
paired control oligonucleotide–treated corresponding cells to test 
for differences in response to treatment using Student’s paired 
t-test. ROUT outlier test was also conducted on log fold-change 
values. To accurately display donor variability, as well as the 
response of individual patient cells to miR-34a-5p mimic or miR-
34a-5p ASO compared to control oligonucleotide, relative gene 
expression data were graphed in raw scale. Statistical significance 
comparing 2 groups with parametric data was assessed by Stu-
dent’s unpaired or paired 2-tailed t-tests. Statistical significance 
comparing 2 groups with nonparametric data was assessed by 
Mann-Whitney U tests. Statistical analysis comparing multiple 
groups with parametric data was performed by two-way analysis 
of variance followed by Tukey’s multiple comparisons post hoc 
tests. Correlation analysis was conducted using Pearson’s cor-
relation coefficient on log-transformed values. P values less than 
0.05 were considered significant for all comparison tests. Addi-
tional experimental procedures are provided in Supplementary 
Methods.

RESULTS

Systemically and locally increased miR-34a-5p ex-
pression in patients with late-stage radiographic knee OA. 
Expression of miR-34a-5p has been shown to be significantly 
increased in synovial fluid from patients with late-stage radio-
graphic knee OA (undergoing TKR) compared to patients with 
K/L grade 1 or 2 radiographic knee OA (28). To determine 
whether systemic levels of miR-34a-5p are altered in OA, we per-
formed miRNA qRT-PCR analysis on plasma samples from TKR 
patients and healthy controls (Supplementary Table 1, available on 
the Arthritis & Rheumatology website at http://onlin elibr ary.wiley.
com/doi/10.1002/art.41552/ abstract). Significantly higher levels 
of miR-34a-5p were detected in plasma from TKR patients com-
pared to healthy controls (Figure 1A). Since these cohorts were 
not age-matched, we conducted a Pearson correlation analysis 
between age and plasma miR-34a-5p levels in healthy controls 
and TKR patients collectively. We identified a weak-to-moder-
ate positive correlation between age and plasma miR-34a-5p in 
our cohort (r = 0.3488, r2 = 0.1216, [95% confidence interval 
0.1257–0.5383]; P = 0.0029); however, only 12% of the variation 
in expression can be explained by age (Supplementary Figure 1, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41552/ abstract).

We then explored whether miR-34a-5p expression was 
dysregulated locally in joint tissues. Expression of miR-34a-5p 
was significantly increased in articular cartilage and synovial tis-
sue from TKR patients compared to normal cadaveric cartilage 
and synovial tissue from patients with early radiographic knee OA 

http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
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(K/L grade 0 or 1), respectively (Figures 1B and C). ISH of human 
TKR cartilage revealed a significantly higher percentage of miR-
34a-5p–positive chondrocytes in degenerated, proteoglycan- 
depleted articular cartilage compared to control non-degenerated 
cartilage (Figures 1D and E).

To investigate whether miR-34a-5p expression is also 
increased in a mouse model of knee OA, OA was surgically 
induced in mice by DMM. The severity of cartilage pathology 
in mouse knee joints 10 weeks after DMM surgery was quanti-
fied using the OARSI grading system (32) and compared to that in 

Figure 1. Local and systemic increases in microRNA-34a-5p (miR-34a-5p) in patients with late-stage radiographic knee osteoarthritis (OA; 
who underwent total knee replacement [TKR]) and in the knee joints of mice with OA induced by destabilization of the medial meniscus (DMM). 
A, Expression of miR-34a-5p in plasma from healthy controls (n = 34) and patients with late-stage knee OA (TKR; n = 37), as determined by 
quantitative reverse transcriptase–polymerase chain reaction. B, Expression of miR-34a-5p in normal cadaveric cartilage (n = 8) and knee 
OA (TKR) articular cartilage (n = 11). C, Expression of miR-34a-5p in synovial tissue from patients with early radiographic knee OA (Kellgren/
Lawrence [K/L] grade 0 or 1; n = 7) and patients with OA with a K/L grade of 3 or 4 (TKR; n = 7). D, Safranin O histologic staining (top) and 
in situ hybridization (ISH; bottom) of miR-34a-5p in control non-degenerated and degenerated knee OA cartilage from TKR patients. E, ISH 
quantification of the percentage of miR-34a-5p positively stained cells from control non-degenerated (n = 4) and degenerated (n = 4) human 
knee cartilage. F, ISH of miR-34a-5p in knee sections obtained from mice 10 weeks after sham or DMM surgery. Bottom rows show higher-
magnification views (original magnification × 40) of the 2 boxed areas in the top row (original magnification x 4) showing regions of the tibial 
plateau articular cartilage; top right panels show higher-magnification views (original magnification × 10) of the boxed area showing the medial 
anterior aspect of the synovial lining. Arrows indicate miR-34a-5p positively stained chondrocytes. G, ISH quantification of percentage of miR-
34a-5p positively stained cells in mouse knee articular cartilage, synovium, and the meniscus 10 weeks after sham surgery (n = 4) or DMM 
surgery (n = 4). In A–C, E, and G, data were log-transformed prior to analysis. Each symbol represents an individual subject; horizontal lines 
and error bars show the mean ± SEM. * = P < 0.05; ** = P < 0.01, by Student’s unpaired 2-tailed t-test.



