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Objective. Synovial fibrosis contributes to osteoarthritis (OA) pathology, but the underlying mechanisms remain
unknown. We have observed increased microRNA-27b-3p (miR-27b-3p) levels in synovial fluid of patients with
late-stage radiographic knee OA. Here, we investigated the contribution of miR-27b-3p to synovial fibrosis in patients
with severe knee OA and in a mouse model of knee OA.

Methods. We stained synovium sections obtained from patients with radiographic knee OA scored according to
the Kellgren/Lawrence scale and mice that underwent destabilization of the medial meniscus (DMM) for miR-27b-3p
using in situ hybridization. We examined the effects of intraarticular injection of miR-27b-3p mimic into naive mouse
knee joints and intraarticular injection of a miR-27b-3p inhibitor into mouse knee joints after DMM.We performed trans-
fection with miR-27b-3p mimic and miR-27b-3p inhibitor in human OA fibroblast-like synoviocytes (FLS) using reverse
transcriptase–quantitative polymerase chain reaction (RT-qPCR) array, RNA sequencing, RT-qPCR, Western blotting,
immunofluorescence, and migration assays.

Results. We observed increased miR-27b-3p expression in the synovium from patients with knee OA and in mice
with DMM-induced arthritis. Injection of the miR-27b-3p mimic in mouse knee joints induced a synovial fibrosis-like
phenotype, increased synovitis scores, and increased COL1A1 and α-smooth muscle actin (α-SMA) expression.
In the mouse model of DMM-induced arthritis, injection of the miR-27b-3p inhibitor decreased α-SMA but did not
change COL1A1 expression levels or synovitis scores. Transfection with the miR-27b-3p mimic in human OA FLS
induced profibrotic responses, including increased migration and expression of key extracellular matrix (ECM) genes,
but transfection with the miR-27b-3p inhibitor had the opposite effects. RNA sequencing identified a
PPARG/ADAMTS8 signaling axis regulated by miR-27b-3p in OA FLS. Human OA FLS transfected with miR-27b-3p
mimic and then treated with the PPARG agonist rosiglitazone or with ADAMTS8 small interfering RNA exhibited altered
expression of select ECM genes.

Conclusion. Our findings demonstrate that miR-27b-3p has a key role in ECM regulation associated with synovial
fibrosis during OA.

INTRODUCTION

Osteoarthritis (OA), the most common form of arthritis, is a

leading cause of disability worldwide (1). Research on OA has

frequently focused on articular cartilage degradation and

subchondral bone sclerosis, but the synovium also undergoes

pathologic changes (2). The synovium, a thin connective tissue

layer consisting largely of 2 types of cells (fibroblast-like
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synoviocytes [FLS] and tissue-resident macrophages), produces
synovial fluid, which nourishes articular chondrocytes and
removes products of tissue metabolism (3). As OA progresses,
the synovium becomes inflamed (synovitis) and hypertrophies as
a result of increased vascularization, infiltration of inflammatory
cells, aberrant OA FLS proliferation, and accumulation of exces-
sive extracellular matrix (ECM) (3,4). These changes contribute to
synovial fibrosis and promote joint stiffness and pain (5). Although
synovial pathology was originally thought to be a secondary reac-
tion to evolving damage in neighboring cartilage and bone tissues,
it is now recognized as an active participant of OA pathogenesis
(6); however, little is known about the underlying regulatory signal-
ing networks, particularly those responsible for the altered ECM
regulation contributing to synovial fibrosis.

As potent regulators of gene expression, microRNAs
(miRNAs) in knee OA have been studied but mainly for their roles
in cartilage homeostasis (7,8). Less is known about the contribu-
tion of these important transcriptional regulators to synovitis,
particularly fibrotic responses (5,9,10). We previously reported
that miRNA-27b-3p (miR-27b-3p) levels are higher in the synovial
fluid of patients with advanced radiographic knee OA and identi-
fied the synovium as the major source of miR-27b-3p, as stimula-
tion of synovial explants with interleukin-1β (IL-1β) elicited its
secretion (11). However, the specific role of miR-27b-3p to
OA synovial pathology is not known. We hypothesized that
miR-27b-3p helps modulate synovial ECM regulatory networks
involved in synovial fibrosis during OA. In this study, we used
in vivo and in vitro models, RNA sequencing analysis, and compu-
tational analysis to determine, for the first time to our knowledge,
the role and mechanisms of miR-27b-3p in ECM regulation and
synovial fibrotic responses during OA.

PATIENTS AND METHODS

Study design and OA patients. All patients provided
written informed consent for inclusion in the University Health
Network Research Ethics Board–approved biomarker exploration

studies (16-5969-AE and 14-7592-AE). All animal studies were
approved by the University Health Network’s Animal Care Com-
mittee (animal use protocol 3729) and were conducted in accor-
dance with relevant guidelines and regulations. A minimum of
6 animals were needed to detect a 25% difference by histology
with 80% power (sigma = 0.15, alpha level of 0.05). Full sequenc-
ing data sets are available through Gene Expression Omnibus
(GEO accession no. GSE152638).

We obtained synovial tissue samples from patients with
radiographic knee OA (Kellgren/Lawrence [K/L] grades 3 and
4) who were undergoing total knee replacement and from
patients who were undergoing knee arthroscopy (K/L grades
1 and 2) at the Toronto Western Hospital (Toronto, Canada).
Synovial tissue samples were either used fresh for retrieval of
FLS for culture studies or were fixed and processed for histol-
ogy or for in situ hybridization (ISH). Patient anthropometric
and demographic data and the patient’s experimental group
are listed in Supplementary Table 1, available on the Arthritis &

Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42285.

Mouse model of surgical destabilization of the
medial meniscus (DMM) and intraarticular injections.
We housed 10- to 12-week-old C57BL/6J male mice
(The Jackson Laboratory) in the Krembil Research Institute
(Toronto, Ontario, Canada) vivarium on a 12-hour light/dark cycle
in a temperature-controlled room (21�C ± 1�C) with food pro-
vided ad libitum for 1 week before we performed DMM or sham
surgery (12). Knee joints (n = 6–10 for each group [DMM and
sham]) were collected at 2, 5, or 10 weeks after surgery and
processed for ISH, immunohistochemistry (IHC), or histology.

