Pre prints.org

Article Not peer-reviewed version

Synovial Fluid and Serum MicroRNA
Signatures in Equine Osteoarthritis

Catarina |. G. D. Castanheira , Sarah Taylor , Eva Skidldebrand , Luis M. Rubio-Martinez , Matthias Hackl ,
Peter D. Clegg , Mandy J. Peffers .

Posted Date: 22 October 2025
doi: 10.20944/preprints202510.1668.v1

Keywords: biomarkers; equine; microRNA; osteoarthritis; serum; small RNA sequencing; synovial fluid

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4246620
https://sciprofiles.com/profile/1518720
https://sciprofiles.com/profile/4827817
https://sciprofiles.com/profile/4244913

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 October 2025 d0i:10.20944/preprints202510.1668.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Synovial Fluid and Serum MicroRNA Signatures in
Equine Osteoarthritis

Catarina I. G. D. Castanheira !, Sarah Taylor 2, Eva Skiéldebrand 3, Luis M. Rubio-Martinez ¢,
Matthias Hackl 5, Peter D. Clegg ! and Mandy J. Peffers »*

Institute of Life Course and Medical Sciences, University of Liverpool, Liverpool L7 8TX, UK

The Royal (Dick) Sch. of Vet., Studies and The Roslin Inst., Univ. of Edinburgh, Edinburgh, United Kingdom
Swedish University of Agricultural Sciences, Uppsala, Sweden

Sussex Equine Hospital, Billingshurst Road, Ashington, West Sussex, RH20 3BB

TAmiRNA GmbH, 1110 Vienna, Austria

Correspondence: peffers@liverpool.ac.uk

¥ 9o W N =

Abstract

The aim of this study was to identify differentially expressed microRNAs (miRNAs) in serum and
synovial fluid (SF) samples of control horses and those with osteoarthritis (OA), to identify potential
candidates for biomarkers of disease. Total RN A was extracted from serum and SF samples of control
(n=4) and OA (n=9) horses, and sequenced. Differential expression analysis, pathway analysis and
miRNA target prediction were performed. A group of six miRNAs (eca-miR-199a-3p, eca-miR-148a,
eca-miR-99b, eca-miR-146a, eca-miR-423-5p and eca-miR-23b) were selected for validation in an
independent cohort (serum, n=46; SF, n=88). The effect of clinical variables on miRNA expression was
also assessed. Sequencing analyses found 43 and 23 differentially expressed miRNAs in serum and
SF samples, respectively. Pathway analysis showed miRNA were involved in inflammatory
disease/response and associated with OA pathways. miRNA expression in serum was strongly
associated with the horses” workload, while age had a pronounced influence on miRNA expression
in SF. Distinct patterns of miRNA differential expression were observed in serum and SF samples
from horses with OA compared to controls. miR-199a-3p and miR-148a warrant further investigation
as potential biomarkers of equine OA. Further characterization of these molecular changes could
provide novel insights into the mechanisms of early OA.

Keywords: biomarkers; equine; microRNA; osteoarthritis; serum; small RNA sequencing; synovial
fluid

1. Introduction

Genetic research has long put RNA at the center of the field of molecular biology, yet the
importance of the regulatory functions of non-coding RNAs for organismal development has only
been brought to light in the past two decades [1]. The transcriptional landscape is comprised of
several RNA classes with varying functions and is broadly separated into coding RNAs, long non-
coding RNAs (IncRNAs) and small non-coding RNAs (sncRNAs). The sncRNA group includes
transfer RNAs (tRNAs), which are involved in protein translation; small nuclear RNAs (snRNAs),
which are involved in splicing events; small nucleolar RNAs (snoRNAs), which are mainly involved
in the modification of other RNAs; and short regulatory non-coding RNAs, such as piwi-associated
RNAs (piRNAs), small interfering RNAs (siRNAs) and microRNAs (miRNAs), which regulate gene
expression [2]. Among these, the miRNA class is the best characterized. These evolutionarily
conserved molecules are on average 22 nucleotides in length and participate in the post-
transcriptional regulation of genes [3]. miRNAs target messenger RNAs (mRNAs) and generally
repress their translation or promote mRNA decay [3]. On rare occasions, miRNAs can also increase
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the expression of specific mRNAs [4]. miRNAs are important contributors to many biological
functions including cell differentiation, embryogenesis, metabolism and organogenesis. Of particular
relevance is their contribution to intercellular communication [3] — miRNAs influence multiple
physiological and pathophysiological processes, and their expression can be altered as a result of
cellular damage and tissue injury [5]. Therefore, miRNA “signatures” can be detected both in
damaged tissues and in the circulation in biofluids, including blood or synovial fluid (SF) [5]. This,
along with the fact that they are remarkably stable in the circulation, makes miRNAs prime
candidates for use as non-invasive biomarkers in molecular diagnostics of disease [5].

The inability to detect pre-clinical changes in osteoarthritis (OA) is one of the main barriers to
the development of effective therapies against this disease. OA is one of the most common causes of
lameness in horses, and a significant welfare concern due to pain and disability [6,7]. Currently, when
a clinical diagnosis of OA is reached, the changes that have occurred in the joints are generally
advanced and irreversible, often leading to early retirement, and can lead to euthanasia of these
animals. Therefore, developing a technique that allows for early diagnosis and intervention is a major
goal of OA research [8]. miRNAs are promising candidates in the search for diagnostic biomarkers
of OA and have been extensively investigated in human studies [8]. Previous work has demonstrated
that miRNAs are involved in the regulation of cell apoptosis, inflammation and chondrocyte
homeostasis and metabolism, displaying protective or destructive roles, and sometimes both [9].
Furthermore, researchers have investigated the levels of circulating miRNAs in OA patients and
found differentially expressed molecules with potential clinical use as biomarkers of disease, and as
predictors of OA severity [10,11]. For example, miR-140-3p, miR-33b-3p and miR-671-3p, which are
downregulated in the articular cartilage of human OA patients compared with healthy patients, were
also found to be downregulated in the serum of these OA patients, showing potential as diagnostic
tools [12]. Another example is miR-378a-5p, which is commonly detectable in SF in late-stage OA and
mostly undetectable early-stage OA, showing a potential for disease stratification [13]. Additionally,
our group previously found a pattern of differentially expressed sncRNAs in equine OA SF linked to
OA pathogenesis, which included miR-23b, let-7a-2 and miR-223 [14].

The objective of the present study was to identify differentially expressed miRNAs in equine
serum and SF which have potential as biomarkers of OA. For this, we used a small RNA sequencing
approach to investigate the miRNA profile of matched (i.e., from the same horse) equine serum and
SF in OA. Additionally, we used bioinformatic tools to explore associated pathways and potential
mRNA targets. Finally, we validated our findings in a larger, independent cohort and assessed the
influence of different clinical variables on the expression of a selected group of miRNAs.

2. Results

This study was carried out in two stages — an exploration stage and a validation stage, which are
summarized in Figure 1.
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Figure 1. Overview of methodology.