ENDISHA ET AL 430       |

control mice subjected to sham surgery (Supplementary Figure 2, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41552/ abstract). ISH of mouse 

knee joints subjected to DMM and harvested 4 and 10 weeks after 
surgery showed significantly more miR-34a-5p–positive cells in the 
synovial lining, menisci, and articular cartilage at 10 weeks and in 

Figure 2. Modulation of the expression of key OA markers in chondrocytes and fibroblast-like synoviocytes (FLS) in vitro by miR-34a-5p. A and 
B, Expression of mRNA for anabolic markers (COL2A1 and ACAN), autophagy markers (ATG5, ATG3, and ULK1), catabolic markers (MMP13 
and ADAMTS5), an inflammatory marker (IL1B), and a hypertrophy marker (COL10A1) in human OA chondrocytes treated with 100 nM miR-
34a-5p mimic (A) or miR-34a-5p antisense oligonucleotide (ASO) (B) for 24 hours compared to human OA chondrocytes treated with control 
oligonucleotide, as determined by quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR). C and D, Expression of mRNA 
for an extracellular matrix component (COL1A1), a myofibroblast marker (ACTA2), autophagy markers (ATG5, ATG3, and ULK1), a profibrotic 
cytokine (TGFB), and proinflammatory cytokines (TNF and IL6) in human OA FLS treated with 100 nM miR-34a-5p mimic (C) or miR-34a-5p 
ASO (D) for 24 hours compared to human OA FLS treated with control oligonucleotides, as determined by qRT-PCR. Relative expression data 
were log-transformed prior to analysis. Each symbol represents an individual patient sample; horizontal lines and error bars show the mean ± 
SEM (n = 7–9 patients per group). * = P < 0.05; ** = P < 0.01, by Student’s unpaired 2-tailed t-test. See Figure 1 for other definitions.

http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract


MicroRNA-34a-5p IN OSTEOARTHRITIS PATHOGENESIS |      431

the synovial lining and menisci at 4 weeks compared to  tissues 
from mice subjected to sham surgery (Figures 1F and G and Sup-
plementary Figure 3, available on the Arthritis & Rheumatology 
website at http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ 
abstract). Taken together, these results indicate that miR-34a-5p 
expression is increased locally in OA knee joint tissues from both 
humans and mice, and its expression is also increased systemi-
cally in late-stage human knee OA.

Altered expression of key OA phenotypic markers 
in human chondrocytes treated with miR-34a-5p mimic 
or miR-34a-5p ASO. Since we observed increased miR-34a-5p 
expression in OA articular cartilage from humans and mice, we next 
used human OA chondrocyte cultures from the cartilage of TKR 
patients to examine the mechanistic contribution of miR-34a-5p to 
OA pathology. Human OA chondrocytes (obtained from patients 
undergoing TKR) were treated with 100 nM miR-34a-5p mimic 
or control oligonucleotide for 24 hours (Supplementary Figure 4A, 
available on the Arthritis & Rheumatology website at http://onlin e 
libr ary.wiley.com/doi/10.1002/art.41552/ abstract) to examine the  
expression of key markers involved in ECM composition, as well 
as cartilage catabolic, inflammatory, autophagic, and hyper-
trophic mechanisms. MiR-34a-5p mimic treatment significantly 
decreased the expression of the key ECM markers COL2A1 and 
ACAN, and the pro-autophagy marker ATG5, compared to con-
trol oligonucleotide treatment, while the autophagy markers ATG3 
and ULK1 did not show significant changes (Figure 2A). Con-
versely, miR-34a-5p mimic treatment significantly increased the 
expression of key catabolic markers (MMP13 and ADAMTS5), an 
inflammatory marker (IL1B), and a hypertrophic marker (COL10A1) 
in OA chondrocytes compared to control oligonucleotide treatment.

To determine whether miR-34a-5p inhibition could modu-
late the expression of OA markers in human chondrocytes, cells 
were treated with 100 nM miR-34a-5p ASO or control oligonu-
cleotide (Supplementary Figure 4A). Quantitative RT-PCR analysis 
revealed that treatment with miR-34a-5p ASO for 24 hours signif-
icantly increased the expression of cartilage ECM genes COL2A1 
and ACAN, and autophagy genes ATG5, ATG3, and ULK1, in 
human OA chondrocytes. No significant differences in COL10A1, 
MMP13, ADAMTS5, or IL1B expression were observed in miR-
34a-5p ASO–treated OA chondrocytes compared to control oligo-
nucleotide–treated cells (Figure 2B).