For the miR-27b-3p mimic injection experiments, naive
12-week-old C57BL/6J male mice were intraarticularly injected
twice, 2 weeks apart, under isoflurane anesthesia with 5 μg of
mirVana miR-27b-3p mimic (ThermoFisher catalog no. 4464066)
in the right knee or mirVana miRNA mimic negative control
1 (ThermoFisher catalog no. 4464061) in the left knee. Knee joints
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were retrieved 5 weeks after injection (n = 6 knee joints per each
treatment group) and processed for IHC and histology.

For the miR-27b-3p inhibitor injection experiments,
12-week-old C57BL/6J male mice were subjected to DMM or
sham surgery (right knee) and intraarticularly injected with 5 μg of
custom in vivo–grade miRCURY locked nucleic acid (LNA) mmu-
miR-27b-3p inhibitor (Qiagen catalog no. 339204-YCI201647-FZA)
at 1 week and 3 weeks after surgery, with knee joints retrieved
at 5 weeks after surgery (n = 10). Control animals (9 animals
that had sham surgery and received control inhibitor or
10 animals that had DMM surgery and received control inhibitor)
underwent the same procedure but received injections of
a scrambled negative control inhibitor (Qiagen catalog no.
339204-YCI0201821-FZA).

Histology and IHC analyses of synovium. Human
synovial samples and mouse knee joints were processed,
sectioned, and stained with Safranin O (Sigma-Aldrich catalog
no. S2255) and fast green (Bio Basic catalog no. FB0452),
Masson’s trichrome for connective tissue (Electron Microscopy
Sciences catalog series no. 26367), or hematoxylin and eosin
(Vector catalog no. H-3404), all in accordance with manufac-
turers’ recommendations. Articular cartilage and synovial sam-
ples were scored in a blinded manner by 2 observers who used
the Osteoarthritis Research Society International (OARSI) grading
for cartilage damage and degree of synovitis (13). For IHC, sec-
tions were stained for ADAMTS8 (5 μg/ml; Novus Biologicals cat-
alog no. NBP2-46494), type V collagen (COL5A1; 0.5 μg/ml;
Abcam catalog no. ab7046), type XIV collagen alpha 1 chain
(COL14A1; 1:200; Novus Biologicals catalog no. NBP2-15940),
COL1A1 (1:200; Abcam catalog no. ab34710), α-smooth muscle
actin (α-SMA; 1:400; Sigma-Aldrich catalog no. A2547), or
PPARG (1:750; Novus Biologicals catalog no. NBP2-22106SS).
After sections were stained, we used 3,30-diaminobenzidine sub-
strate (Vector catalog no. SK-4105) for visualization. We deter-
mined percentage of stained area or percentage of positive cells
using ImageJ version 1.53c (14).

In situ hybridization. After samples were subjected to
proteinase K digestion (with 7.5 μg/ml for 10 minutes for mouse
knee joints and 20 μg/ml for 30 minutes for human synovium),
sections were incubated for 1 hour at 55�C with denatured
LNA-modified and 50-end and 30-end digoxigenin–labeled anti-
sense oligonucleotides, which included the miR-27b-3p probe
(80 nM for mouse and 160 nM for human; Qiagen catalog
no. YD00619142), U6 small nuclear RNA (1 nM; positive control),
or scrambled control probe (40 nM; negative control). Nuclei
were counterstained with nuclear fast red (Sigma-Aldrich catalog
no. N3020-100ML). We allowed coverslipped sections to dry
overnight before visualization under brightfield illumination (Leica
catalog no. ICC50W5021). We counted a minimum of 3 random
fields to measure the percentage of positive cells in each section.

FLS cultures. We isolated FLS by enzymatic digestion of
human OA synovium obtained at time of surgery (total knee
replacement or knee arthroscopy). Cells were cultured at 37�C
and at 5% CO2 in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco catalog no. 11995073) supplemented with
10% fetal bovine serum (Wisent catalog no. 080-150) and
100 units/ml penicillin and 100 μg/ml streptomycin. Cells were
passaged when they reached 85% confluency. Passages 3–5
were used for all culture experiments. OA FLS cultures were
serum-starved (0.5% fetal bovine serum) for 3 hours before addi-
tion of 3 μg/ml Lipofectamine RNAiMAX transfection reagent
(Life Technologies, ThermoFisher catalog no. 13778-075) with
either 5 nM Homo sapiens (hsa)-miR-27b-3p miRCURY LNA
miRNA mimic (Qiagen catalog no. 339173 YM00470553) or the
corresponding control mimic (Cel-miR-39-3p; Qiagen catalog
no. YM00479902) or 50 nM hsa-miR-27b-3p miRCURY LNA
Power inhibitor (Qiagen catalog no. 339131) or the corresponding
control inhibitor (negative control A; Qiagen catalog no. 339136),
after which cultures remained for 48 hours in serum-starved
media. For some experiments, OA FLS culture medium was
replaced 24 hours later with fresh serum-starved DMEM containing
either 1) 20 μM rosiglitazone (Tocris catalog no. 5325) or vehicle
(dimethyl sulfoxide; Sigma-Aldrich catalog no. D2650) or 2) 10 nM
ADAMTS8 small interfering RNA (siRNA; Sigma-Aldrich catalog
no. EHU129241-20UG) or MISSION siRNA universal negative con-
trol (Sigma-Aldrich catalog no. SIC001) in 3 μg/ml Lipofectamine
and then incubated for an additional 24 hours before cells were
harvested. Cells were either fixed and stained with 0.3% crystal vio-
let (Transwell migration assay) or for immunofluorescence, or
extracts were collected for protein (Western blot) or RNA analysis.
For RNA analysis, we used the 834-well RT2 Profiler and polymer-
ase chain reaction (PCR) arrays for human ECMandadhesionmole-
cules (Qiagen catalog no. PAHS-013ZE-1), conventional reverse
transcriptase–quantitative PCR (RT-qPCR) (primers listed in Sup-
plementary Table 2, available on theArthritis &Rheumatologyweb-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42285)
and RT-qPCR for detection of mmu-miR-27b-3p and U6
(Qiagen catalog no. 339306), and RNA sequencing (Truseq
stranded total RNA; Illumina catalog no. 20020596).

