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Abstract

Background: MicroRNAs, a class of small noncoding RNAs, serve as post-
transcriptional regulators of gene expression and are present in a stable and quantifi-
able form in biological fluids. MicroRNAs may influence intra-articular responses and
the course of disease, but very little is known about their temporal changes in
osteoarthritis.

Obijectives: To identify miRNAs and characterise the temporal changes in their abun-
dance in SF from horses with experimentally induced osteoarthritis. We hypothesised
that the abundance of miRNA would change during disease progression.

Study design: In vivo experiments.

Methods: RNA extracted from synovial fluid obtained sequentially (Day 0, 28 and 70)
from nine horses with experimentally induced osteoarthritis was subjected to small
RNA sequencing using the lllumina Hiseq 4000 sequencing platform. Differentially
abundant miRNAs underwent further validation and mapping of temporal abundance
(Day O, 14, 17, 21, 28, 35, 42, 49, 56, 63 and 70 days after osteoarthritis induction)
by microfluidic reverse transcription quantitative real-time PCR. Bioinformatic

Mandy J. Peffers and Stine Jacobsen share the last authorship.

Parts of the small RNA sequencing data were presented as a poster at the OARSI Virtual World Congress 29 April to 1 May 2021.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.

© 2025 The Author(s). Equine Veterinary Journal published by John Wiley & Sons Ltd on behalf of EVJ Ltd.

1138 wileyonlinelibrary.com/journal/evj Equine Vet J. 2025;57:1138-1150.


https://orcid.org/0000-0003-4925-0206
https://orcid.org/0000-0001-6979-0440
https://orcid.org/0000-0002-2380-4576
mailto:stj@sund.ku.dk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/evj
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fevj.14456&domain=pdf&date_stamp=2025-01-08

WALTERS ET AL

1139

analyses were performed to predict potential biological associations and target genes
of the differentially abundant microRNAs.

Results: Small RNA sequencing revealed 61 differentially abundant microRNAs at an
early osteoarthritis stage (Day 28), and subsequent reverse transcription quantitative
real-time PCR analysis validated 20 of these. Significant biological functions of the
differentially abundant microRNAs were apoptosis, necrosis, cell proliferation and cell
invasion. Following validation, four microRNAs (miRNA-199b-3p, miRNA-139-5p,
miRNA-1839 and miRNA-151-5p) were detected in more than 50% of the synovial
fluid samples and had higher abundance in osteoarthritic than in control joints.

Main limitations: Limited sample size.

Conclusion: This is the first study to determine longitudinal changes in synovial fluid
microRNA abundance in an equine model of osteoarthritis. Larger studies are needed in

naturally occurring osteoarthritis to interrogate putative changes identified by this study.

KEYWORDS

1 | INTRODUCTION

MicroRNAs (miRNAs) have been the focus of extensive research over
the past decade, as they have been implicated in a wide range of bio-
logical pathways. They are promising biomarker candidates for early
disease detection.® MiRNAs are short (18-22 nucleotides) RNA spe-
cies, which are not translated into protein. Their main function is to
regulate gene expression post-transcriptionally, as miRNAs binding to
their target sequence results in either translation inhibition or
increased mRNA target degradation.?

MiRNAs are involved in the pathogenesis of osteoarthritis
(OA) and could be potential OA biomarkers.® OA is the most common
disease affecting joints in horses and humans.** Early diagnosis of OA
is challenging. Often irreversible structural changes have occurred
prior to diagnosis, which is currently based primarily on clinical and
radiographic manifestations. Basic molecular studies that contribute
to defining and characterising OA in its earliest stages would serve to
elucidate disease pathogenesis, identify novel biomarkers for early
detection and identify targets for new therapies.

In horses, miRNA profiles discriminated diseased individuals from

7=9 asthma,® and

healthy in studies of rhabdomyolosis,® sarcoids,
osteochondrosis.!> MiRNAs have been identified in equine
cartilage,12 subchondral bone,** and synovial fluid (SF)t314 including
SF-derived extracellular vesicles.? In foals with osteochondrosis of
the talocrural joint, five miRNAs were down-regulated in cartilage and
eight miRNAs were up-regulated in subchondral bone, suggesting that
miRNA expression might be involved in pathways important for carti-
lage maturation.!?