2.1. Exploration Stage
2.1.1. Sample and Group Characterization

A total of 13 matched samples of serum and SF (OA, n=9; Control, n=4) were collected for
sequencing (Table 1). The horses” age and proportion of neutered males/females was similar among
groups (p=0.605 and p=0.500, respectively), however the absolute number of neutered males included
in the entire sequencing cohort was double of that of females (n=8 and n=4, respectively). Most SF
samples were collected from carpal joints. For most horses with available data in the OA group (60%),
OA was classified as mild; details on sample classification are described in the methods.

Table 1. Demographics and clinical characteristics of the sequencing cohort, stratified by group.

Control OA
(N=4) (N=9)

Collection site, n (%)
Abattoir! 4 (100) 5 (55.5)
Hospital? 0 4 (44.4)
Age, years
n 3 9
Mean (SD) 6.3 (7.5) 6.6 (3.5)
Min; Max 2;15 2;14
Missing 1 0
Sex, n (%)
n 3 9
Female 2 (66.7) 2 (22.2)
Neutered male 1(33.3) 7 (77.8)
Missing 1 0
Breed, n (%)
n 3 8
Arab 1(33.3) 0
Friesian 0 1(12.5)
Standardbred 1(33.3) 1(12.5)
Swedish Warmblood 4 (50.0)
Thoroughbred 0 2 (25.0)
Missing 1 1

Occupation, n (%)
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n 3 8
Racing 3 (100) 8 (100.0)
Missing 1 1
OA severity, n (%)?

n 4 5
Control 4 (100.0) 0
Mild 0 3 (60.0)
Moderate 0 1 (20.0)
Severe 0 1(20.0)
Missing 0 4
SF collection site, n (%)

n 4 9
Carpal 4 (100.0) 6 (66.7)
Metacarpophalangeal 0 3(33.3)

Percentages were calculated based on the number of samples with available data for the corresponding
characteristic. ! Samples collected post-mortem. 2Samples collected during lameness examination. 3
Classification of OA severity was performed as previously described by Skidldebrand et al [15]. SD, standard

deviation.

2.1.2. Data Overview

The total number of reads varied between 37 to 45 million following spike-in exclusion (Figure
2). The number of reads were similar for both serum and SF, with serum samples averaging 48 million
reads/sample and SF samples averaging 47 million reads/sample. Several different types of RNA
molecules were identified including yRNA, snoRNA, snRNA, messenger RNA (mRNA), IncRNA,
ribosomal RNA (rRNA), tRNA and miRNA (Figure 2). The relative abundance of miRNAs varied
between 0.04-57.03% in serum and 0.03-33.64% in SF (Figure S1). The tRNA class had the highest
mean percentage of relative reads in both serum (34.54%) and SF (49.31%).
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Figure 2. Absolute reads composition of samples in the sequencing cohort. Bar colors represent different RNA
types, and labels with lower opacity correspond to RNA types that were not identified in this dataset. Each bar
represents a different sample. QC, quality control; scRNA, small conditional RNA.
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A total of 308 miRNAs were identified in all samples, with 298 identified in serum and 203 in
SF. Figure S2 shows the distribution of the number of miRNA molecules per group and per sample
type. Briefly, 105 miRNAs were unique to serum, of which 73 were exclusive to OA samples. A total
of 10 miRNAs were uniquely identified in SF, all of which were exclusive to the OA group. An
additional group of 28 miRNAs were exclusively present in OA samples and detected in both SF and
serum.

A heatmap was built on reads per million (RPM) normalized and scaled reads using the unit
variance method for visualization in heatmaps (Figure 3A). Principal component analyses (PCA) was
performed using RPM normalized miRNA reads, which were scaled using unit variance. Principal
components (PCs) were calculated using singular value decomposition with imputation (Figure 3B).

Serum
2
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PC2(12.3%)

SF
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.
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.ol

10 L]
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Figure 3. Heatmap (A) and PCA plots (B) of normalized and scaled miRNA reads. Ellipses in the PCA plots
represent a confidence level of 0.95. Images were created with R v3.6 and the packages pheatmap v1.0.12,

pcaMethods v1.78 and genefilter v1.68. CS, clinical samples; PM, post-mortem.

2.1.3. Differential Expression Analysis

For serum, a total of 300 miRNAs were analyzed and 43 were found to be significantly different
between the OA and Control groups (p<0.05; Table 2). Of these, 15 were also differentially expressed
at a false discovery rate (FDR)-adjusted p<0.05. For SF, a total of 203 miRNAs were analyzed and 23
of these were significantly different between the OA and Control groups (p<0.05; Table 2). Of these,
seven were also differentially expressed at an FDR-adjusted p<0.05.

Of the differentially expressed miRNAs, nine were common for serum and SF: eca-miR-1291a,
eca-miR-148a, eca-miR-1892, eca-miR-199a-3p, eca-miR-199b-3p, eca-miR-206, eca-miR-23b, eca-miR-
27b and eca-miR-423-5p. Fold changes (FC) values for each of the molecules highlight the similar
directionality of change for most miRNAs in both sample type, except for eca-miR-206 and eca-miR-
27b (Table 2).

Table 2. Differentially expressed miRNAs between Control and OA samples, in serum and SF.

miRNA logFC! p-value FDR Significance
Serum
eca-miR-9048 -8.74 <0.0001 0.0164 Decreased in OA
eca-miR-143 4.09 0.0001 0.0164 Increased in OA
eca-miR-25 1.99 0.0002 0.0164 Increased in OA
eca-miR-146a 2.67 0.0004 0.0242 Increased in OA
eca-miR-1291a -7.35 0.0007 0.0242 Decreased in OA
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eca-miR-8986b -7.35 0.0007 0.0242 Decreased in OA
eca-miR-1892 -7.26 0.0008 0.0242 Decreased in OA
eca-miR-8954 -7.26 0.0008 0.0242 Decreased in OA
eca-miR-330 -6.93 0.0008 0.0242 Decreased in OA
eca-miR-490-3p -7.47 0.0008 0.0242 Decreased in OA
eca-miR-191a 1.76 0.0010 0.0255 Increased in OA
eca-miR-345-5p -6.91 0.0010 0.0255 Decreased in OA
eca-miR-16 2.24 0.0014 0.0296 Increased in OA
eca-miR-133a 3.80 0.0014 0.0296 Increased in OA
eca-miR-223 4.32 0.0022 0.0446 Increased in OA
eca-miR-129b-3p -5.60 0.0033 0.0580 Decreased in OA
eca-miR-8951 -5.60 0.0033 0.0580 Decreased in OA
eca-miR-199a-3p 2.15 0.0038 0.0597 Increased in OA
eca-miR-199b-3p 2.15 0.0038 0.0597 Increased in OA
eca-miR-483 -5.01 0.0049 0.0729 Decreased in OA
eca-miR-142-5p 1.69 0.0065 0.0935 Increased in OA
eca-miR-15a 3.61 0.0076 0.1032 Increased in OA
eca-miR-148a 1.63 0.0087 0.1094 Increased in OA
eca-miR-423-5p -1.06 0.0088 0.1094 Decreased in OA
eca-miR-23b -1.56 0.0106 0.1271 Decreased in OA
eca-miR-93 1.77 0.0112 0.1287 Increased in OA
eca-miR-744 2.64 0.0122 0.1351 Increased in OA
eca-miR-130a 3.42 0.0132 0.1410 Increased in OA
eca-miR-8992 -3.88 0.0143 0.1444 Decreased in OA
eca-miR-8977 -5.19 0.0144 0.1444 Decreased in OA
eca-miR-423-3p -1.12 0.0217 0.2064 Decreased in OA
eca-miR-206 3.59 0.0221 0.2064 Increased in OA
eca-miR-194 2.59 0.0227 0.2064 Increased in OA
eca-miR-1 4.53 0.0235 0.2077 Increased in OA
eca-let-7f -1.31 0.0278 0.2358 Decreased in OA
eca-miR-30e 1.84 0.0283 0.2358 Increased in OA
eca-miR-98 -1.88 0.0292 0.2371 Decreased in OA
eca-miR-340-5p 2.30 0.0312 0.2464 Increased in OA
eca-miR-140-3p 4.07 0.0323 0.2482 Increased in OA
eca-miR-23a -1.24 0.0340 0.2547 Decreased in OA
eca-miR-27b 1.55 0.0470 0.3437 Increased in OA
eca-miR-2483 3.24 0.0492 0.3465 Increased in OA
eca-miR-7177b 8.21 0.0497 0.3465 Increased in OA
Synovial Fluid