RNA sequencing and pathway analysis. RNA was
extracted from 48-hour mimic– or control–transfected OA FLS,
and libraries were prepared (Truseq stranded total RNA).
We used the Illumina NextSeq 550 system (2 × 75 bp) at the
Centre for Arthritis Diagnostic and Therapeutic Innovation
(Schroeder Arthritis Institute, Toronto, Ontario, Canada) for
sequencing analysis, followed by bioinformatics analysis to deter-
mine gene expression levels per sample (15). Genes with ≥10
counts per million in ≥2 samples were retained for the analysis.
We identified differentially expressed genes (DEGs) by using the
negative binomial generalized linear model with trended disper-
sion and trimmed means normalization. Dispersion and treatment
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effect estimates were adjusted for sample pairs and genes.
Significance was set at unadjusted P < 0.05, as no significant
differences in gene expression remained after multiple testing
correction (false discovery rate). We used R (version 3.6.0) and
the edgeR (version 3.25.8) package for analysis.

We obtained putative gene targets of hsa-miR-27b-3p from
mirDIP version 4.1 (http://ophid.utoronto.ca/mirDIP) (16) and
retrieved physical protein–protein interactions from the Integrated
Interactions Database version 2020-05 (http://ophid.utoronto.ca/
iid) (17). We obtained pathway annotations from pathDIP version
4 (http://ophid.utoronto.ca/pathDIP) (18). The transcription regu-
latory network was downloaded from Catalogue of Transcrip-
tional Regulatory Interactions, Catrin version 1 (http://ophid.
utoronto.ca/Catrin). All networks were integrated, annotated,
visualized, and analyzed using NAViGaTOR version 3.0.16 (19).
The final networks were exported in an SVG format, and the final
images (300 dpi in PNG format) with legends were prepared with
Adobe Illustrator version 26.0.2. Gene nodes were color coded
by top Gene Ontology molecular function terms identified using
Uniprot and Gene Ontology slim.

Statistical analysis. Data analyses were completed in
Excel 2010 and R 3.1.0. With the exception of RNA sequencing,
we conducted all statistical analyses using GraphPad PRISM
9 software. P or q values (FDR-adjusted P) less than 0.05 were
considered significant for analysis between groups.

Additional details of methodology can be found in
Supplementary Methods, available on the Arthritis & Rheumatol-
ogy website at https://onlinelibrary.wiley.com/doi/10.1002/art.
42285.

RESULTS

Association between synovial expression of
miR-27b-3p and human and mouse knee OA severity.
We previously showed that miR-27b-3p expression levels were
higher in synovial fluid of patients with radiographic knee OA and
K/L grades 3 and 4 compared with patients with K/L grades
1 and 2 and that ex vivo human OA synovium treated with the
proinflammatory mediator IL-1β had increased secretion of
miR-27b-3p (11). Because the synovium is a major contributor
to synovial fluid, we first examined expression of miR-27b-3p
in synovium of patients with varying K/L grades of knee OA,
with the small nuclear RNA U6 used as a positive control
(Supplementary Figure 1A, available on the Arthritis & Rheuma-
tology website at https://onlinelibrary.wiley.com/doi/10.1002/
art.42285). With increased radiographic knee OA severity,
we observed increased collagen fiber density under a more
stratified synovial lining in patients with knee OA and K/L grades
3 and 4 relative to patients with K/L grades 1 and 2 (Figure 1A).
Concomitantly, the proportion of miR-27b-3p–positive cells
relative to the total number of cells quantified in the synovial

lining increased with K/L grade (Figure 1A). Thus, consistent
with expression levels of miR-27b-3p in synovial fluid (11), the
proportion of synovial lining cells expressing miR-27b-3p
increased with radiographic knee OA severity.

To determine whether similar expression differences could
be detected in an animal model of knee OA, we examined
miR-27b-3p expression by ISH at 2 weeks and 10 weeks after
DMM-induced OA in C57BL/6 male mice (Figure 1B). Similar
to our findings in human knee OA, we observed increased colla-
gen deposition using Masson’s trichrome stain in synovium
from mice with DMM-induced OA, which coincided with
increased synovitis scores compared with that shown in control
mice that received sham surgery (Figure 1C). DMM surgery also
induced cartilage degeneration that increased in severity from
2 weeks to 10 weeks, as reflected by the increases in OARSI
scores of the medial femoral condyle and medial tibial plateau
(Supplementary Figure 1B). These changes in matrix organiza-
tion were accompanied by increased miR-27b-3p staining in
the synovium as early as 2 weeks and persisted through
10 weeks after surgery (Figure 1D). In contrast, the mouse car-
tilage tissue showed a decrease in miR-27b-3p expression in
tibial articular chondrocytes at both time points, similar to the
decreases in miR-27b-3p observed in human OA cartilage cul-
tured with IL-1β (11) or as reported in fresh cartilage from
patients with either OA or rheumatoid arthritis compared with
that obtained from trauma patients without a history of disease
(20,21). In sham-operated animals, miR-27b-3p was primarily
detected in tibial articular chondrocytes, with minimal cells
labeled in the synovium. In both human and mouse knee OA,
synovial miR-27b-3p expression coincided with increased
ECM deposition.

Induction of a synovial fibrosis-like phenotype after
intraarticular injection of miR-27b-3p mimic into the
mouse knee joint. The increases in miR-27b-3p expression
observed in human and mouse OA synovium suggested a causal
relationship with disease severity and prompted us to examine the
effect of modifying miR-27b-3p expression in the knee joints of
naive mice (Figure 2A) and of mice with DMM-induced OA using
miR-27b-3p mimic and inhibitor, respectively. In synovium from
miR-27b-3p mimic–injected naive knee joints, we observed
consistently higher synovitis scores, as reflected by synovial
thickening, increased collagen deposition, and cell infiltration
(Figure 2B). These changes were paralleled by a miR-27b-3p
mimic–mediated increase in the percentage of synovial cells
labeled with COL1A1, a major structural collagen component of
synovial ECM (22), and α-SMA, a marker of activated fibroblasts
(23,24). Of note, cartilage integrity remained mostly unchanged
in both the miR-27b-3p mimic– and control mimic–injected
mouse knee joints (Supplementary Figure 2, available on the
Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42285). Thus, intraarticular injection of
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miR-27b-3p mimic elicited a fibrosis-like phenotype in the
synovium of healthy mouse knee joints.