17.18 suggested that a dysregulation

16,19

Studies in humans'® and mice
of miRNA in OA could play a role in disease pathogenesis, and
miRNAs have been suggested to be important for cartilage func-
tion.2%2! Moreover, miRNAs play important roles in inflammatory and

pain-related pathways in OA.2272* MIiRNA SF abundance differed

horse, microRNA, osteoarthritis, post-transcriptional gene regulation, reverse transcription
quantitative polymerase chain reaction, small RNA sequencing, synovial fluid

between early and late-stage OA in humans,?®> and in donkeys
increased abundance of miR-146b and miR-27b in SF was detected
1-3 months following induction of OA by intra-articular injection of
monoiodoacetate with abundance levels normalising in the later stage
of the experiment (month 5-7).2¢ Nevertheless, changes in SF miRNA
abundance during OA development and progression, especially in the
early disease phase, have not been described.

The aim of this study was to identify miRNAs and characterise
the temporal changes in their abundance in SF from horses with
experimentally induced OA. We hypothesised that the abundance of

miRNA would change during disease progression.

2 | MATERIALS AND METHODS
21 | Horses and study design

Nine skeletally mature Standardbred trotters (seven mares and two
geldings, 2.5-7 years, 397-528 kg) were included in this study. Prior
to inclusion, horses underwent clinical examination, lameness exami-
nation including flexion tests, radiographic imaging, haematological
and blood-biochemical analysis and arthrocentesis of their middle car-
pal joints to ensure that horses were sound and healthy.

OA was surgically induced in the left middle carpal joint, and the
right middle carpal joint underwent sham surgery as described previ-
ously* and detailed below. SF was sampled from the middle carpal
joints before, and sequentially following OA induction.

Horses were euthanised on Day 71 or 72 with an overdose
of pentobarbital sodium (140 mg/kg, Euthasol Vet, Dechra Veteri-
nary Products). One horse, Horse 5, was euthanised according
to predefined humane endpoints at Day 49, as it became lame
at the walk. Following euthanasia, samples were collected from
the joints.
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2.2 | Induction of osteoarthritis and exercise
Induction of OA was undertaken as described by Mcllwraith* with a
few modifications. Under arthroscopic guidance, an osteochondral
fragment was created in the left middle carpal joint by chiselling off a
fragment on the dorsodistal surface of the radial carpal bone using an
8 mm curved osteotome. The fragment was left adherent to the joint
capsule proximally, and an incongruent defect bed of approximately
15 mm in width was created in the exposed subchondral bone
between the fragment and radial carpal bone by drilling with an
arthroscopic burr. Debris from the procedure was left inside the joint.
Sham surgery (arthroscopy alone) was performed in the right middle
carpal joint. All portals were sutured and bandaged routinely.

From 2 weeks following OA induction and onwards, horses were
exercised 5 days a week on a treadmill: 2 min trot (4.4-5.3 m/s),
2 min fast trot/gallop (9 m/s) and 2 min trot (4.4-5.3 m/s).?”

2.3 | Samples and analysis

SF samples were obtained from both middle carpal joints prior to sur-
gery (Day 0) and 14, 17, 21, 28, 35, 42, 49, 56, 63 and 70 days follow-
ing surgery and transferred to EDTA tubes, yielding a total of
190 samples (samples from Day 63 and 70 were missing from Horse
5, and on 4 occasions [1 OA, 3 control joins] SF could not be retrieved
or sample was lost). Samples were processed within 1 h and stored at
—80°C for a maximum of 6 months before small RNA sequencing and
reverse transcription (RT) quantitative real-time PCR (gPCR) analysis

of miRNA abundance was performed.

24 | Post-mortem examination

Following euthanasia, both middle carpal joints were opened, and tissue
samples obtained from the synovial membrane and the articular cartilage
of the intermediate and third carpal bones. Tissue samples were placed
in neutral buffered 10% formalin and processed routinely for haematoxy-
lin and eosin (H&E) and safranin O (cartilage only) staining. Histological
grading of the synovial membrane and cartilage was performed using the
modified Mankin score as described by Mcllwraith et al.2® In brief, syno-
vial membrane sections were evaluated and graded for cellular infiltra-
tion, vascularity, intimal hyperplasia and subintimal oedema, where each
category was graded 0-4 and the scores were added together to achieve
a final histological score. Cartilage sections were graded for chondrocyte
necrosis, cluster formation, fibrillation/fissuring, focal cell loss and
safranin-O stain uptake, where each category was graded 0-4 and the
scores were added together to achieve a final histological score.