Taken together, these results indicate that miR-34a- 
 5p mimic promotes the expression of key cartilage destruc-
tive markers, while miR-34a-5p ASO treatment promotes the 
expression of key cartilage ECM/anabolic markers in human 
OA chondrocytes.

Altered expression of synovitis-associated markers in 
OA FLS treated with miR-34a-5p mimic or miR-34a-5p ASO. 
We next investigated the in vitro effects of miR-34a-5p modulation 
via mimic or ASO on human OA FLS (Supplementary Figure 4B). 

Following treatment with mimic or ASO, expression levels of key 
proinflammatory cytokines (TNF and IL6), a profibrotic cytokine 
(transforming growth factor β [TGFβ]), a key ECM marker (COL1A1), 
a myofibroblast marker (α-smooth muscle actin [α-SMA], encoded 
by ACTA2 gene), and autophagy markers (ATG5, ATG3, and ULK1) 
were assessed (2,33). In FLS treated with miR-34a-5p mimic, 
expression of COL1A1, ACTA2, TGFB, IL6, TNF, and autophagy 
genes ATG5 and ULK1, was increased compared to FLS treated 
with control oligonucleotide (Figure 2C). In contrast, miR-34a-5p 
ASO–treated FLS showed a significant decrease in COL1A1, 
ACTA2, TGFB, TNF, ATG5, and ATG3 expression (Figure 2D). ULK1 
expression levels were moderately, but not significantly, reduced in 
response to miR-34a-5p ASO (P = 0.0509), while IL6 expression 
levels did not change significantly. Taken together, these data show 
that miR-34a-5p may contribute to synovial pathology during OA 
by promoting the expression of key inflammatory, ECM, profibrotic, 
and autophagy markers, while miR-34a-5p ASO reduces the 
expression of some of these synovitis- associated markers in vitro.

OA-like phenotype in the knee joints of C57BL/6J mice 
treated with miR-34a-5p mimic. We next investigated the in 
vivo effects of in vivo–grade miR-34a-5p mimic injected once into 
the knees of 10-week-old male C57BL/6J mice. We found that a 
single intraarticular injection of miR-34a-5p mimic (5 μg) resulted in 
reduced proteoglycan staining, reduced chondrocyte cellularity, car-
tilage fissuring and fibrillation, increased OARSI score, and increased 
expression of key apoptotic markers (PARP p85 and caspase 3) 
compared to control oligonucleotide treatment (Figures 3A–E and 
O). Furthermore, the synovium of miR-34a-5p mimic–treated mice 
showed increased histologic evidence of synovial thickening and 
ECM deposition compared to controls, as assessed by Masson’s 
trichrome histochemical staining (Figure 3F). The synovitis score 
was found to be higher following in vivo miR-34a-5p mimic injec-
tion compared to control oligonucleotide injection (Figure 3G). Thus, 
our in vivo data supported our in vitro findings of the pathologic 
effects of increased miR-34a-5p expression on knee joint tissues 
and demonstrated that a single intraarticular injection of miR-
34a-5p mimic has destructive effects on the joint.

Cartilage-protective effects of miR-34a-5p LNA-ASO 
in the mouse DMM model of knee OA. Taken together, our in 
vitro and in vivo data showed that miR-34a-5p mimic promoted the 
development of an OA-like phenotype. Therefore, we next hypoth-
esized that targeting miR-34a-5p using an in vivo–grade LNA-ASO 
would protect against OA development. Five micrograms of in vivo–
grade miR-34a-5p LNA-ASO or control oligonucleotide was injected 
into the mouse knee joints subjected to DMM at 2, 4, and 6 weeks 
after DMM surgery (Figure 3H). Mouse knee joints were collected 
10 weeks after DMM surgery for histologic and immunohistochemi-
cal analyses. Injections of miR-34a-5p LNA-ASO protected articular 
cartilage against degeneration, evidenced by reduced proteoglycan 
loss, chondrocyte loss, cartilage fibrillation, and OARSI score, as 