In mice that received intraarticular injection of miRCURY
LNA miR-27b-3p inhibitor at 1 week and 3 weeks after DMM
surgery (Figure 2C), we observed no obvious differences in the
histologic changes in cartilage or in synovial pathology (OARSI
and synovitis scores) compared with results shown with the
control inhibitor at 5 weeks after surgery (Figure 2D and Supple-
mentary Figure 3, available on the Arthritis & Rheumatologyweb-
site at https://onlinelibrary.wiley.com/doi/10.1002/art.42285) or in
the percentage of synovial cells expressing COL1A1. However,
the percentage of synovial cells expressing α-SMA decreased
in the miR-27b-3p inhibitor–treated group compared with the
group that received the control inhibitor.

Increased expression of ECM markers and migra-
tion of human OA FLS with miR-27b-3p overexpression.
Given that intraarticular injection of miR-27b-3p mimic induced a
synovial fibrosis–like phenotype with increased expression of
COL1A1 in the synovium in vivo, we next examined the effect of
miR-27b-3p overexpression on the production of COL1A1 in cul-
tures of FLS, the major cell type isolated from human
OA synovium obtained during total knee replacement surgeries.
Transfection of OA FLS with miR-27b-3p mimic resulted in a
mean ± SD 199 ± 53-fold increase in miR-27b-3p expression
(Supplementary Figure 4A, available on theArthritis & Rheumatology
website at https://onlinelibrary.wiley.com/doi/10.1002/art.42285).
In addition, transfection with miR-27b-3p mimic in OA FLS resulted
in an increased change of COL1A1 transcript levels of mean ± SD

Figure 1. Expression of microRNA-27b-3p (miR-27b-3p) in samples obtained from human and mouse knee osteoarthritis (OA) synovium. A, Top,
Representative images of synovium (original magnification ×40) stained with Masson’s trichrome or miR-27b-3p in situ hybridization (ISH; purple
regions) in samples from radiographic kneeOApatients with Kellgren/Lawrence (K/L) radiographic severity grades 1 and 2 or K/L grades 3 and 4. Bot-
tom, Scatter plot showing mean ± SD proportion of miR-27b-3p–labeled synovial lining cells in synovium from patients with K/L grade 1 or 2 radio-
graphic knee OA or K/L grade 3 or 4 radiographic knee OA (n = 9/group). B, Destabilization of the medial meniscus (DMM) was conducted on
right knees of 10- to 12-week-old C57BL/6mice and knee joints were collected at 2 weeks or 10 weeks after surgery.C, Left, Representative images
of synovium at 10 weeks after sham or DMM surgery; collagen accumulation in DMM model is shown in blue (Masson’s trichrome). Right, Scatter
plot showing mean ± SD synovitis severity scores of mouse synovium 2 weeks or 10 weeks after sham or DMM surgery (n = 6/group).D, Top, ISH
images of the synovium (S) or tibial plateau (original magnification ×40) (miR-27b-3p indicated in purple, nuclei indicated in pink [nuclear fast red]).
Bottom, Scatter plots of mean ± SD percentage of miR-27b-3p–labeled cells in the synovium or tibial chondrocytes at 2 weeks and 10 weeks
after surgery. Relative data were log-transformed before analyses using Student’s unpaired t-test (A), Kruskal-Wallis test followed by 2-stage linear
step-up procedure of Benjamini, Krieger, and Yekutieli (C), or 2-way analysis of variance with Tukey’s post hoc test (D). * = P/q < 0.05; ** = P/q < 0.01;
*** = P/q < 0.001; **** = P < 0.0001.
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4.43 ± 1.73-fold (Figure 4B) and protein levels of 1.27 ± 0.22-fold
(Figure 3A). We observed opposite effects when cells were trans-
fected with miR-27b-3p inhibitor, with a mean ± SD 0.73 ± 0.14-
fold change in transcript levels (Supplementary Figure 4B) and a
mean ± SD 0.47 ± 0.19-fold change in protein levels (Figure 3B).
Immunofluorescence experiments demonstrated that the number
of cultured OA FLS transfected with miR-27b-3p mimic express-
ing COL1A1 also increased (Figure 3C and Supplementary
Figure 5, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42285), with cell
numbers comparable in OA FLS that were transfected with either
miR-27b-3p mimic (mean ± SD 53.0 ± 11.1) or control mimic
(mean ± SD 52.5 ± 7.9). Overall, miR-27b-3p mimic transfection
increased COL1A1 expression in human OA FLS, while inhibition
of miR-27b-3p had the opposite effect.

Because increased migration is a key process associated
with a profibrotic response of OA FLS (25,26), we next investi-
gated whether miR-27b-3p influenced OA FLS migration using a
Transwell migration assay. We found that transfection of cells with
miR-27b-3p mimic increased the number of OA FLS that
migrated to the underside of Transwell membranes relative to
cells transfected with control mimic (Figure 3D). As with COL1A1
expression, transfection with the miR-27b-3p inhibitor had the
inverse effect, reducing OA FLS migration (Figure 3E). These data
suggested that miR-27b-3p influences migration in OA FLS.
However, when we examined the effect of miR-27b-3p overex-
pression on talin and vinculin, cytoskeletal mediators of cell adhe-
sion (27), and the cytoskeletal component vimentin, we detected
no differences in the protein levels of these molecules
(Supplementary Figure 6A, available on the Arthritis &