2.5 | Laboratory analysis

The laboratory workflow is depicted in Figure 1. Differentially abun-
dant (DA) miRNAs, that is, miRNAs whose abundance at Day 28 and/

or 70 differed from abundance on Day O, were defined as miRNAs of
interest. Subsequently, temporal abundance of these miRNAs was

analysed using RT-qPCR.

2.5.1 | RNA extraction and small RNA sequencing
SF from Horse 1 was not subjected to small RNA sequencing, as only
low volumes were available, and SF obtained from this horse was
retained for RT-gPCR only.

500 uL SF was treated with a 1 pug/uL hyaluronidase
(Hyaluronidase type IV, Sigma-Aldrich) as preciously described.!®
RNA was extracted using the miRNeasy serum/plasma Advanced Kit
(Qiagen) according to the manufacturer's instructions. Samples under-
went on-column DNase digestion with RNase free DNase sets
(Qiagen) and RNA yield was determined by spectrophotometry (Nano
Drop ND-1000 spectrophotometer, Saveen and Werner AB).

100 ng total RNA per sample were submitted for small RNA
library preparation and sequencing performed by the Centre of Geno-
mic Research, University of Liverpool as previously described'® using
the lllumina HiSeq4000 platform. One sample failed during laboratory
processing (Horse 9 Day 0), and 23 samples thus completed small
RNA sequencing.

Small RNA sequencing data was deposited in ArrayExpress
(accession E-TAB-11840).

2.5.2 | Pathway analysis

Pathway analysis of DA miRNAs identified following small RNA
sequencing was performed using Ingenuity Pathway Analysis (IPA)
(Qiagen). First, a Core Analysis was undertaken to determine the
pathways the DA miRNAs were associated with. Then potential
mRNA targets of the DE miRNAs were identified using the “Micro-
RNA Target Filter” tool in IPA and the pathways that these target
genes and their corresponding miRNAs were involved in were
identified.

2.5.3 | Microfluidic high throughput RT-gPCR
miRNAs profiled by gPCR were selected based on our small RNA
sequencing results (Table S1) and the literature for equine and
human OA. While some miRNAs were initially chosen due to their
clear relevance in OA, we opted to profile all DA miRNAs with
gPCR to ensure comprehensive validation. This approach allowed
us to capture potentially novel or underreported miRNAs that
might play critical roles in OA, to ensure that our results were
robust and exploratory.

cDNA synthesis (each sample in triple technical replicates) using
10-50 ng total RNA was performed as previously described with minor
modifications.?? cDNA was diluted 1:10 with low EDTA TE-buffer and
stored at —20°C until pre-amplification.
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FIGURE 1
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Primers were designed based on the principles described by Bal-
cells et al.,?? using miRprimerdesign3%° and synthesised by Sigma-
Aldrich (Sigma-Aldrich, Brandby, Denmark) (Table S1).

Pre-amplification, exonuclease treatment and qPCR were per-
formed as previously described.?* Samples of cDNA were pre-
amplified using a mix of all mMiRNA gPCR primer pairs included in the
subsequent gPCR. Pre-amplification cycling parameters were as fol-
lows: 95°C for 10 min followed by 24 cycles of 95°C for 15 s and
60°C for 4 min. Finally, pre-amplified exonuclease treated cDNA
was diluted 1:10 with low EDTA TE-buffer and stored at —20°C
until gPCR.

MiRNAs of interest that met DA selection criteria following
sequencing data analysis were tested in SF samples from four
horses (Horses 2, 4, 5 and 7; Figure 1). OA and control joint sam-
ples from 3 days (Day 0, Day 14 and Day 28) were initially screened
for optimal primer performance. Based on the initial screening of
melt curves, amplification curves and dilution curves 24 miRNAs
were selected for further gPCR analysis of their temporal abun-
dance in SF samples from all nine horses and all time points using
192.24 dynamic arrays (Figure 1). Data were handled by the Flui-
digm Real-Time PCR Analysis software 3.0.2 (Fluidigm) and
exported to GenEx5 MultiD (Vastra Frélunda) for data processing

as described by Brogaard et al.*!

2.6 | Data pre-processing and statistical analyses
Pathology scores of OA and control joints were compared using Wil-
coxon signed rank test analysed in R (R version 3.6.2 (2019-12-12));
p < 0.05 was considered significant.

Small RNA sequencing reads were aligned to the horse genome
(release 90, Ensemble) using Tophat version 1.2.1.32 Analysis for dif-
ferential miRNA abundance (comparisons between Days 0-28, 0-70,
28-70) was performed and miRNAs with p < 0.05, +2-fold change
and at least five reads in at least one of the time intervals were
selected for RT-gPCR validation. Only miRNA detected in all Day
0-samples by sequencing were included.