eca-miR-324-5p -6.66 <0.0001 <0.0001 Decreased in OA
eca-miR-296 -5.98 <0.0001 0.0002 Decreased in OA
eca-miR-615-5p -9.25 0.0001 0.0072 Decreased in OA
eca-miR-671-3p -4.69 0.0004 0.0187 Decreased in OA
eca-miR-27a -4.42 0.0005 0.0187 Decreased in OA
eca-miR-184 -4.47 0.0006 0.0187 Decreased in OA
eca-miR-1291a -9.55 0.0006 0.0187 Decreased in OA
eca-miR-148a 2.45 0.0026 0.0646 Increased in OA
eca-miR-423-5p -1.90 0.0032 0.0646 Decreased in OA
eca-miR-23b -3.04 0.0032 0.0646 Decreased in OA
eca-miR-598 -7.76 0.0059 0.1090 Decreased in OA
eca-miR-206 -7.24 0.0075 0.1270 Decreased in OA
eca-miR-199a-3p 1.63 0.0122 0.1770 Increased in OA
eca-miR-199b-3p 1.63 0.0122 0.1770 Increased in OA
eca-miR-31 -6.76 0.0149 0.1950 Decreased in OA
eca-miR-92b -2.66 0.0153 0.1950 Decreased in OA
eca-miR-99a 4.81 0.0169 0.2020 Increased in OA
eca-miR-1892 -6.60 0.0360 0.3930 Decreased in OA
eca-miR-10b 0.89 0.0368 0.3930 Increased in OA
eca-miR-27b -2.15 0.0437 0.4350 Decreased in OA
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eca-miR-151-5p 10.72 0.0465 0.4350 Increased in OA
eca-miR-342-5p 10.82 0.0480 0.4350 Increased in OA
eca-miR-211 10.67 0.0495 0.4350 Increased in OA

A negative logFC corresponds to decreased miRNA expression in the OA group compared with the Control
group. logFC, log fold change.

2.1.4. Target Prediction and Pathway Analysis

Target prediction revealed 104 experimentally validated targets for 22 of the 66 differentially
expressed miRNAs found in serum and SF. IPA Core Analysis of the combined list (interactome) of
differentially expressed miRNAs and miRNA targets revealed involvement of inflammatory disease
(p<4.79x10?) and inflammatory response (p<4.49x10-2). The top two canonical pathways associated
with these molecules were “Ribonucleotide Reductase Signaling Pathway” (p=2.96x10, with 1.2%
overlap [2/170 molecules]) and “Role of chondrocytes in Rheumatoid Arthritis Signaling Pathway”
(p=2.20x10"!, with 0.7% overlap [1/141 molecules], Figure S3). Figure 4 shows some of the diseases
and functions predicted to be associated with the differentially expressed miRNAs, including
osteoarthritis (p=2.93x10-%), rheumatic disease (p=8.11x107), atrophy of skeletal muscle (p=9.45x1073),
maturation of chondrocyte cell lines (p=6.14x10-), apoptosis (p=2.23x10) and fibrosis (p=5.25x10-%),
as well as the specific miRNAs associated with them.

Disease

Atrophy of skeletal | Osteoarthritis Funetion

Mature microRNA

Inflammation of joint

miR-23a/b
Maturation of chondrocyte cell lines
miR-30e Rheumatic Disease
miR-423-5p miffz211 miR-16
miR-93
miR-143 5
miR-92b
G ooy miR-142-5p
miR-130a
miR-27a
miR-194 Fibrosis
miR-99a
miR-140-3p
miR-10b
miR-184 .
miR433a  MRHaS-3p

Figure 4. Selected list of diseases and functions predicted to be associated to the differentially expressed miRNAs
in either serum or SF.miRNAs are represented in blue and predicted cellular functions and diseases are
represented in grey. Dashed lines represent the relationships between the molecules and predicted functions.
Image made in IPA.

2.1.5. Selection of miRNAs for Validation

Six miRNAs were selected for further validation using the criteria described in the Methods.
These were eca-miR-199a-3p, eca-miR-148a, eca-miR-99b and eca-miR-146a, which were increased in
the OA group compared with the Control group; and eca-miR-423-5p and eca-miR-23b, which were
decreased in the OA group compared with the Control group (Table 2; Figure 5).
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Figure 5. Expression (CPM) of selected miRNAs in the (A) serum and (B) SF sequencing cohorts. Box plots show
the interquartile data range as box boundaries, with error bars showing the minimum and maximum data range,
and the horizontal line showing the median. Images were made using GraphPad Prism version 8.0 for Windows.

CPM, counts per million.

2.2. Validation Stage
2.2.1. Sample and Group Characterization

To estimate the required sample size for miRNA validation, a sample size calculation was
performed in R using the package pwr v1.3-0, with results indicating a total of 46 serum samples
(Control, n=23; OA, n=23) and 88 SF samples (Control, n=44; OA, n=44). These samples were collected,
and the horses” demographics and clinical characteristics for the validation cohort, by group and by
sample type, are in Table 3.