http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
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Figure 3. Intraarticular injection of miR-34a-5p mimic promotes knee OA development in mice, while intraarticular delivery of miR-
34a-5p locked nucleic acid (LNA)–antisense oligonucleotide (ASO) protects against DMM-induced OA. A, Schematic illustration showing 
the experimental design for injection of in vivo–grade miR-34a-5p mimic or control oligonucleotide (control oligo) into the knees of male 
C57BL/6J mice. B and C, Safranin O staining of (B) and Osteoarthritis Research Society International (OARSI) scores for (C) the femoral 
condyle and tibial plateau obtained from mice 8 weeks after injection with control oligonucleotide or miR-34a-5p mimic. Arrows show 
cartilage fissuring and fibrillation. D and E, Immunohistochemical (IHC) staining and quantification of caspase 3 (D) and poly(ADP-ribose) 
polymerase (PARP) p85 (E) in knee joints from mice injected with control oligonucleotide or miR-34a-5p mimic. F and G, Masson’s 
trichrome histologic staining of the medial anterior aspect of the mouse synovium (F) and synovitis scores for (G) mice injected with control 
oligonucleotide or miR-34a-5p mimic. Bottom row in F shows higher-magnification views of the boxed areas in the top row. H, Schematic 
illustration showing the experimental design for injection of in vivo–grade miR-34a-5p LNA-ASO or control oligonucleotide into the knees of 
mice subjected to DMM. I and J, Safranin O staining of (I) and OARSI scores for (J) the medial femoral condyle and tibial plateau of mice 
subjected to DMM and injected with control oligonucleotide or miR-34a-5p LNA-ASO. Mice were assessed 10 weeks after DMM. K–M, 
IHC staining and quantification of caspase 3 (K), PARP p85 (L), and matrix metalloproteinase 13 (MMP-13) (M) in the knee joints of mice 
subjected to DMM and injected with control oligonucleotide or miR-34a-5p LNA-ASO. N, IHC staining for C1,2C in the knee joints of mice 
subjected to DMM and injected with control oligonucleotide (n = 5) or miR-34a-5p LNA-ASO (n = 5). O and P, Chondrocyte cellularity per 
unit area in mice injected with control oligonucleotide or miR-34a-5p mimic (O) and in mice subjected to DMM and injected with control 
oligonucleotide or LNA-ASO (P). In C–E, G, J–M, O, and P, each symbol represents an individual mouse; horizontal lines and error bars 
show the mean ± SEM (n = 8 mice per group in C, G, and O; 4 mice per group in D and E; 11 mice per group in J; 5 mice per group in 
K–M; and 6 mice per group in P). * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001, by Mann-Whitney U test in C, G, and J 
and by Student’s unpaired 2-tailed t-test in D, E, K, L, M, O, and P. See Figure 1 for other definitions.
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well as reduced expression of caspase 3, PARP p85, MMP-13, and 
collagen breakdown product (C1,2C) compared to control oligo-
nucleotide injection (Figures 3I–N and P). Histopathologic changes 

in the degree of synovitis of miR-34a-5p LNA-ASO–injected mice 
compared to control-injected mice were not significantly different 
(Supplementary Figure 5A, Arthritis & Rheumatology website at 

Figure 4. Expression of miR-34a-5p is increased during obesity in humans and mice, and miR-34a-5p locked nucleic acid (LNA)–antisense 
oligonucleotide (ASO) treatment imparts cartilage-protective effects in a high-fat diet (HFD)–induced accelerated knee OA model in mice. A, 
Expression of miR-34a-5p in the plasma of nonobese patients (n = 29) and obese patients (n = 22) with knee OA (TKR), as determined by 
quantitative reverse transcriptase–polymerase chain reaction. B, Expression of miR-34a-5p in the plasma of 10-week-old C57BL/6J mice 
(baseline; n = 13), mice fed a high-fat diet for 18 weeks (n = 19), and mice fed a lean diet (LD) for 18 weeks (n = 25). In A and B, relative 
expression data were log-transformed prior to analysis. Each symbol represents an individual mouse; horizontal lines and error bars show the 
mean ± SEM. * = P < 0.05; ** = P < 0.01, by two-way analysis of variance and Tukey’s multiple comparisons test. C, ISH and percentage of miR-
34a-5p positively stained cells in mouse articular cartilage and synovium (medial compartment of the knee) at the end of 18 weeks of a lean diet 
or a high-fat diet. Data were log-transformed prior to analysis. Each symbol represents an individual mouse; horizontal lines and error bars show 
the mean ± SEM (n = 3 mice per group). * = P < 0.05, by Student’s unpaired 2-tailed t-test. D, Schematic illustration showing the experimental 
design for intraarticular injection of miR-34a-5p LNA-ASO or control oligonucleotide into mice fed a high-fat diet and subjected to DMM surgery. 
E, Safranin O staining of and Osteoarthritis Research Society International (OARSI) scores for the medial femoral condyle and tibial plateau from 
mice fed a high-fat diet, subjected to DMM, and injected with control oligonucleotide or miR-34a-5p LNA-ASO. The chondrocyte cellularity per 
unit area of mice fed a high-fat diet, subjected to DMM, and injected with control oligonucleotide or miR-34a-5p LNA-ASO is also shown. Mice 
were assessed 5 weeks after DMM surgery. Each symbol represents an individual mouse; horizontal lines and error bars show the mean ± SEM 
(n = 5 mice injected with control oligonucleotide and 6 mice injected with miR-34a-5p LNA-ASO). * = P < 0.05; ** = P < 0.01, by Mann-Whitney 
U test for OARSI score; by Student’s unpaired 2-tailed t-test for chondrocyte cellularity. See Figure 1 for other definitions.
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http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ abstract). 
Thus, our preclinical data support the therapeutic potential of 
intraarticular delivery of miR-34a-5p LNA-ASO to protect against 
DMM-induced cartilage damage.