Log transformed values and fold changes generated following
small RNA sequencing of the miRNAs of interest were used for all
computational analysis, and comparisons were considered significant
atp < 0.05.

Following gPCR and data normalisation to the mean expression

of all included miRNAs data pre-processing data were transformed

from Cq into relative quantities, and the relative miRNA abundance
over time was established relative to the abundance at baseline (Day
0). Samples were scaled to 1 for each individual miRNA. During pre-
processing of the gPCR results, four out of the 24 miRNAs were
excluded due to poor assay efficiency calculated from three indepen-
dent dilutions curves. Thus, 20 miRNAs were evaluated for DA
over time.

The presence of miRNAs expression in OA and control sam-
ples was analysed, taking into account the correlation between
joints on the same horse as well as correlation over time. Relative
quantities were log transformed in order to enable a normal distri-
bution for further statistical analysis. Changes in the temporal
abundance levels of miRNAs with detectable abundance in >50%
of SF samples were analysed in SAS Enterprise Guide 7.1 (SAS
Institute Inc.) using a mixed model, with time as a factor (i.e., no
linearity over time assumed), and the two legs were allowed to
have different time paths (interaction term leg * time) and only
restricted to be equal at baseline (before OA induction). The corre-
lation structure considered the serial correlation over time for
each leg (autoregressive of first order), as well as the correlation
between legs of the same animal. Finally model fit was determined
by graphical assessment of distribution of residuals. In case of a
nonsatisfactory model fit (residuals not normally distributed), a
nonparametric method for paired data (Wilcoxon signed rank test)
was performed to compare miRNA abundance levels at selected
timepoints.

3 | RESULTS

3.1 | Histology

Synovial membrane scores at euthanasia (Table 1) showed signifi-
cantly greater cellular infiltration, intimal hyperplasia and subintimal
oedema in the OA joints compared with control joints. The final score
of the synovial membrane was significantly higher (p < 0.05) in the
OA joints (Table 1). Histological evaluation of the cartilage from
the third carpal bone (Table 1) showed significantly greater chondro-
cyte necrosis, cluster formation and focal cell loss scores in OA joints
than in control joints. Vascularity and subintimal fibrosis did not differ.
Furthermore, the final histological score of the third carpal bone was
significantly higher in OA joints than in control joints (p < 0.05)
(Figure 2, Table 1).

FIGURE 1

Overview of the experimental workflow. Synovial fluid (SF) samples were obtained from nine horses with experimentally induced

osteoarthritis (OA) in the left middle carpal joint (MCJ) using the equine carpal osteochondral fragment model of OA.* The right MCJ served as a
control joint for each horse (sham surgery). SF obtained on three sampling days from eight horses underwent small RNA sequencing. MicroRNAs
of interest, that is, those that were differentially abundant (DA) between Day 0, 28 and 70 (n = 61 miRNAs), were used for computational
analysis identifying biological function and prediction of target genes. The 61 DA miRNAs were validated through reverse transcription
quantitative polymerase chain reaction (RT-gPCR), and the temporal abundance pattern mapped by assessing abundance on Day 0, 14, 17, 21,
28, 35,42, 49, 56, 63 and 70 days after surgery. The RT-qPCR analyses were undertaken in two steps. First, the 61 miRNAs of interest were
analysed in a subset of samples from four horses, yielding 24 miRNA candidates. Second, based on the first RT-gPCR a panel of 24 miRNAs were

selected and analysed in all synovial samples obtained from all nine horses.
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TABLE 1 Histological scores (modified Mankin score scores as described by Mcilwraith et al.2) at 70 days after experimental induction of

osteoarthritis (OA) in one middle carpal joint in nine horses.

Histologic examination Outcome
Synovial membrane Cellular infiltration

Vascularity

Intimal hyperplasia

Subintimal oedema

Subintimal fibrosis

Final pathology score synovial membrane

Cartilage Chondrocyte necrosis
Third carpal bone

Chondrocyte necrosis
Intermediate carpal bone

Cluster formation
Third carpal bone

Cluster formation
Intermediate carpal bone

Fibrillation/fissuring
Third carpal bone

Fibrillation/fissuring
Intermediate carpal bone

Focal cell loss
Third carpal bone

Focal cell loss
Intermediate carpal bone

Safranin O stain uptake
Third carpal bone

SO stain uptake
Intermediate carpal bone

Final pathology score
Third carpal bone

Final pathology score
Intermediate carpal bone

Note: Control joint was the contralateral middle carpal joint, which underwent sham surgery (arthroscopy alone).