Figure 2. Overexpression of microRNA-27b-3p (miR-27b-3p) promotes synovial fibrosis-like responses in vivo. A, Schematic of miR-27b-3p
mimic or control mimic injections in mouse knees. B, Images of synovia (original magnification ×40) from mouse knee joints (n = 6) injected with
miR-27b-3p mimic or with control mimic and stained with Masson’s trichrome or hematoxylin and eosin (H&E) for immunohistochemical (IHC)
analysis or immunolabeled with COL1A1 or α-smooth muscle actin (α-SMA) (shown in brown, with nuclei counterstained in blue). C, Schematic of
injection of miR-27b-3p inhibitor (Inh) or control inhibitor (Ctrl Inh) in mouse knees (destabilization of the medial meniscus [DMM] vs. sham surgery). D,
Top, Imagesof synovia (originalmagnification×10) fromsham-operatedorDMM-operatedmouse knee joints injectedwithmiR-27b-3p inhibitor orwith
control inhibitor and stainedwithMasson’s trichromeorDMM-operated knee joint immunolabeledwithCOL1A1orα-SMA (shown inbrown,with nuclei
counterstained inblue).Bottom,Resultsquantifiedassynovitis severity scores, andpercentageofcells stainingpositive forCOL1A1orα-SMA.Symbols
represent individual samples; bars show themean±SD. * =P < 0.05; ** =P < 0.01; *** =P < 0.001,byMann-Whitney unpairedU test. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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Figure 3. MicroRNA-27b-3p (miR-27b-3p) promotes synovial fibrosis–like responses in vitro.A andB, Left,Western blots of COL1A1expression (com-
pared toβ-actin) inosteoarthritis (OA) fibroblast-likesynoviocytes (FLS) transfectedwithmiR-27b-3pmimic (Mi) or controlmimic (CtrlM) (A) orwithmiRCURY
lockednucleic acid (LNA)miR-27b-3p inhibitor (Inh) or a control inhibitor (Ctrl I) (B) andcultured for 48hours (n=6–9).Right, Log-transformeddataplottedas
themean ± SD foldchange in relative expression.C, Left, Immunofluorescent imagesofCOL1A1expression inOAFLS transfectedwithmiR-27b-3pmimic
orcontrolmimicandcultured for3days.Boxedareas inmiddllepanelsareshownathighermagnification inbottompanels (originalmagnification×20).Right,
Results plotted as themean±SDpercentage of COL1A1-positive cells and as relativeCOL1A1 integrated density per area (n = 8 paired cultures).D andE,
Top,Crystal violet–stained imagesofTranswell-migratedOAFLS24hoursafter transfectionwithmiR-27b-3pmimicorcontrolmimic (D) orwithmiR-27b-3p
inhibitor (Inh) or control inhibitor (Ctrl I) (E). Bottom, Results plotted as themean ± SD number of OA FLSmigrating in the Transwells (n = 8 paired cultures).
Data were analyzedwith Student’s paired 2-tailed t-tests (A–C) orWilcoxon’s tests (D and E). * =P < 0.05; ** = P < 0.01; *** =P < 0.001. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42285) or in the organization of F-actin filaments or vin-
culin (Supplementary Figure 6B).

The effect of miR-27b-3p mimic on OA FLS COL1A1 expres-
sion prompted us to investigate whether miR-27b-3p regulated
the expression of other ECM genes. Among the 84 matrix-related
genes (listed in Supplementary Table 3, available on the Arthritis
& Rheumatology website at https://onlinelibrary.wiley.com/doi/
10.1002/art.42285) that we investigated in OA FLS using
ECM-specific qPCR array, 17 genes had responses to the
miR-27b-3p mimic that were below the assay’s detection limits
and were excluded from further analysis. Of the remaining genes,
when compared to transfection with control mimic, transfection
with miR-27b-3p mimic significantly increased the expression
of 7 genes (COL1A1, COL5A1, COL14A1, thrombospondin
1 [THBS1], ADAMTS8, tenascin C [TNC], and fibronectin [FN1])
and decreased the expression of 3 genes (catenin delta
1 [CTNND1], hyaluronan synthase 1 [HAS1], and integrin alpha
2 ITGA2]) (Figures 4A and B, screening phase). Validation of the
array screening by RT-qPCR using mimic-transfected FLS
from 4 additional patients with advanced radiographic knee OA
confirmed increases in COL1A1, COL14A1, COL5A1, FN1,
ADAMTS8, and THBS1 (Figure 4B, validation phase). No marked
differences were observed for TNC, ITGA2, HAS1, and CTNND1

(Supplementary Figure 4C, available at https://onlinelibrary.wiley.
com/doi/10.1002/art.42285). Two genes confirmed to be modified
by miR-27b-3p mimic transfection in OA FLS, ADAMTS8 and
COL5A1, showed increased staining in cells in the synovium and
reduced staining in articular chondrocytes of DMM-operated
mouse knee joints (Figures 4C andD). Similar results were observed
with COL14A1 staining (Supplementary Figure 4D). Together, miR-
27b-3p overexpression promoted OA FLS expression of key ECM
genes and increased migration capacity, both important events
associated with synovial fibrosis pathology during OA.

Identification of ECM-related putative target genes
ofmiR-27b-3p using RNA sequencing and computational
analyses. To better understand the complex regulatory effects of
miR-27b-3p in OA FLS, we performed RNA sequencing and com-
putational analysis to create a comprehensive signaling network of
miR-27b-3p gene targets in OA FLS (Figure 5A). RNA sequencing
data showed that transfection with miR-27b-3p mimic elicited sig-
nificant (P < 0.05) expression changes in 2,295 DEGs compared
with that shown in OA FLS transfected with control mimic, with
increased expression in 1,428 DEGs and decreased expression in
867 DEGs (Figure 5B; see Supplementary Table 4, available on
the Arthritis & Rheumatology website at https://onlinelibrary.wiley.
com/doi/10.1002/art.42285, for the full list and segregated
up-/down-regulated DEGs). Using computational approaches, we
compared predicted gene targets of miR-27b-3p using mirDIP
(16) with the list of DEGs identified by RNA sequencing
(Supplementary Figure 7, available on the Arthritis & Rheumatology

website at https://onlinelibrary.wiley.com/doi/10.1002/art.42285).
Of the 2,295 DEGs identified by RNA sequencing in miR-27b-3p
mimic–treated OA FLS, 1,862 genes (81%) overlapped with
miR-27b-3p putative gene targets: 1,203 genes were up-regulated
(red edges), and 659 were down-regulated (green edges). Of note,
many of the miR-27b-3p–modulated DEGs were related to ECM
pathways (reactome ECM-related pathway nodes outlined in
purple in Supplementary Figure 7, as obtained from pathDIP) (18).