Increased circulating levels of miR-34a-5p in obese 
compared to nonobese patients with knee OA. Increased 
circulating levels of miR-34a-5p have been associated with  obesity, 
the most modifiable risk factor for OA (34); thus, we next tested 
whether obese OA (TKR) patients exhibited a differential expres-
sion  profile of miR-34a-5p compared to nonobese OA (TKR) 
patients (Supplementary Table 1). Obese TKR patients (body mass 
index [BMI] ≥30) had significantly higher miR-34a-5p plasma lev-
els  than nonobese TKR patients (BMI 18.9–29.9) (Figure 4A). 
Despite the obese TKR group expressing significantly higher miR-
34a-5p than the nonobese TKR group, we did observe hetero-
geneity in miR-34a-5p expression levels in both of these groups.

Elevated miR-34a-5p expression levels in the circula-
tion and knee joint tissues of mice fed a high-fat diet. Since 
we observed increased miR-34a-5p expression in obese OA (TKR) 
patients compared to nonobese OA (TKR) patients, we measured 
plasma levels of miR-34a-5p in a mouse model of obesity induced 
by a high-fat diet. Ten-week-old (baseline) male C57BL/6J mice 
were fed a high-fat diet for 18 weeks and were significantly heavier 
than mice fed a lean diet for the same duration (Supplementary Fig-
ures 6A and B, available on the Arthritis & Rheumatology website 
at http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ abstract). 
Quantitative RT-PCR analysis revealed that plasma miR-34a-5p 
levels were significantly increased after 18 weeks of a high-fat diet 
compared to both baseline and 18 weeks of a lean diet (Figure 4B).

To understand molecular changes in the knee joints of mice 
with diet-induced obesity, we determined whether a high-fat diet 
altered local knee joint miR-34a-5p expression. Following 18 
weeks of a high-fat diet or a lean diet, mouse knee joints were 
collected and miR-34a-5p expression was evaluated using ISH. 
Consistent with increased plasma levels, miR-34a-5p expression 
was significantly increased in the cartilage and synovium of mice 
fed a high-fat diet compared to mice fed a lean diet (Figure 4C). 
Thus, our findings indicate that elevated miR-34a-5p expression 
was induced by high-fat diet–induced obesity both systemically in 
circulation and locally in mouse knee joint tissues.

Cartilage-protective effects of miR-34a-5p LNA-ASO 
in mice fed a high-fat diet and subjected to DMM surgery. 
Since we observed increased miR-34a-5p expression in the knee 
joints of mice fed a high-fat diet, we next tested the therapeutic 
effects of miR-34a-5p LNA-ASO in a preclinical model of severe 
OA by subjecting mice with high-fat diet–induced obesity to DMM 
surgery (35). Mice fed a high-fat diet for 18 weeks, subjected to 
DMM surgery, and intraarticularly injected with 5 μg of miR-34a-5p 
LNA-ASO or control oligonucleotide at 2, 4, and 6 weeks after 

DMM surgery showed a severe OA phenotype with marked deple-
tion of articular cartilage exposing the subchondral bone (Supple-
mentary Figure 6). Therefore, the extent of joint damage rendered it 
impossible to evaluate the therapeutic effects of miR-34a-5p LNA-
ASO. To circumvent this, 10-week-old mice were fed a high-fat 
diet for 9 weeks (as opposed to 18 weeks), subjected to DMM 
surgery at 19 weeks of age, and then given weekly (as opposed 
to biweekly) injections of 5 μg of miR-34a-5p LNA-ASO or control 
oligonucleotide at 2, 3, and 4 weeks after DMM surgery.

Mice fed a high-fat diet for 9 weeks were significantly heavier 
and had significantly higher fasting blood glucose levels than mice 
at baseline (Supplementary Figures 6D and E). Joints were col-
lected at 5 weeks (rather than 10 weeks) after DMM surgery 
to capture early changes with or without LNA-ASO treatment 
(Figure 4D). Histopathologic assessment of control oligonucleo-
tide–injected knees from mice fed a high-fat diet revealed exten-
sive proteoglycan loss, enlarged empty chondrocyte lacunae, 
deep cartilage fissures, and erosion at 5 weeks after DMM surgery 
(Figure 4E). Conversely, we observed significant protection against 
both articular cartilage damage and chondrocyte loss in miR-
34a-5p LNA-ASO–injected mice fed a high-fat diet compared to 
controls (Figure 4E). We did not, however, observe differences in 
the severity of synovitis between the 2 groups (Supplementary 
Figure 5B). Overall, intraarticular miR-34a-5p LNA-ASO injections 
imparted cartilage-protective effects in both a moderately severe 
OA mouse model (DMM surgery) and a severe, accelerated 
OA mouse model (high-fat diet plus DMM surgery).