For serum samples, there were no significant differences in mean age or sex between the Control
and OA groups (p=0.6582 and p=0.2603, respectively). Most horses had a body condition score (BCS)
of 5 in both groups; however, BCS was only assessed in nine OA horses. BCS, breed and occupation
were reported descriptively but not statistically compared because the sample numbers for some of
the categories were too low. Of note, there were more racing horses in the OA group than horses of
any other occupation (9 out of 18 with available information); in contrast, there were no racing horses
in the Control group. The horses’ level of work was significantly different between the Control and
OA groups (p=0.0214). In the Control group, 52.2% of horses were described as a work level of 1 (light
work) compared with 22.2% in the OA group. In contrast, 56.6% of horses in the OA group were
described as a work level of 3 (intense work) compared with 8.7% of horses in the Control group.
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For SF samples, mean age (SD) was significantly higher in the OA vs Control group (15.7 [6.7]

vs 10.2 [6.8] years, respectively; p=0.0003). The proportion of females and neutered males was

significantly different among groups (p=0.0227), with the OA group presenting a higher proportion

of neutered males vs females (69.2% vs 30.8%, respectively) and the Control group having a lower

proportion of neutered males vs females (32.0% vs 68.0%, respectively). As with the serum samples,

breed distribution was described descriptively; however, the sample sizes for certain categories were

insufficient for meaningful statistical analysis. Of note, there were more Thoroughbred horses in each

group than horses of any other breed (Control, n=7; OA, n=9). Mean joint macroscopic score was
higher for the OA vs Control group (3.4 + 1.2 vs 0.5 + 0.5, p<0.0001); similarly, mean articular cartilage
microscopic score was higher for the OA vs Control group (5.0 + 2.0 vs 3.2 + 1.7, p=0.015).

Table 3. Demographics and clinical characteristics of the validation cohort, stratified by sample type and

group.
Serum SF
Control OA Control OA
(N=23) (N=23) (N=44) (N=44)
Collection site, n (%)
Abattoir! 0 0 39 (88.6) 40 (90.9)
Hospital/Clinic? 23 (100) 23 (100) 5(11.4) 49.1)
A 23 (100) 9(39.1) 0 0
B 0 5(21.7) 5 (100) 4 (100)
C 0 9(39.1) 0 0
Age, years
n 23 9 41 41
Mean (SD) 9.8 (4.2) 11.1 (5.4) 10.2 (6.8) 15.7 (6.7)
Min; Max 3; 18 4;23 2;20 3;25
Missing 0 14 3 3
p-value 0.65821 0.0003!
Sex, n (%)
n 23 14 25 26
Female 8 (34.8) 2 (14.3) 17 (68.0) 8 (30.8)
Neutered male 15 (65.2) 12 (85.7) 8 (32.0) 181 (69.2)
p-value 0.26032 0.02272
Missing 0 9 19 18
Body Condition Score, n
(%)
n 23 9 0 0
1-3 0 0 - -
4 0 1(11.1) - -
5 19 (82.6) 6 (66.6) - -
6 3 (13.0) 2 (22.2) - -
7 1(4.3) 0 - -
8-9 0 0 - -
Missing 0 14 44 44
Breed, n (%)
n 233 233 194 164
Appaloosa 0 1(4.3) 0 0
Cobs 1(4.3) 0 2 (10.5) 1(6.3)
Connemara?® 4(17.4) 1(4.3) 0 0
Dales® 0 1(4.3) 0 0
Dutch Warmblood 0 1(4.3) 0 0
Hanoverian 0 2 (8.7) 0 0
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Holsteiner

Irish cob

Irish Draught

Irish Sport Horse®
Lusitano

Pony

Thoroughbred>
Warmblood>

Welsh Pony/Cob>
Missing

Occupation, n (%)?

n

Not in work (out in the
field’)

All-rounder

Dressage

Eventing

Hacking

Hunting

Leisure

Racing

Schooling
Showjumping
Missing

Current level of work
(0-3), n (%)’

n

0 (‘out in the field")

1 (‘light work”)

2 (‘medium work”)

3 (‘intense work")
Missing

p-value

Shoes, n (%)

n

All four feet

Front feet

Unshod

Missing

Joints affected, n (%)”#
Distal interphalangeal
Intervertebral
Metacarpophalangeal
Metatarsophalangeal
Sacroiliac
Scapulohumeral
Tarsometatarsal

Front limb?®

Joint gross score, n (%)
n

0
1
2

0

0
2(8.7)
9 (39.1)
1(4.3)
1(4.3)
2(8.7)
1(4.3)
2(8.7)

0

23
2(87)

5(21.7)
1(4.3)
2(8.7)
5(21.7)
3 (13.0)
1(4.3)
0

4 (17.4)
0
0

23
2(8.7)
12 (52.2)
7 (30.4)
2(8.7)
0
0.02146

18

13 (72.2)

2 (11.1)

3(16.7)
5

1(4.3)
1(4.3)
0
4(17.4)
0
1(4.3)
9 (39.1)
0
1(4.3)
0

18
2 (11.1)

1(5.6)
0
0
32 (16.5)
1(5.6)
0
9 (50.0)
1(5.6)
1(5.6)
5

18

2 (11.1)

4(22.2)

2 (11.1)

10 (55.6)
10

8
3 (37.5)
1(12.5)
4 (50.0)
15

2 (9.1
2(9.1)
7 (31.8)
4 (18.1)3
2 (9.1
1 (4.5)
2 9.1y
2 (9.1)

0
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0
0
0
2 (10.5)
0
4 (21.4)
7 (36.8)
0
4(21.4)
25

n/a
n/a
n/a
44

0
0

44 (100)¢
0

o O O O

44

21 (47.7)

23 (52.3)
0
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3 - - 0 16 (36.4)
4 - - 0 11 (25.0)
5 - - 0 4(9.1)
6 - - 0 2 (4.5)
7 - - 0 1(2.3)
8-9 - - 0 0
Mean (SD) 0.5 (0.5) 34(1.2)
Min; Max 0,1 2,7
p-value <0.0001¢
Missing 23 23 0 0
Articular cartilage

microscopic score, n (%)

n 34 30

0 0 0

1 5(14.7) 0

2 8 (23.5) 5(16.7)
3 7 (20.6) 4 (13.3)
4 9 (26.5) 5(16.7)
5 2(5.9) 5(16.7)
6 1(2.9) 5(16.7)
7 1(2.9) 4 (13.3)
8 1(2.9) 1(3.3)
9-15 0 0

16 0 1(3.3)
17-20 0 0
Mean (SD) 3.2(1.7) 5.0 (2.9)
Min; Max 18 2;16
p-value 0.0015¢
Missing 23 23 10 14

! Calculated using Mann-Whitney U test. 2 Calculated suing Fisher’s exact test. * As reported by owner. ¢ As
reported in the passport. *Including breed crosses. ¢ Calculated using Chi-square test for trend.” Horses could
be included in more than one category. & For SF, samples were only collected from the metacarpophalangeal
joint; information regarding other joints was not available. * Owner could not recall affected joint but reported

the affected limb. 1° Assessed at post-mortem. —, not applicable/available; BCS, body condition score.

2.2.2. Relative Gene Expression

A select group of candidate miRNA molecules (described in the Methods) were tested as
reference genes, and the most appropriate normalization strategy for RT-qPCR was calculated using
NormFinder. Normalization using the geometric mean of all tested reference genes (eca-miR-107b,
eca-miR-423-3p, eca-miR-4865p, cel-mir-39, UniSp4 for serum; eca-miR-486-5p, eca-miR-423-3p, eca-
miR-215, eca-miR-107b UniSp4 for SF) was deemed adequate to compare RT-qPCR data in both
sequencing and validation cohorts.