OA joint

Modified Mankin score

Control joint
Modified Mankin score

(median [range]) (median [range]) p-value
3(1-4) 1(1-3) 0.03
3(1-4) 2(1-3) 0.2
3(1-4) 1(1-2) 0.04
3(0-4) 1(0-2) 0.01
4 (2-4) 3(2-4) 0.3

15 (4-19) 8(6-12 0.02
4 (1-4) 0(0-1) 0.03
4 (0-4) 0 (0-4) 0.1
2 (2-4) 0 (0-0) 0.03
4 (1-4) 1(0-4) 0.1
1(0-3) 0(0-2) 0.3
3 (1-4) 1(0-4) >0.9
4 (1-4) 0(0-1) 0.03
4 (0-4) 1(0-4) 0.3
3(2-4) 1(0-4) 0.06
4 (3-4) 4 (0-4) 0.2

15 (7-18) 1.5 (0-5) 0.04

17 (5-20) 7 (2-16) 0.06

(A) 27 ‘»/

(B)

FIGURE 2 Histological images experimental induction of osteoarthritis (OA). Representative images from third carpal bone (haematoxylin and
eosin staining) 70 days after surgical induction of OA. (A) Articular cartilage from OA joint and (B) articular cartilage from control joint. In the OA
joint complete loss of articular cartilage is present, and fibrillating fibrocartilage has replaced the hyaline cartilage.

3.2 | Small RNA sequencing and computational
analysis

Small RNA sequencing identified 295 miRNAs in SF (Table S2). The
subsequent DA analysis revealed 61 miRNAs (Table S1), all of these

were DA on Day 28 compared with Day 0. On Day 70, none of the
identified miRNAs were DA compared with Day O or 28.

IPA of the 61 DA miRNAs were input into a Core Analysis. The
most substantial biological functions with significant activation z-scores
were apoptosis (p = 1.31E—6; z= —1.6, Figure 3A) and necrosis
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(p = 0.006; z= —1.8, Figure 3A), both predicted to be inhibited; cell
proliferation (p = 1.5E—11; z= 2.1, Figure 3B) and cell invasion
(p = 3.8E-8; z = 1.5, Figure 3C), both predicted to be increased. Addi-
tionally, 16 miRNAs were associated with fibrosis (p = 1.4E—13).

Using the “MicroRNA Target Filter” tool in IPA we identified
mRNA targets for 39 of the 61 miRNAs. 404 putative protein coding
genes were predicted to be regulated by these miRNAs. We then input
this network of miRNAs and their mRNA targets back into IPA for a
Core Analysis. The main upstream regulators for these mRNAs were
predicted to be tumour necrosis factor (TNF) (p = 1.17E—113), beta-
oestradiol (p = 1.17E—108), transforming growth factor beta 1 (TGFB1)
(p = 2.75E—108) and interleukin 1 beta (IL1B) (p = 5.23E—92).

3.3 | Microfluidic high-throughput RT-qPCR

Microfluidic gPCR was able to identify 20 out of 61 DA miRNAs: let-7c,
let 7d-5p, let 7e, let 7f, miRNA-23a, miRNA-27b, miRNA-30d, miRNA-
98, miRNA-101, miRNA-125a-3p, miRNA-139-5p, miRNA-148b-5p,

Prediction Legend

more extreme in dataset less
. Increased measurement ()

() Decreased measurement

identified in synovial fluid from horses
with experimentally induced
osteoarthritis. The most substantial
biological functions identified were

(A) apoptosis and necrosis, both of which
were predicted to be decreased, (B) cell
proliferation and (C) cell invasion, with the
latter two predicted to be increased. Key
to the main features in the networks is
shown. Image made in Ingenuity Pathway
Analysis.

more confidence less
. Predicted activation

@  rredicted inhibition
conosts cf messuement @ @
Predicted Relationships
Leads to activation

s L €ads to inhibition

Findings inconsistent
with state of downstream
molecule

s Effect not predicted

miRNA-151-5p, miRNA-155-5p, miRNA-196b-5p, miRNA-199b-
3p, miRNA-200a, miRNA-409-3p, miRNA-499-5p and miRNA-1839.