Characterization of miR-34a–KO mice. To identify po-
tential downstream signaling mechanisms through which miR-
34a-5p operates within articular cartilage, homozygous miR-34a 
(which includes both miR-34a-5p and miR-34a-3p) global KO and 
WT mice were bred from heterozygous KO mice, as described in 
Supplementary Methods (Figures 5A and B and Supplementary 
Figure 7A, available on the Arthritis & Rheumatology website at 
http://onlin elibr ary.wiley.com/doi/10.1002/art.41552/ abstract). 
KO of miR-34a was confirmed by genotyping (Figure 5C) and 
qRT-PCR analysis of mouse chondrocytes (Figure 5D). Quan-
titative RT-PCR analysis showed that chondrocytes from miR-
34a–KO mice exhibited significantly increased Col2a1 and Acan 
expression compared to WT mice (Figure 5E), suggesting that 
genetic ablation of miR-34a enhances expression levels of mRNA 
for major ECM components of the articular cartilage.

Reduced severity of cartilage degeneration in   
miR-34a–KO mice in vivo. We next determined the effect 
of miR-34a genetic ablation on the severity of cartilage degen-
eration by subjecting WT and miR-34a–KO mice to DMM sur-
gery (Figure 5F), followed by histopathologic assessments and 
OARSI scoring. Safranin O staining of 10-week-old WT and miR-
34a–KO mouse knee joints before DMM surgery showed no 
joint histomorphometric differences (Supplementary Figure 7B). 

http://onlinelibrary.wiley.com/doi/10.1002/art.41552/abstract
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Similar to miR-34a-5p LNA-ASO intraarticular intervention, artic-
ular cartilage was significantly protected against DMM-induced 
damage at the medial tibial plateau and femoral condyle in miR-
34a–KO mice compared to WT mice 10 weeks after DMM sur-
gery, as demonstrated by OARSI scoring (Figure 5G). As 
observed with miR-34a-5p LNA-ASO treatment, the degree of  

synovitis in miR-34a–KO and WT mice was comparable 10 weeks 
after DMM surgery (Supplementary Figure 5C).

Downstream signaling network of miR-34a-5p in 
articular chondrocytes, determined by RNA sequencing. 
In order to profile the miR-34a-5p downstream signaling network, 

Figure 5. Genetic ablation of miR-34a protects mice against DMM-induced cartilage damage. A, Schematic illustration of the breeding strategy 
used to generate miR-34a homozygous (homo)–knockout (KO) and wild-type (WT) mice. het = heterozygous. B, Lengths of 10-week-old WT and 
miR-34a homozygous–KO mice. C, Cre and miR-34a genotyping of mouse genomic DNA by polymerase chain reaction. D, Relative expression 
of miR-34a-5p in mouse chondrocytes isolated from articular cartilage of 5-week-old WT and miR-34a homozygous–KO mice, determined by 
quantitative reverse transcriptase–polymerase chain reaction (qRT-PCR). Relative expression data were log-transformed. Each symbol represents 
an individual mouse; horizontal lines and error bars show the mean ± SEM (n = 7 WT mice and 5 KO mice). **** = P < 0.0001, by Student’s 
unpaired 2-tailed t-test. E, Relative expression of Col2a1 and Acan in chondrocytes from 5-week-old WT mice and miR-34a homozygous–KO 
mice, determined by qRT-PCR. Relative expression data were log-transformed. Bars show the mean ± SEM (n = 7 WT mice and 9 KO mice). * = 
P < 0.05; ** = P < 0.01, by Student’s unpaired 2-tailed t-test. F, Schematic illustration of the experimental design for DMM surgery of male WT or 
miR-34a–KO mice. G, Safranin O staining of and Osteoarthritis Research Society International (OARSI) scores for the medial femoral condyle and 
tibial plateau from WT mice and KO mice 10 weeks after DMM surgery. Each symbol represents an individual mouse; horizontal lines and error bars 
show the mean ± SEM (n = 9 WT mice and 11 KO mice). *** = P < 0.001; **** = P < 0.0001, by Mann-Whitney test. See Figure 1 for other definitions.
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articular cartilage was collected and pooled from the hips and 
knees of 5-week-old miR-34a–KO and WT mice, and chon-
drocytes were subjected to RNA sequencing (Figure 6A). RNA 
sequencing data from primary mouse KO and WT chondrocytes 
identified 175 differentially expressed genes (84 up-regulated  

and 91 down-regulated) (Figure 6B; Supplementary Table 3, 
Arthritis & Rheumatology website at http://onlin elibr ary.wiley.com/
doi/10.1002/art.41552/ abstract). Since we used a KO of miR-
34a, which involves genetic deletion of both -5p and -3p strands, 
the next steps were used to specifically identify the target genes 