Relative expression of the previously selected miRNAs (eca-miR-199a-3p, eca-miR-148a, eca-
miR-99b, eca-miR-146a, eca-miR-423-5p and eca-miR-23b) were calculated for the sequencing and the
validation cohorts, for both serum and SF samples.

For serum samples, RT-qPCR data in the sequencing cohort followed the same trend as the
sequencing data, with a numerical increase in the expression of eca-miR-199a-3p, eca-miR-148a, eca-
miR-99b and eca-miR-146a in the OA vs Control, and a decreased expression of eca-miR-423-5p in
the OA group (Figure 6A). As with the sequencing data, eca-miR-99b presented low expression in
most samples. This was particularly relevant in the Control group, where this miRNA was not
expressed in any of the samples. Expression of eca-miR-423-5p was the highest among all miRNAs,
which was similar to sequencing data. In contrast to the sequencing findings, eca-miR-23b expression
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was numerically increased in the OA group compared with the Control group. However, none of the
differences were statistically significant.

The relative expression of the selected miRNAs was also investigated in the serum validation
cohort (Figure 6B). No significant differences in miRNA expression were found between the Control
and OA groups in serum samples. Similar to the sequencing cohort, expression of eca-miR-199a-3p,
eca-miR-99b and eca-miR-23b were numerically higher in the OA group compared with the Control
group. In contrast to the sequencing cohort, expression of eca-miR-148a and eca-miR-423-5p were
generally similar among groups, and eca-miR-146a was numerically decreased in the OA group. Of
note, when comparing the overall levels of expression, miRNAs that displayed numerically lower
expression in the sequencing cohort (eca-miR-199a-3p and eca-miR-99b) also displayed a numerically
lower expression in the validation cohort; miRNAs with average expression in the sequencing cohort
(eca-miR-148a and eca-miR-146a) also displayed average expression in the validation cohort; and
miRNAs with numerically higher expression in the sequencing cohort (eca-miR-423-5p and eca-miR-
23b) also displayed a numerically higher expression in the validation cohort.

For SF samples, RT-qPCR data in the sequencing cohort showed low miRNA expression in the
Control group, with one miRNA (eca-miR-99b) not being detected in any of the control samples
(Figure 6C). While no statistically significant differences were found between the Control and OA
groups, the expression of eca-miR-199a-3p, eca-miR-148a, eca-miR-99b and eca-miR-146a were
increased in OA group, which was in line with the sequencing results. In contrast, eca-miR-423-5p
and eca-miR-23b expression were also increased in the OA group, which was contrary to sequencing
results. Furthermore, eca-miR-23b expression in the OA group displayed the most variability
amongst all tested miRNAs.

The relative expression of the selected miRNAs was also investigated in the SF validation cohort
(Figure 6D). Overall, miRNA expression was variable among samples in each group. In agreement
with the sequencing results, eca-miR-199a-3p expression was numerically increased in the OA group
compared with Control, however these differences were not statistically significant. The remaining
miRNAs were generally similar in the Control and OA groups. As observed in the SF sequencing
cohort, and in line with the results from the serum samples, expression of eca-miR-99b was the lowest

in all tested miRNAs.
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Figure 6. Relative expression of selected miRNAs in the (A) serum sequencing cohort, (B) serum validation

cohort, (C) SF sequencing cohort and (D) SF validation cohort, using RT-qPCR. ! miRNA expression not detected
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in 3 samples in the Control group. 2 miRNA expression not detected in any of the samples in the Control group.
3miRNA expression not detected in 2 samples in the Control group. * miRNA expression not detected in 1 sample
in the Control group and 6 samples in the OA group. > miRNA expression not detected in 1 sample in the OA
group. ® miRNA expression not detected in 1 sample in the Control group. Box plots show the interquartile data
range as box boundaries, with error bars showing the minimum and maximum data range, and the horizontal
line showing the median. Images were made using GraphPad Prism version 8.0 for Windows. Cq, quantification

cycle.

2.2.3. Influence of Clinical Variables

Figure 54 shows the association between the PCs of miRNA expression, group category (OA vs
Control), and some of the clinical variables in the serum and SF validation cohorts. For serum, PC1
was significantly associated with level of work (FDR p-value =0.01) and PC6 was significantly
associated with both level of work and group category (FDR p-value=0.01 and 0.02, respectively). For
SF, PC1 was significantly associated with age (FDR p-value=0.01), PC4 was significantly associated
with group category (FDR p-value=0.01) and joint gross score (FDR p-value=0.01), and PC6 was
significantly associated with joint gross score (FDR p-value=0.02).

The associations between miRNA expression and level of work in serum and age in SF were
explored further using PCA plots (Figure S5). For serum, samples from horses with a lower level of
work (0-2) appeared to cluster together and were separate from those with higher levels of work (3;
Figure S5A). For SF samples, there were two distinct clusters separated by PC1. While this separation
could not be solely explained by age, samples from younger horses were more abundant in the left
cluster (Figure S5B).

The influence of age on miRNA expression was also analyzed (Figure S6A-F). To help with
visualization, horses were separated into four age classes: <6 years (n=27), 6-12 years (n=8), 13-20
years (n=37) and >20 years (n=9). Horses of unknown age were excluded from further analyses. Most
samples in the <6 age class (19/27) were in the Control group, and most samples in the 13-20 age class
(23/37) were in the OA group. Overall, miRNA expression was numerically higher for horses <6 years
old in all studied molecules. For eca-miR-199a-3p (Figure S6A), miRNA expression was significantly
higher for horses <6 years old compared with 13-20 years old (FDR p=0.0131). For eca-miR-148a
(Figure S6B), no significant differences were found between age classes; however, control samples in
the 13-20 years age class appeared to have lower expression than OA samples in that same class. For
eca-miR-99b (Figure S6C), miRNA expression was significantly higher in the <6 age class compared
with 6-12 (FDR p=0.0021) and 13-20 (FDR p=0.0008). For eca-miR-146a-5p (Figure S6D), miRNA
expression was significantly higher in the <6 class compared with 6-12 (FDR p=0.0259), 13-20 (FDR
p=0.0116) and >20 (FDR p=0.0255). For eca-miR-423-5p (Figure S6E), no significant differences were
found among classes; however, in the 13-20 class the expression in OA samples was generally lower
than in Control samples. For eca-miR-23b (Figure S6F), expression was significantly higher for <6 age
class compared with 6-12 (FDR p=0.0263), 13-20 (FDR p=0.0014) and >20 (FDR p=0.0354).

3. Discussion

With advances in molecular biomarker research offering the potential for new diagnostic tools,
OA research has been shifting its focus from disease management to detection and prevention of
early disease [16]. This study investigated the miRNA profile of equine serum and SF in OA and
Control groups and identified a panel of 43 miRNAs that were differentially expressed in serum, as
well as 23 miRNAs that were differentially expressed in SF samples. Pathway analysis revealed that
altered miRNAs were possibly involved in inflammatory responses, cell apoptosis, maturation of
chondrocytes and atrophy of skeletal muscle, with a significant association with OA. Additionally,
the level of work and age were identified as the main clinical variables influencing miRNA expression
in serum and SF, respectively, in horses.