Twenty of these miRNAs were detectable in 4%-71% of the SF
samples (Table 2). In total, 190 SF samples obtained from nine horses
at 11 time points 0-70 days after experimental induction of OA
(96 samples from OA joints, 94 samples from sham operated control
joints) were included in the table.

MiRNA-199b-3p, miRNA-139-5p, miRNA-151-5p and miRNA-
1839 were detectable in more than 50% (54.7%-71.1%) of samples
(Table 2), and the temporal changes were analysed further
(Figure 4). A statistical mixed model analysis revealed that miRNA-
199b-3p was significantly higher in OA joints (Figure 4A), however
the model fit was not completely satisfactory, and significance was
lost following a confirmatory nonparametric test. MiRNA-98 and
miRNA-30d were detected more frequently in OA samples,
whereas miRNA-139-5p and miRNA-125-3p were detected signifi-
cantly more frequently in the control samples (Table 2). MiRNA-98,
miRNA-30d and miRNA-125-3p were detected in less than 50% of
the samples, but differing significantly between OA and control
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TABLE 2 MicroRNAs (miRNAs) detectable in synovial fluid samples obtained from nine horses with experimentally induced

osteoarthritis (OA).
Overall number (%) of Number (%) of OA
samples with detectable samples with detectable

MicroRNA abundance abundance
miRNA-148b-5p 59 (31.05) 26 (27.08)
miRNA-499-5p 8(4.21) 8(8.51)
miRNA-199b-3p 135 (71.05) 75 (78.13)
miRNA-155-5p 15 (7.89) 7 (7.29)
miRNA-151-5p 104 (54.74) 58 (60.42)
let-7d-5p 93 (48.95) 56 (58.33)
let-7e 93 (48.95) 54 (56.25)
let-7c 89 (46.84) 51(53.13)
miRNA-1839 108 (56.84) 50 (52.08)
let-7f 78 (41.05) 48 (50.00)
miRNA-139-5p 124 (65.26) 47 (48.96)
miRNA-23a 64 (33.68) 46 (47.92)
miRNA-30d 68 (35.79) 42 (43.75)
miRNA-98 51 (26.84) 34 (35.42)
miRNA-125a-3p 65 (34.21) 23 (23.96)
miRNA-200a 28 (14.74) 19 (19.79)
miRNA-27b 54 (28.42) 19 (19.79)
miRNA-196b-5p 53 (27.89) 18 (18.75)
miRNA-101 29 (15.26) 16 (16.67)
miRNA-409-3p 45 (23.68) 15 (15.63)

p-value (difference
between OA and

Number (%) of control
samples with detectable

abundance control)
33(35.11) 0.3
0(0.00) -
60 (63.83) 0.07
8(8.51) 0.8
46 (48.95) 0.2
37 (39.36) 0.08
39 (41.49) 0.2
38 (40.43) 0.3
58 (61.70) 0.33
30(31,91) 0.1
77 (81.91) 0.002
18 (19.15) 0.06
26 (27.66) 0.05
17 (18.09) 0.03
42 (44.68) 0.02
9(9.57) 0.2
35(37.23) 0.1
35 (37.23) 0.1
13(13.83) 0.6
30(31.91) 0.1

Note: MicroRNAs with detectable abundance in more than 50% of all samples are highlighted in bold.

joints. The temporal patterns of miRNA-98, miRNA-30d and
miRNA-125-3p are shown in Figure S1.

4 | DISCUSSION

This study was the first to identify and map temporal miRNA
abundance patterns in equine SF during the development of
OA. Histological evaluation revealed significant cartilage degrada-
tion and synovial membrane inflammation in OA joints, confirming
the development of OA in our model.* Small RNA sequencing dem-
onstrated 61 DA miRNAs in equine SF at Day 28 compared with
Day 0. In contrast, no miRNAs were DA in late-stage OA (Day 70),
similar to previous findings in humans®3 and donkeys,?® where miR-
NAs were found to be expressed in the early stages of OA. This
early change in miRNA abundance (Day 28) was partly confirmed
using RT-gPCR. We showed sustained alterations in miRNA abun-
dance from Day 14 and onwards, thus suggesting that these
changes were associated with OA development and not with the
arthroscopic procedure alone. The equine carpal chip model specifi-
cally models the post-traumatic phenotype of OA, and as such,
every event from carpal chipping to erosion of joint cartilage is con-

sidered part of the disease pathogenesis.