Figure 6. RNA sequencing of wild-type (WT) and microRNA-34a–knockout (miR-34a–KO) mouse chondrocytes identifies a miR-34a-5p 
signaling network. A, Schematic illustration of the experimental design for chondrocyte collection from mouse hip and knee articular cartilage, 
sample preparation, and RNA sequencing. B, Heatmap representing differentially expressed genes in miR-34a–KO mouse chondrocytes 
compared to WT mouse chondrocytes. Each row represents an individual sample (n = 3 WT mice and 3 KO mice), and each column represents 
a gene transcript. The scale represents log fold-change of KO transcript expression relative to the corresponding mean of the WT group in each 
gene. C, Venn diagram illustrating the overlap of 6 genes between 84 up-regulated miR-34a–KO mouse chondrocyte genes identified from RNA 
sequencing and 1,339 mirDIP-derived human putative miR-34a-5p and miR-34a-3p direct gene targets. The 6 overlapping genes identified 
are all predicted targets of miR-34a-5p in humans. D, Combined transcription factor (TF) and protein–protein interaction (PPI) and miR-34a-5p 
target network for the differentially expressed genes in miR-34a–KO mouse chondrocytes. Red directed lines are from mirDIP, blue directed lines 
are from the TF network, and green (undirected) lines are PPIs. Blue nodes are genes from the TF network only, while red nodes are connected 
by both TF and PPIs. Outlined nodes are linked by validated edges. Triangles pointing up represent up-regulated genes, while triangles pointing 
down represent down-regulated genes.
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of miR-34a-5p with both mouse and human relevance. Subse-
quent analysis of the top 1% of putative targets of human miR-
34a-5p and miR-34a-3p (obtained using mirDIP [36]) identified 
1,330 and 9 putative targets for each miRNA, respectively. Of the 
1,339 total human putative targets of miR-34a, only 6 overlapped 
with the list of up-regulated genes and 4 overlapped with the 
down-regulated genes identified from sequenced RNA transcripts 
in miR-34a–KO mouse compared to WT mouse articular chon-
drocytes. Focusing on up-regulated genes, the 6 putative targets 
were exclusively found in the list of miR-34a-5p human target 
genes (Figure 6C), which included Pparg, Cadm1, Abcc5, Reck, 
Maoa, and Adgrg2. The remaining 169 differentially expressed 
genes in KO mouse compared to WT mouse chondrocytes could 
be modulated by miR-34a-5p or miR-34a-3p in vivo; however, 
given that only the top 1% of putative targets were considered, 
it is unknown whether other genes are also direct targets of miR-
34a in humans.

Integrative network analysis of the 6 up-regulated and 4 
down-regulated differentially expressed genes (identified in mouse 
and common to human putative miR-34a-5p target genes) delin-
eated the possible direct and indirect links on miR-34a-5p (red lines 
in Figure 6D), protein–protein interactions (green undirected lines in 
Figure 6D), and transcription factor connections (blue directed lines 
in Figure 6D) among the differentially expressed genes identified 
using RNA sequencing (bioinformatic resources used for network 
integration and visualization listed in Supplementary Table 4, avail-
able on the Arthritis & Rheumatology website at http://onlinelibrary.
wiley.com/doi/10.1002/art.41552/abstract). It should be noted 
that while Pparg was identified as one of the 6 putative targets 
of miR-34a-5p, it was undetected in the WT mouse chondrocytes 
and poorly expressed in 2 of 3 KO mouse chondrocytes subjected 
to RNA sequencing. Overall, we identified 6 human putative gene 
targets of miR-34a-5p; however, further validation is needed to 
determine which of these genes are direct targets of miR-34a-5p 
in articular cartilage.

DISCUSSION

This study elucidated the role and therapeutic potential 
of miR-34a-5p, which is up-regulated in OA and disrupts articu-
lar cartilage homeostasis. Our in vitro data show that miR-34a-5p 
promotes the expression of key catabolic markers and reduces 
the expression of key ECM markers in human OA chondrocytes. 
Interestingly, the expression of ECM and autophagy markers was 
increased in miR-34a-5p ASO–treated OA chondrocytes; however, 
the expression levels of MMP13, ADAMTS5, IL1B, and COL10A1 
were not significantly altered, suggesting that targeting miR-34a-5p 
using an ASO is insufficient to reduce the expression of some of 
these cartilage-destructive markers in vitro. Our in vitro data also 
suggest that miR-34a-5p contributes to synovial pathology by pro-
moting the expression of key inflammatory, ECM, profibrotic, and 
autophagy markers in OA FLS. Interestingly, miR-34a-5p mimic 

treatment reduced the expression of autophagy markers in OA 
chondrocytes; however, the same treatment in OA FLS resulted 
in an increase in autophagy markers. In rheumatoid arthritis, 
synovial hyperproliferation and thickening is facilitated in part by 
increased autophagy and correlates with disease activity (37). 
Thus, in OA, miR-34a-5p could play a role in synovitis partly by 
increasing autophagy gene expression. These differences in how 
OA chondrocytes and FLS respond to miR-34a-5p mimic or miR-
34a-5p ASO suggest differential regulation of cellular metabolism 
processes by miR-34a-5p in different cell types.