To better understand and visualize the ECM-specific signal-
ing network of miR-27b-3p in OA FLS, we used the Gene Ontol-
ogy cellular component annotations to extract the ECM-related
miR-27b-3p putative gene targets from all potential targets
(Supplementary Figures 7 and 8, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42285). The association of DEGs identified by RNA
sequencing to the ECM are highlighted by blue, green, and purple
gene names. Of note, several of the ECM-related target genes
down-regulated by miR-27b-3p transfection were involved in
vascular health, including the genes for aspartate beta-
hydroxylase (ASPH) (28), cadherin EGF LAG seven-pass G-type
receptor 1 (CELSR1) (29), heart development protein with
EGF-like domain 1 (HEG1) (30), laminin subunit alpha 1 (LAMA1)
and laminin subunit beta 1 (LAMB1) (31), nidogen 2 (NID2) (32),
neuropilin 2 (NRP2) (33), plexin domain containing 1 (PLXDC1)
(34), syndecan binding protein (SDCBP) (35), secreted protein
acidic and cysteine rich (SPARC) modular calcium-binding protein
1 (SMOC1) (36), and vascular endothelial growth factor c (VEGFC)
(37) or bone remodeling gene, including oncostatin M receptor
(OSMR) (38), SMOC1 (39), and SMOC2 (40). In contrast, expres-
sion of many structurally related ECM miR-27b-3p target genes,
including collagen genes (COL1A2, COL3A1, COL5A2, COL5A3,
COL8A2, COL11A1, COL15A1, COL21A1) and peptidylprolyl
isomerase B gene (PPIB), an important regulator of collagen
folding (41), members of the ADAMTS family (ADAMTS1,
ADAMTS8, ADAMTS9), and matricellular proteins (SPARC,
secreted phosphoprotein 1 [SPP1]) were up-regulated in
miR-27b-3p–transfected OA FLS. Overall, RNA sequencing cou-
pled with computational analysis identified multiple ECM-related
miR-27b-3p gene targets in OA FLS.

Identification of a miR-27b-3p/PPARG/ADAMTS8
signaling axis regulating select ECM genes in OA FLS.
To identify the gene(s) consistently differentially expressed across
all 3 investigations (qPCR array, RT-qPCR, and RNA sequencing),
we took a focused approach to specifically compare the DEGs
identified by qPCR array and RT-qPCR with the ECM-related
putative targets identified through RNA sequencing. Although
most of the genes identified by qPCR array and RT-qPCR fol-
lowed similar trends in RNA sequencing (e.g., COL1A1 showed
a 2-fold increase), only ADAMTS8 (3.4-fold increase) was signifi-
cantly up-regulated (P < 0.05) in miR-27b-3p–transfected OA
FLS compared with control across all 3 investigations.
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Because ADAMTS8 is reported to regulate signal transduc-
tion, ECM remodeling, and fibrosis (42,43), we focused on
the contribution of ADAMTS8 in miR-27b-3p signaling in OA

FLS. To examine the relationship of miR-27b-3p and ADAMTS8
in further detail, we assembled an integrated predictive
network combining miR-27b-3p putative gene targets,

Figure 4. MicroRNA-27b-3p (miR-27b-3p) regulates the expression of multiple extracellularmatrix (ECM)–related genes.A, Heatmap of genes differ-
entially expressed in reverse transcriptase–quantitativepolymerase chain reaction (RT-qPCR)array among84ECM-relatedgenes found in fibroblast-like
synoviocytes (FLS) isolated from osteoarthritis (OA) synovium that were transfected with miR-27b-3p mimic or with control mimic and cultured for
48 hours (n = 4).B, Scatter plots obtained by RT-qPCR array (screening phase (n = 4) andRT-qPCR (validation phase, n = 8) comparing relative expres-
sion (mean ± SD) of ECM-related genes (normalized toGAPDH) inOAFLS transfectedwithmiR-27b-3pmimic (Mi) or controlmimic (CtrlM) and cultured
for 48 hours. Data were log-transformed before analysis by Student’s paired 2-tailed t-test.C andD, Left, Immunohistochemical analysis (DAB, brown)
of ADAMTS8 (C) and type V collagen (COL5A1) (D) expression in mouse knee joints 10 weeks after destabilization of the medial meniscus (DMM) or
sham surgery. Nuclei are counterstained in blue (original magnification × 10). Bottompanels a–c are higher-magnification views of the boxed areas, with
panels a and b showing synovium (original magnification ×20 and ×40) and panel c showing medial tibial plateau cartilage (original magnification ×40).
Right, Results plotted as the mean ± SD percentage of synovium or chondrocytes staining positive for ADAMTS8 or COL5A1 in 3 digital images of
×40 fields of view (n=6 samples/group). * =P < 0.05; ** =P < 0.01; *** =P < 0.001; **** =P < 0.0001, byStudent’s unpaired2-tailed t-testwithWelch’s
correction. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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Figure 5. Expression profile and extracellular matrix–related network analysis of fibroblast-like synoviocytes (FLS) isolated from osteoarthritis
synovium overexpressing microRNA-27b-3p (miR-27b-3p). A, Schematic of workflow for determination of differentially expressed genes (DEGs)
and putative networks regulated by miR-27b-3p mimic treatment of human OA FLS in vitro using RNA sequencing and computational analyses.
PPI = protein–protein interactions. B, Heatmap of the DEGs (unadjusted P < 0.05) determined by RNA sequencing of OA FLS transfected with
miR-27b-3p mimic (Mi) or control mimic (Ctrl M) and cultured for 48 hours. Columns indicate treatment-paired replicates (n = 3). Genes are
ordered based on log fold change (largest to smallest), and values are scaled by row (mean centered and divided by SD). C, Integrated network
analysis of miR-27b-3p putative gene targets predicted to modulate ADAMTS8. The assembled network contains previously predicted Homo
sapiens (hsa)-miR-27b-3p gene targets (microRNA Data Integration Portal [mirDIP], purple edges), ADAMTS8-associated transcription factors
(Catalogue of Transcriptional Regulatory Interactions [Catrin], turquoise edges), and physical PPIs (Integrated Interactions Database [IID], green
edges) of DEGs identified by RNA sequencing (RNAseq) of OA FLS transfected with miR-27b-3p (direction of expression change relative to control
mimic–transfected cells is indicated by up and down triangles). Node color indicates associated Gene Ontology (GO) molecular functions. Color
figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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ADAMTS8-associated transcription factors, and physical protein–
protein interactions (Figure 5C). From this analysis, multiple putative
miR-27b-3p–regulated transcription factors were predicted to

modulate ADAMTS8. When we applied a more stringent
approach by restricting miR-27b-3p putative gene targets and
ADAMTS8-associated transcription factors to the top 1% of the