The abundance of 20 miRNAs was detected by RT-gPCR, and
three miRNAs (miRNA-199b-3b, miRNA-139-5p and miRNA-1839)
were consistently more abundant in SF isolated from OA joints than
in control joints (Figure 4A,C,D). There is no consensus regarding
miRNA up- and down-regulation patterns in joint disease. Previous
studies in equidae and humans identified a variety of miRNAs isolated
from plasma,®* serum,?635 SF131416.2526 4nd articular tissues from
OA-affected individuals.243” The most consistently identified miRNAs
in previous studies were miRNA-146a, miRNA-155, and let-7

family’35,37740

and these miRNAs may be associated with increased
apoptosis, increased production of pro-inflammatory cytokines and
pain modulation in OA.22#1743 These miRNAs were also DA in SF in
our small RNA sequencing data. Further, by using gPCR we were able
to assess abundance of let-7c let-7d, let-7e and let-7f in 41.1%-
49.0% of the SF samples. Abundance of miRNA-155 was found in less
than 10% of the SF samples, whereas miRNA-146a was below the
limits of detection using gPCR. The difference between our findings
and those of previous studies and the inability to detect these latter
two miRNAs in our study could be explained by several factors. These
include differences in sample material, species, sex, disease duration,
severity and stage and different phenotypes of OA. This underpins
the complexity of identifying and validating miRNA biomarker candi-
dates. Other studies have failed to identify significant changes in
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FIGURE 4 Temporal abundance of four microRNAs (miRNA). These were present in >50% of synovial fluid samples obtained from nine
horses with experimentally induced osteoarthritis (OA), (A) miRNA-199b-3b, (B) miRNA-151-5p, (C) miRNA-139-5p and (D) miRNA-1839.
Sham operated (arthroscopy alone) joints served as controls. Mean relative abundance +SEM (error bars are depicted). Image made in

Prism (GraphPad).

miRNA in OA. Serum miRNAs were not associated with cartilage
damage in early post-traumatic OA in a mouse model'” or in human
patients with anterior cruciate ligament injury.** Interestingly, we
recently identified an upregulation of miRNA-146a expression
(as well as expression of miRNA-150 and miRNA-409-3p) in articu-
lar cartilage from horses with experimental OA,%” and the relation-
ship between tissue and secreted miRNA species thus warrants
further exploration.

In our study miRNA-199b-3b was detectable in more than 70%
of SF samples and elevated in OA SF (Figure 4A). MiRNA-199 was
identified following sequencing by Ali et al.,*>®> where miRNA-199a-
3b was one out of 11 known and novel miRNAs that were DA in
plasma from patients with early OA. MiRNA-199 is present in chon-
drocytes, and regulates cyclooxygenase 2 expression*® and chon-
drocyte ageing.*®

Another of the four most abundant miRNAs in this study was
miRNA-139-5p. Interestingly, this miRNA was detected in a signifi-
cantly higher number of control joints samples, but levels were higher
in SF from OA joints, corresponding to results from a recent study on
experimentally induced OA in horses, where expression levels were
higher in articular cartilage with a high pathological score.>” The sig-

nificance of a dose-response relationship between miRNA and

pathophysiological events remains to be elucidated, and it is thus cur-
rently unclear how the amount of miRNA present affects tissue
responses. A previous study suggested that miRNA-139 may be
involved in OA pathogenesis, as it was up-regulated in human OA car-
tilage.*” MiR-139 is involved in pathophysiological processes related
to OA, as it inhibited chondrocyte proliferation and migration*” and
induced apoptosis in chondrocytes from humans with OA.*8
Chondrocyte death and thereby degradation of the extracellular
matrix cause destruction of the articular cartilage,49 and cell death
and apoptosis are increased in OA cartilage.*® Interestingly, pathway
analysis of the 61 DA miRNAs identified in our study suggested
decreased apoptosis and necrosis in the early phase of OA develop-
ment. This was surprising, as previous research demonstrated an asso-
ciation between cartilage degradation and increased chondrocyte
apoptosis and necrosis.’®>* MiRNAs including miR-146a can target
and downregulate pro-apoptotic genes, thus reducing apoptosis in
joint tissues. This miRNA is often up-regulated in OA and can inhibit
inflammatory responses by targeting signalling molecules such as TNF
Receptor-Associated Factor 6 and 1 Interleukin-1 Receptor-
Associated Kinase 1, involved in the NF-kB pathway. This modulation
may lead to reduced apoptosis in chondrocytes and synovial cells.