SF is the biofluid which more closely reflects the local processes in the joint, whereas serum
provides an overview of systemic events. To compare the molecular patterns between SF and serum,
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matched samples were collected for each horse in the sequencing cohort. Results showed a wide
variety of small RNA molecules in serum and SF samples, which is in line with previous findings
[14,17]. The relative abundance of miRNAs was highly variable, but generally higher in serum
samples compared with SF samples. This difference may be due to the systemic origin of the miRNAs
present in the serum, as opposed to the more local, likely articular origin of the miRNAs contained
in SF.

Unsupervised analysis of miRNA revealed some overlap among OA and Control samples. Still,
there were 111 miRNAs exclusively present in OA samples, of which 73 were exclusive to serum, 10
exclusive to SF and 28 present in both serum and SF. Differential expression analyses of sequencing
data revealed a total of 43 significantly altered miRNAs in serum and 23 in SF, between the OA and
Control groups. Of these, all but 18 miRNAs (miR-1291a, miR-1892, miR-2483, miR-30e, miR-342-5p,
miR-423-3p, miR-490-3p, miR-598, miR-615-5p, miR-7177b, miR-744, miR-8951, miR-8954, miR-8977,
miR-8986b, miR-8992, miR-9048, miR-92b) had been previously linked to OA in some capacity [14,18—
32].

Bioinformatic analysis of the differentially expressed miRNAs revealed a significant association
with inflammatory disease and response. Additionally, target prediction using IPA found over a
hundred experimentally validated targets for the tested miRNAs and revealed gene associations of
interest to osteochondral biology.

In this study, miRNAs were selected for validation based on differential expression in OA
compared with Control, both in serum and in SF. Analysis of miR-199a-3p expression showed a
numerical increase in the OA group compared with the Control group (not statistically significant),
both in the sequencing cohort and the validation cohort, for serum and for SF. This is in line with the
results from an experimental model of equine OA, that reported miR-199b-3p (which has the same
mature sequence as eca-miR-199a-3p) to be increased in the SF of OA vs Control joints [33]. miR-199a-
3p appears to be implicated in chondrogenic processes, being upregulated during chondrogenesis of
human adipose-derived stem cells [30] and downregulated in IL-1p-treated chondrocytes [34].
Additionally, chondrocyte transfection with miR-199a-3p mimics decreased expression of COL2,
aggrecan and SOX9 [35]. While miR-199a-3p is a promising candidate as a biomarker of disease, the
potential effect of ageing on miR-199a-3p expression should be considered. In this study, miR-199a-
3p expression was upregulated in young (<6 years) horses when compared with middle-aged (13-20
years) horses. When looking specifically at the 13-20 age class, miR-199a-3p expression was
upregulated in OA compared with Control samples. These findings indicate that age is a cofounding
factor for miR-199a-3p expression and should be taken into consideration in future studies.

Expression of eca-miR-148a was increased in OA serum and SF when compared with Control,
and RT-qPCR analysis in the sequencing cohorts confirmed these results (albeit not statistically
significant, and despite differences not being as marked in the validation cohorts). eca-miR-148a is
homologous to hsa-miR-148a-3p, which is thought to have a role in cartilage regeneration and is
decreased in OA cartilage compared with healthy cartilage [36]. Overexpression of miR-148a in
human chondrocytes resulted in increased ECM deposition and promoted a downregulation of
metalloproteinase (MMP) 13 and A disintegrin and metalloproteinase with thrombospondin type 1
motif 5 (ADAMTS5) [36]. Due to these chondroprotective functions, it is possible that the increased
expression of miR-148a in SF and serum detected in the present study occurred in response to injury,
in an attempt to prevent further tissue alterations. Interestingly, age also appeared to affect miR-148a
expression, which was particularly evident for the horses in the SF validation cohort between 13 and
20 years old.

Previous studies found miR-99b-5p to be upregulated in OA and demonstrated that
overexpression of this miRNA in chondrocytes increased MMP13 and senescence-related factors, and
decreased collagen 2 [37]. While the precise role of miR-99b-5p is not yet known, this molecule is part
of an evolutionarily conserved cluster (miR-99b/let-7e/miR-125a) that is highly upregulated during
the early stages of osteoclastogenesis and has a direct relationship with Nuclear Factor kappa B [38].
However, eca-miR-99b expression was consistently low in the validation stage of this study, both in
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serum and SF; these results suggest that eca-miR-99b might not be an appropriate biomarker for
equine OA.

In the present study, eca-miR-146a-5p was increased in serum in the OA group when compared
with Control in the sequencing cohort; however, these results were not consistent with the validation
cohorts. In previous reports, miR-146a was reported to play a protective role in OA [39], evidenced
by a reduction in reduced IL-1 and induced tumor necrosis factor a production in human
chondrocytes overexpressing miR-146-5p [40]. Remarkably, in the present study, expression of miR-
146a-5p was statistically upregulated in the SF of young (<6 years) horses when compared with all
other age classes, revealing a strong association between age and miRNA expression. Furthermore,
analysis of study groups 13-20 years age class showed a distinction in miRNA expression between
OA and Control in this class.

miR-423-5p has been previously identified as a negative regulator of osteoblastogenesis [41,42],
and women with bone pathologies display higher serum expression of miR-423-5p than controls [22].
However, a study looking at miRNA expression in cartilage of OA patients used miR-423-5p, a
reference gene due to its stability across both OA and Control groups [43]. While this miRNA might
contribute to OA pathogenesis, previous findings are contradictory, and further research is needed
to elucidate its precise roles. The validation results in this study revealed that miR-423-5p expression
in serum was increased in the Control group compared with OA (despite not reaching statistical
significance), but was similar among groups in SF. Strikingly, this was one of the few miRNAs whose
expression was not increased in younger (<6 years) horses compared with older horses.

Finally, analysis of sequencing data revealed eca-miR-23b expression as decreased in OA
compared with Control. This was an unexpected finding, as previous studies have found this miRNA
to be upregulated in OA tissues [44,45]. However, validation results for eca-miR-23b were
inconsistent with sequencing results, and this miRNA was generally upregulated in OA compared
with Control in both cohorts and both sample types. While sequencing is a powerful tool, it is subject
to bias, particularly during library amplification [46]; it is possible that this was the case for eca-miR-
23b.

Clinical characteristics and lifestyle factors are known to influence different epigenetic
mechanisms, including miRNA expression [47]. This study investigated the influence of different
clinical variables in the expression of a selected group of miRNAs and found that the level of exercise
placed upon horses is significantly associated with variations in miRNA expression in their serum.
In accordance with these findings, previous studies have shown that exercise is associated with
alterations in circulating miRNAs in horses [48-50]. A study investigating the miRNA population of
plasma extracellular particles in horses reported increased levels of eca-miR-486-5p during and after
an endurance race and decreasing levels of eca-miR-9083 [50]. Interestingly, eca-miR-486-5p was
identified in the present study as one of the most stable miRNAs in serum and SF; further studies
may help elucidate the precise role of this miRNA.