Figure 6. Regulation of select extracellular matrix (ECM) genes through a microRNA-27b-3p (miR-27b-3p)/PPARG/ADAMTS8 signaling axis.
PPARG transcript levels (A, D) and protein levels (B, E) were determined in fibroblast-like synoviocytes (FLS) isolated from osteoarthritis (OA) syno-
vium transfected with either miR-27b-3p mimic (Mi) or control mimic (Ctrl M) or transfected with miR-27b-3p inhibitor (Inh) or control inhibitor (Ctrl I)
and cultured for 48 hours. Results were determined by reverse transcriptase–quantitative polymerase chain reaction (RT-qPCR) normalized to
GAPDH (n = 8) or by Western blot densitometry measured from upper bands appearing at ~58 kd (n = 7). PPARG expression was determined
in the synovium of naive mice injected intraarticularly with Mi or Ctrl M (C) or in mice that underwent destabilization of the medial meniscus
(DMM) surgery and injected intraarticularly with Inh or Ctrl I (F), as determined by immunohistochemistry. See negative controls in Supplementary
Figure 11 (available on the Arthritis & Rheumatology website at https://onlinelibrary.wiley.com/doi/10.1002/art.42285). G, Schematic showing
transfection of OA FLS with control mimic (Ctrl M) or miR-27b-3p mimic (Mi), followed by treatment with rosiglitazone (Rosi) or DMSO as vehicle
control or with small interfering RNA (siRNA) targeting ADAMTS8 (AD8) or a negative control siRNA (NC). H and I, OA FLS were transfected with
control mimic or miR-27b-3p and treated with Rosi/DMSO (H) or ADAMTS8 siRNA/NC siRNA (I). RNA were extracted and assessed by RT-qPCR
for expression of ADAMTS8, COL5A1, and COL1A1. Colored data points in A, D, H, and I highlight biologic replicates (n = 6–9). Scatter plots
showmean ± SD, with relative data log-transformed before analysis by Student’s paired 2-tailed t-test (A–F) or repeated measures 2-way analysis
of variance followed by Tukey’s multiple comparisons post hoc test (H, I). * = P < 0.05; ** = P < 0.01; *** = P < 0.001; **** = P < 0.0001. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.42285/abstract.
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prediction scores in the network analysis, we identified 14 predicted
miR-27b-3p–regulated transcription factors of ADAMTS8, with only
PPARG down-regulated in our RNA sequencing data.

To investigate whether PPARG was indeed involved in
miR-27b-3p regulation of ADAMTS8, we first used OA FLS to
determine whether modification of miR-27b-3p levels by mimic
and inhibitor transfection alters PPARG expression. Our results
showed that miR-27b-3p overexpression reduced the expression
of PPARG (Figure 6A), while inhibition of miR-27b-3p had the
reverse effect, increasing PPARG expression (Figure 6D).
We found that miR-27b-3p mimic reduced and miR-27b-3p
inhibitor increased protein levels of PPARG in OA FLS in vitro
(Figures 6B and 6E).

We next examined whether injection of miR-27b-3p mimic or
inhibitor had any effect on the expression of PPARG in the syno-
vium in vivo. The number of PPARG-labeled cells was reduced
in the synovium of naive mouse joints treated with intraarticular
injection of miR-27b-3p mimic, whereas PPARG-labeled cells in
the synovium of DMM-operated mice were increased with injec-
tion of miR-27b-3p inhibitor, as shown by IHC (Figures 6C and
6F). However, no significant changes in PPARG staining were
observed in the articular cartilage in response to the miR-27b-3p
inhibitor (Supplementary Figure 9, available on the Arthritis &
Rheumatology website at https://onlinelibrary.wiley.com/doi/10.
1002/art.42285).

We next used the PPARG agonist, rosiglitazone, in
miR-27b-3p–transfected OA FLS to investigate the role of
PPARG in miR-27b-3p–regulated expression of ADAMTS8
(Figures 6G and 6H). In support of our predictive network analy-
sis, treatment with rosiglitazone counteracted the miR-27b-3p
mimic–mediated up-regulation of ADAMTS8 (Figure 6H). We also
investigated whether some of the ECM genes that we identified
by qPCR array and RT-qPCR were also regulated by PPARG.
Increases in COL5A1, COL1A1, and THBS1 mediated by
miR-27b-3p mimic were inhibited by rosiglitazone, whereas
COL14A1 and FN1 were not (Figure 6H, Supplementary
Figure 10A, available on the Arthritis & Rheumatology website at
https://onlinelibrary.wiley.com/doi/10.1002/art.42285), suggest-
ing a link between miR-27b-3p and PPARG activity in regulation
of select ECM genes.

To further investigate the involvement of ADAMTS8 in
miR-27b-3p–mediated ECM regulation, we also examined the
effect of ADAMTS8 knockdown on the expression of key ECM
genes in miR-27b-3p mimic–transfected cells (Figures 6G and 6I).
ADAMTS8 siRNA treatment effectively reduced ADAMTS8 tran-
script levels by mean ± SD 58 ± 38% in OA FLS transfected with
miR-27b-3p mimic and by mean ± SD 65 ± 18% in OA FLS trans-
fected with control. Of note, the miR-27b-3p mimic–induced
expression of COL5A1 but not COL1A1 was reduced (Figure 6I).
Similarly, miR-27b-3p mimic–mediated COL14A1 expression was
also decreased by ADAMTS8 siRNA, but THBS1 or FN1 were not
(Supplementary Figure 10B). Together, these findings suggest

that, in OA FLS, miR-27b-3p regulates a subset of ECM genes, in
part, through a PPARG/ADAMTS8 signaling axis.