Intraarticular injection of in vivo–grade miR-34a-5p mimic 
induced an OA-like phenotype associated with cartilage damage, 
proteoglycan loss, increased expression of apoptotic markers, 
and synovial ECM deposition. However, the diffusion of the mimic 
within the joint space and its uptake by intraarticular tissues in con-
tact with the synovial fluid still remains to be investigated. Future 
studies could use a fluorescently labeled miR-34a-5p mimic to 
better understand its uptake mechanism.

Our in vivo mouse studies using ISH demonstrate an 
increased percentage of cells positive for miR-34a-5p in the syno-
vium, meniscus, and articular cartilage of mouse knee joints sub-
jected to DMM. In knee OA (TKR) patients, not only is miR-34a-5p 
increased in synovial fluid (28), but we determined miR-34a-5p 
is also increased locally in joint tissues and systemically in circu-
lation. Due to the challenges of obtaining samples from healthy, 
aged individuals with no history of musculoskeletal disease, our 
healthy controls and TKR patients were not age-matched, a limi-
tation of our study. Although beyond the scope of our study, future 
investigations should be conducted to comprehensively identify 
associations between levels of miR-34a-5p and age, sex, comor-
bidities, and patient-reported pain, which could provide greater 
insight into its clinical utility as a biomarker.

We also identified that miR-34a-5p expression is elevated 
in obese TKR patients compared to nonobese TKR patients, 
as well as in mice with obesity induced by a high-fat diet. 
Our preclinical evidence further support cartilage-protective 
effects of miR-34a-5p LNA-ASO treatment in both a moder-
ately severe OA mouse model (DMM surgery), and a severe 
and accelerated OA mouse model (high-fat diet plus DMM 
surgery). Whether the cartilage-protective effects are a direct 
result of articular cartilage uptake of the LNA-ASO or a sec-
ondary effect due to synovial tissue uptake warrants further 
investigation. However, our findings are consistent with pre-
vious studies showing cartilage-protective effects of miR-34a 
antagomir or lentiviral vector encoding miR-34a in attenuating 
surgically induced OA in rats (31,29).

The role of miR-34a in OA pathophysiology was further 
supported by our in vivo data showing that miR-34a–KO mice 
subjected to DMM surgery exhibit protection from cartilage degen-
eration. Notably, the degree of cartilage protection observed in 
the miR-34a–KO mice, which has a deletion of both miR-34a-5p 
and miR-34a-3p strands, that were subjected to DMM surgery 
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was similar to that observed with intraarticular miR-34a-5p LNA-
ASO injections after DMM surgery in C57BL/6J mice. This sug-
gests that miR-34a-5p, as opposed to miR-34a-3p, is specifically 
involved in cartilage degeneration; however, further experiments 
distinguishing roles and functions of miR-34a-5p and miR-34a-3p 
in OA pathogenesis should be conducted to determine potential 
differential contributions.

While ASO treatment exhibited cartilage-protective 
effects, we observed no beneficial effect on the degree of syn-
ovitis in our preclinical mouse models. Despite our attempts 
to comprehensively evaluate articular cartilage and synovial 
changes, future studies should include evaluation of subchon-
dral bone in order to assess the effects of miR-34a-5p LNA-
ASO on other joint tissues.

In this study, we subjected mice to DMM surgery at 10 
weeks of age (38–40), except for in the high-fat diet model 
(in which mice were subjected to DMM at 19 weeks of age). 
It is now recommended that DMM be performed on skele-
tally mature mice at ~12 weeks of age or older in order to 
better translate results to adult humans (41). While our findings 
remain plausible, recent recommendations should be consid-
ered for future investigations.

MiR-34a–KO mouse chondrocytes expressed higher levels of 
articular cartilage ECM components (Col2a1 and Acan) compared 
to WT chondrocytes. Unbiased screening using RNA sequencing 
of WT and miR-34a–KO mouse chondrocytes identified 6 differ-
entially expressed mouse genes (Cadm1, Abcc5, Reck, Maoa, 
Adgrg2, and Pparg) that overlapped with mirDIP-predicted miR-
34a-5p putative direct targets in humans. Although we have iden-
tified a putative miR-34a-5p signaling network in this study, further 
validation is required to determine whether these genes are direct 
targets of miR-34a-5p in articular cartilage.

To conclude, we show that increased levels of miR-34a-5p 
have joint destructive effects and can be targeted using ASO 
technology to attenuate cartilage degeneration during OA.
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