Furthermore, miRNAs may influence necrosis-related pathways by
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affecting genes involved in cellular stress responses or autophagy; for
example miR-155 in our data. MiR-155 targets proteins involved in
the regulation of necroptosis potentially reducing necrotic cell death
in OA. Some miRNAs have anti-inflammatory roles, which could
indirectly decrease cell death. For instance, miRNAs that suppress
the expression of pro-inflammatory cytokines may reduce
inflammation-driven cell death pathways, both apoptotic and
necrotic. We hypothesise that in OA, the expression profiles of
altered SF miRNAs reflects an adaptive response to joint stress.
This altered expression could result in the down-regulation of pro-
apoptotic or pro-necrotic miRNAs, promoting cell survival in a
degraded joint environment.

Together with the increased cell infiltration and proliferation,
our pathway analyses indicated that the SF-derived miRNAs could
be associated with repair mechanisms or counteract cell and tissue
degradation in the very early phase of OA. Moreover, predicted
target genes were involved in the inflammatory processes, includ-
ing TNFa, TGFp1 and IL-1p important in OA pathogenesis.>® The
pro-inflammatory cytokines TNFa and IL-1p are key drivers of
inflammatory processes and initiators of cartilage degradation.>?°2
Increased concentrations of TNFa and IL-1p were found in SF
from horses with traumatic OA>* and in articular tissues from
horses with naturally occurring carpal OA.>> Thus, miRNAs may be
important factors in fine tuning cytokine expression during OA in
order to ensure the robust regulation of pro-inflammatory gene
expression.

This study had several limitations. First, profiling of miRNA in
cell-free biological fluids is challenging due to the low abundance
of miRNA. This had a significant impact on the results of the pre-
sent study, in which miRNA abundance failed to reach the limits of
detection in several of the samples. These are known as ‘missing
values’ which complicate statistical analyses through their influ-
ence on model fit and the assumption of normal distribution. In
addition, it was difficult to know if the values missing were due to
a biological effect (truly not there) or due to depth of sequencing.
Indeed, confirming results with nonparametric analyses resulted in
loss of significance. Second, as we were interested in temporal
changes, the power was low in terms of the number of horses used
in the study. We did not perform a sample size calculation. Sample
size affects reproducibility in miRNA biomarkers studies when
using sensitive high-throughput screening techniques. A small
sample size increases the risk of false negative results and true
biomarker candidates may be missed.>® Third, the platform used
can influence the results.>” Using small RNA sequencing, we were
able to detect miRNA present in equine SF without prior knowl-
edge of transcript information. Small RNA sequencing reproduc-
ibility can vary due to the complexity of this platform.>” Validation
of small RNA sequencing data using RT-qPCR increases the
robustness of the results. This would ideally be undertaken in an
independent cohort, challenging in large animal studies. A fourth,
nontechnical limitation of the study pertains to the animal model
used. OA is a heterogenic disease with distinct phenotypes. In

humans, several OA phenotypes have been described, including

inflammatory, hormonal, genetic, post-traumatic and metabolic
phenotypes.’® While the equine carpal osteochondral fragment
model does not encompass all pathophysiological aspects of these
phenotypes, the model offers a controlled setup with known time
of onset and a singular cause of OA, which facilitates studies
aimed at studying early temporal disease progression. A great
advantage of the model is that the size of the equine middle carpal
joint permits repeated sampling over time, thus limiting use of
experimental animals and permitting assessment of temporal
changes. Finally we did not correct the p-values for multiple com-
parisons in the assessment of DA miRNAs between the three time-
points in the RNAseq analysis. This was because we used this as
an interim screening step to decide which miRNAs to include in
our final, confirmatory, quantitative RT-gPCR analysis that served
as a validation of the RNAseq results.

Further mechanistic studies of the miRNAs identified in this study
are required to uncover the roles of miRNA-199b-3p, miRNA-139-5p,
mMiRNA-151-5p and miRNA-1839 in the pathogenesis of OA and vali-
date their biological function and biomarker potential.

5 | CONCLUSION

This is the first equine study mapping temporal abundance patterns
of miRNAs in SF during OA initiation and progression. The abundance
of mMiRNA-199b-3p, miRNA-139-5p, miRNA-151-5p and miRNA-
1839 were detectable in the majority of the SF samples, and their
abundance in OA joints was elevated from Day 14 and throughout
the study period. Computational analyses revealed potential biological
pathways and target genes that could be relevant to OA pathogenesis
in horses.
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