Age was also found to be significantly associated with miRNA levels in SF in this study.
Numerous studies have previously described variations in miRNA patterns with age [51], including
in joint tissues [52,53]. This is particularly relevant for OA studies because age is a critical factor in
OA development [54]. In the present study, most molecules were upregulated in younger horses (<6
years) when compared with older horses. These findings highlight the importance of accounting for
variations in age in OA studies, especially if attempting to validate potential OA biomarkers.

Achieving robustness and reproducibility of molecular biomarkers across different populations,
settings, and laboratories is a major challenge. miRNA profiling data is only partially reproducible
between different platforms, and even within the same platform variation is common [55]. In this
study, it was not possible to validate the sequencing findings at an FDR-adjusted p<0.05, which might
have been related with the distinct set of samples use in sequencing and in validation. Horses in the
OA group of the sequencing cohort were mostly young and from a racing background, suggesting
that OA alterations could have arisen after repetitive microtrauma. Meanwhile, horses in the
validation cohorts were generally older and originated from more diverse backgrounds. This
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suggests that, at least for some of these horses, OA might have developed from mechanisms not
associated with repetitive microtrauma. Given that the level and type of exercise may be associated
with alterations in miRNA expression in serum, it is possible that the type of work and the associated
injuries indirectly influence miRNA regulatory mechanisms and can partially explain the disparity
in the results of this study. The fact that all the samples in the Control group of the sequencing cohort
were collected from abattoir specimens while almost half of the samples in the OA group were
collected from live animals may have also influenced the results. Furthermore, the SF samples in this
study were collected from different joints, and it is currently unclear whether different joints
inherently exhibit different miRNA profiles, which could increase miRNA variability and affect the
validation results.

An additional limitation of this study was the small set of molecules selected for validation,
which was restricted by finances. Restricting the selection to miRNAs that were differentially
expressed in both serum and SF may have limited the findings, as some molecules present exclusively
in one sample type could still possess valuable biomarker properties. Future studies investigating the
miRNA and the overall sncRNA profile of equine osteoarthritis would benefit from analyzing larger
cohorts of patients with similar clinical characteristics, particularly age and level of work.
Furthermore, investigating information from a panel of multiple biomarkers as opposed to a single
biomarker is more likely to achieve better performance [56].

4. Methods

4.1. Exploration Stage
4.1.1. Sample Collection (Sequencing Cohort)

Serum and SF samples for the sequencing cohort consisted of either post-mortem collections or
excess clinical samples. Post-mortem samples were collected from racehorses slaughtered at an
abattoir and processed by a veterinary surgeon, as previously described [15]. Briefly, serum samples
and SF samples (from the left middle carpal joint) were collected from the same horses. Samples were
centrifuged at 1800 g for 20 min to remove cellular debris, snap frozen in liquid nitrogen and stored
at -70°C until further processing. Post-mortem collection of abattoir samples was performed at a
Swedish institution in accordance with local legislation.

Clinical samples consisted of excess serum and SF obtained by veterinary surgeons from horses
during lameness examinations in the UK. Serum samples were obtained from blood samples
collected in plain tubes that were allowed to clot and then centrifuged at 2000 g for 20 min at 4°C.
The supernatant was frozen and stored at -80°C until further processing. SF was sterilely obtained
from different joints, depending on the joint being assessed by the clinician. SF samples were
processed as previously described [14]. Collection of excess clinical samples was approved by the
University of Liverpool’s Veterinary Research Ethics Committee (VREC660a).

4.1.2. Group Categorization (Sequencing Cohort)

Samples were assigned to two groups (Control and OA), as described in the next paragraphs.

For samples that were collected at post-mortem, a previously described approach was used to
determine the presence of OA [15]. In brief, the left middle carpal joint was opened and dissected,
and the articular cartilage of the proximal surface of the carpal bones in the proximal row was
inspected macroscopically and photographed. The area of all lesions (including superficial fraying,
erosions or cleft formation) was measured using a digitized image system (Kontron System 100,
Kontron, Germany). Horses with no evidence of macroscopic lesions were included in the Control
group. Horses with macroscopic lesions were included in the OA group, and the severity of disease
was classified according to the size of lesions: if a cartilage area smaller than 40 mm? was affected,
OA was classified as mild; if lesions extended over an area between 40 mm?2 and 230 mm?2, OA was
considered moderate; and for horses exhibiting lesions on an area exciding 400 mm?, OA was
considered severe [15].
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For excess clinical samples, group characterization was determined based on the clinical
diagnosis made by the attending veterinary surgeon. Horses diagnosed with OA were included in
the OA group, and horses that were not diagnosed with OA and that also did not present any signs
of joint infection were included in the Control group. Diagnosis of OA was made through a
combination of medical history, presence of clinical signs such as lameness, joint effusion or pain on
joint flexion, positive response to intra-articular anesthesia, presence of osteoarthritic changes on
imaging exams such as radiography, and the exclusion of differential diagnoses. The severity of OA
was not classified.

4.1.3. Sample Pre-Processing and RNA Isolation

Briefly, SF samples were thawed, treated with hyaluronidase (H3884, Sigma-Aldrich,
Gillingham, UK) and filtered through a Costar® Spin-X® polypropylene microcentrifuge tube filter
with 0.22 um pore cellulose acetate membrane (Corning, Flintshire, UK). Serum was thawed and
centrifuged to remove cryoprecipitates. Total RNA was extracted from a 200 ul sample using the
miRNeasy Serum/Plasma Advanced Kit (Qiagen, Manchester, UK), with the addition of glycogen
(ThermoFisher Scientific, Paisley, UK). No RNA spike-ins were added at this stage. RNA was eluted
in 18 ul of RNase-free water.

4.1.4. Library Preparation and Sequencing

Small RNA library preparation was undertaken with the CleanTag® Small RNA Library
Preparation kit (TriLink Biotechnologies, California, USA) according to manufacturer’s instructions,
using 2 pl of total RNA as input. Adapter-ligated libraries from SF were amplified with 26 PCR cycles
and libraries from serum with 23 PCR cycles, using barcoded Illumina reverse primers in
combination with the Illumina forward primer (Illumina, California, USA). Library quality control
was performed using DNA1000 Chip (Agilent, California, USA). An equimolar pool consisting of all
sequencing libraries was prepared and sequenced on an Illumina Novaseq with 75 base pairs (bp)
paired end reads.

4.1.5. Data Analysis

Demographics were analyzed descriptively and compared between groups (OA vs Control).
Data was tested for normality of distribution and statistical tests were selected for the specific data
types, as appropriate; all tests were performed using GraphPad Prism version 8.0 for Windows, with
significance set at a p-value of 0.05.