DISCUSSION

This study showed that miR-27b-3p expression is elevated
in human knee OA and mouse knee OA synovia and plays a
crucial role in the regulation of key synovial ECM components.
Injection of miR-27b-3p mimic in naive mouse knee joints induced
a fibrosis-like phenotype, and the transfection of human OA FLS
with miR-27b-3p mimic increased the migratory capacity of FLS
and up-regulated the expression of multiple ECM genes, includ-
ing COL1A1, COL5A1, and FN1, which are among the top
10 genes expressed in human synovium most closely related to
OA (44). RNA sequencing coupled with computational analysis
identified a complex ECM-specific signaling network with multiple
targets of miR-27b-3p in OA FLS. Furthermore, this study identi-
fied one of the signaling arms of miR-27b-3p involving a
PPARG/ADAMTS8 signaling axis that, in part, regulates the
expression of select ECM components in OA FLS.

The fibrosis-modifying effects of miR-27b-3p have been
demonstrated in other pathologic conditions. For instance,
miR-27b-3p was found to promote cardiac fibrosis, in part
through up-regulation of profibrotic ECM genes in atrial fibro-
blasts (45). In contrast, miR-27b-3p has been found to negatively
regulate lung fibrosis (46). Thus, it is possible that the effects of
miR-27b-3p on fibrotic responses may be tissue- and/or
disease-specific. We observed that miR-27b-3p increased in the
synovium and decreased in the cartilage in mice after DMM sur-
gery, similar to our previous observations of miR-27b-3p expres-
sion changes in cultured human synovium and in cartilage
explants in response to IL-1β (11). Although our study did not
focus on changes in cartilage, further studies that examine the
role of miR-27b-3p in cartilage homeostasis are warranted. It is
intriguing that miR-27b-3p levels have been shown to be lower
in cartilage tissue of patients with OA and patients with rheuma-
toid arthritis than in control tissues without these diseases (20,21).
We also showed that intraarticular injection of miR-27b-3p mimic
into healthy mouse knee joints largely spared cartilage from degen-
eration while promoting a fibrosis-like phenotype in the synovium
with increased percentages of COL1A1- and α-SMA–expressing
cells. We did not observe the inverse, that is, a reduced severity
of synovial pathology in the mouse model of DMM that was treated
with a miR-27b-3p inhibitor. However, of note, the number of cells
in the synovium expressing α-SMA was reduced. Although the
number of activated fibroblasts (α-SMA–positive cells) was
reduced in response to the miR-27b-3p inhibitor, the persistence
of DMM-induced synovitis and the observation of no significant dif-
ferences in the COL1A1 expression suggested that other compen-
satory mechanismsmay be sufficient to sustain synovial pathology.

Although we did not focus on cartilage degradation, one
surprising observation was the overt expression of COL5A1 in
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chondrocytes of sham-operated animals. COL5A1 is a minor
component of healthy cartilage (47), with expression of COL5A1
increased after cartilage damage; recently, COL5A1 has been
identified as a hub gene elevated in damaged knee cartilage
(48). Knee surgery itself, even without meniscus destabilization
(sham surgery), poses risks to the joint (e.g., during incision) and
could explain the COL5A1 expression detected in chondrocytes
of sham-operated animals. Given that COL5A1 expression
declined in chondrocytes of mice subjected to DMM surgery, it
is likely that meniscus destabilization elicits additional changes in
the joint.

Because miR-27b-3p appeared to be an important mediator
of synovial fibrosis in our study, we used RNA sequencing to
examine the effects of its overexpression on OA FLS transcription
profiles. A large proportion (81%) of DEGs identified overlapped
with mirDIP-predicted putative gene targets. In addition, many of
the up-regulated DEGs were associated with the ECM; however,
many of the down-regulated DEGs were associated with vascular
health and bone remodeling. Intriguingly, ADAMTS8 was the only
gene consistently and significantly increased in OA FLS with
qPCR array, RT-qPCR, and RNA sequencing in response to the
miR-27b-3p mimic. Its knockdown in OA FLS inhibited the
miR-27b-3p–mediated induction of COL5A1, but not COL1A1,
suggesting that ADAMTS8 contributes to the miR-27b-3p regula-
tion of select ECM genes. When the top predicted transcription
factors of ADAMTS8 and miR-27b-3p targets were examined
and cross-referenced, PPARG was the only one identified by
RNA sequencing to be down-regulated by miR-27b-3p transfec-
tion of OA FLS.

PPARG, a previously identified target of miR-27b-3p (49,50)
with a miR-27b–targeted sequence in its 30 UTR (51), helps regu-
late fibroblast ECM production (52). Consistent with these
previous observations, we showed that the number of PPARG-
positive cells was reduced in the synovium of naive mouse joints
treated with miR-27b-3p mimic, whereas the number of PPARG-
positive cells in the synovium of mice subjected to DMM surgery
was increased with injection of miR-27b-3p inhibitor in vivo. Simi-
larly, we showed that miR-27b-3p mimic decreased and miR-
27b-3p inhibitor increased PPARG expression in human OA FLS
in vitro. Intriguingly, we showed that rosiglitazone, a PPARG ago-
nist, inhibited miR-27b-3p–induced ADAMTS8 as well asCOL5A1
and COL1A1 expression in OA FLS. These data further suggest
that regulation of select ECM genes occurs in part through a
miR-27b-3p/PPARG/ADAMTS8 signaling axis in OA FLS.

One limitation of the present study was that we did not
have access to synovial samples from healthy individuals with
no musculoskeletal disease; thus, we do not know whether
miR-27b-3p is expressed or whether it has an influence on
ECM production in human synovium under homeostatic
conditions. Obtaining synovial specimens continues to be chal-
lenging, especially from those with early stages of OA. Conse-
quently, we are limited in our ability to investigate the influence

of demographic and anthropometric variables, like sex, on
the miR-27b-3p effects reported in our present study.
Furthermore, our cultures of OA FLS are enriched for FLS but
are likely not pure. Even after a minimum of 3 passages used
in our study, it is possible that some macrophages remained
and contributed to the observed effects, although their contri-
bution is likely minimal (53–55).

In summary, we showed for the first time a key role of
miR-27b-3p and its downstream signaling mediators in ECM reg-
ulation associated with synovial fibrosis during OA.
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