4.1.5.1. Small RNA Sequencing Data Processing and Analysis

Sequencing data were processed and analyzed by TAmiRNA (TAmiRNA GmbH, Vienna,
Austria) following the miND pipeline, adapted to equine samples [57]. Briefly, after demultiplexing,
the overall quality of the sequencing data were evaluated automatically and manually with fastQC
v0.11.8 and multiQC v1.7 [58]. For miRNA analysis, reads from all quality samples were adapter
trimmed, and quality filtered using cutadapt v2.3 [59] and filtered for a minimum length of 17
nucleotides. Mapping steps were performed with bowtie v1.2.2 [60] and miRDeep2 v2.0.1.2 [61].
Reads were mapped first against the genomic reference EquCab.3.0 provided by Ensembl [62]
allowing for two mismatches and subsequently miRBase v22.1 [63], filtered for equine (eca) miRNAs
only, allowing for one mismatch. For a general RNA composition overview, non-miRNA mapped
reads were mapped against RNAcentral [64] and then assigned to various RNA species of interest.
Statistical analyses of pre-processed sequencing data were done with R v3.6 and the packages
pheatmap v1.0.12, pcaMethods v1.78 and genefilter v1.68, to generate heatmaps and principal
component analysis (PCA) plots. Differential expression analysis with edgeR v3.28 [65] used the
quasi-likelihood negative binomial generalized log-linear model functions provided by the package.
The independent filtering method of DESeq2 [66] was adapted for use with edgeR to remove low
abundant miRNAs and thus optimize FDR correction.
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4.1.6. Pathway Analysis

Prediction of functional targets for the differentially expressed miRNAs was carried out using
IPA software (Qiagen, Manchester, UK). For this, equine miRNAs that were differentially expressed
in serum and in SF were matched to their human equivalents, and the corresponding miRbase IDs
were input together into IPA as identifiers. Data were analyzed using the “Target Prediction”
function and results were robustly filtered for experimentally observed targets in chondrocytes and
osteoblasts. The list of predicted mRNA targets was combined with the list of differentially expressed
miRNAs along with their expression values (logFC) and significance levels, and input back into IPA.
Data were analyzed using the “Core Analysis” function, which calculates the p-value of overlap
between the molecules in the dataset with the disease and functions contained in the Ingenuity
Knowledge Base using a right-tailed Fisher’s exact test. Results were filtered for experimentally
observed associations only and used to algorithmically generate a network of canonical pathways,
biological functions, diseases and network-eligible molecules based on their connectivity.

4.1.6. Selection of Differentially Expressed miRNAs for Validation

All differentially expressed miRNAs were reviewed, and a limited group was selected for
validation through RT-qPCR. miRNAs were selected if they were differentially expressed (FDR<0.05
or p<0.05; Table 2) in both SF and serum with the same directionality in change, with no cut-off for
logFC. Of these, four miRNAs that had been previously identified in OA-related studies were selected
for validation. Two additional miRNAs (eca-miR-99b and eca-miR-146a) were also selected for
further analyses. While these two molecules did not meet the previously mentioned criteria, a
preliminary analysis in which data were mapped against the human genome (results not published)
found hsa-miR-99b-5p and hsa-miR-146a-5p to be differentially expressed in serum and SF, and so
these molecules were selected for further validation.

4.2. Validation Stage

Validation was carried out in two separate cohorts: the sequencing cohort (same samples used
in the exploration stage) and an independent cohort (validation cohort). Collection of samples and
group categorization for the sequencing cohort are described in the previous sections. Collection of
samples and group categorization for the validation cohort are described in the following sections.

4.2.1. Sample Collection (Validation Cohort)

For the validation cohort, serum samples consisted of excess clinical samples obtained by
veterinary surgeons in one equine clinic in the UK prior to routine dental examination, and two other
centers either during lameness examination or at post-mortem.

Serum samples were obtained from blood samples collected in plain tubes that were allowed to
clot and then centrifuged at 2000g for 20 min at 4°C. The supernatant was frozen within 24 hours of
collection and stored at -80°C until further processing.

SF was collected at post-mortem from the metacarpophalangeal joints of horses from an abattoir
in the UK as a by-product of the agricultural industry, or from horses donated to research. Briefly,
the joints were aseptically dissected to allow visual inspection of the metacarpus, the proximal
phalanx, and the sesamoids. All joints were photographed, and SF was aseptically collected from the
open joints, centrifuged to remove cells and debris, and stored at -80°C.

Ethical collection of excess clinical samples was approved by the University of Liverpool’s
Veterinary Research Ethics Committee (VREC660a). Hong Kong Jockey Club samples were collected
under the regulations of the club with owner consent. For abattoir samples, ethical review and
approval were waived due to samples being obtained as a by-product of the agricultural industry —
the Animal (Scientific procedures) Act 1986, Schedule 2, does not define collection from these sources
as scientific procedures and ethical approval was therefore not required.

4.2.2. Group Characterization (Validation Cohort)
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Samples were assigned to one of two groups: Control and OA. For serum excess clinical samples,
group characterization was based on owner reported clinical history: if owners reported their horse
to have a diagnosis of OA made by a veterinary surgeon, the horses were included in the OA group;
if owners reported no history of OA, horses were included in the Control group; cases in which
owners were unsure about an OA diagnosis but reported a history of joint corticosteroid injections
or chronic intermittent lameness of unknown origin were also included in the OA group. Samples
obtained from horses presenting for lameness examination and that were diagnosed with OA by the
attending veterinary surgeon were included in the OA group; horses that were not diagnosed with
OA and had no previous history of OA were included in the Control group.

Additional information collected for each horse included age, sex, BCS, breed, current
occupation, current level of work, presence of shoes, and affected joints. Level of work was assessed
on a 0-3 scale based on owner reports (0, out in the field, no work; 1, light work; 2, mild work; and 3,
intense work). BCS was determined by a trained veterinary surgeon based on a defined 9-point scale
[67].

For SF samples, joints were photographed and scored at post-mortem by two independent
researchers using the Osteoarthritis Research Society International (OARSI) equine macroscopic
grading system [68], and the scores were averaged for each horse. Horses were assigned to groups
based on their macroscopic scoring: horses with gross scores of 0-1 were included in the Control
group, and gross scores 23 were included in the OA group. Additional information collected for each
horse included age, sex, year of sample collection and place of sample collection (abattoir or
hospital/clinic). Histologic/microscopic scoring was carried out on wedge sections of articular
cartilage/subchondral bone from the palmar aspect of one of the metacarpal condyles, that were
processed and stained with hematoxylin and eosin or Safranin O and graded using OARSI
microscopic grading system [69].

4.2.3. Sample Size Calculation

To estimate the required sample size for miRNA validation, a sample size calculation was
performed in R using the package pwr v1.3-0. miRNA sequencing data were input as reference for
data variation and expected size effect, assuming a similar behavior of qPCR data. Significance level
was set at 0.05 and statistical power at 95%. One sample t-tests were performed individually for each
miRNA in the selected panel, for both SF and serum. The final sample size corresponded to the test
that required the highest n number (i.e., if one miRNA required 20 samples for validation and the
following miRNA required 30 samples, the final sample size corresponded to 30 samples).

4.2.4. RNA Extraction, cDNA Synthesis and RT-qPCR

Briefly, serum was centrifuged, and SF was treated hyaluronidase, filtered, and diluted 1:1 in
RNase-free water. Total RNA was extracted from 200 ul of diluted SF or 200 pl of serum using
miRNeasy Serum/Plasma Advanced Kit, with the addition of RNA spike-ins (RNA Spike-in Kit, for
RT, Qiagen, Manchester, UK) and glycogen. cDNA synthesis was performed using miRCURY LNA
RT Kit (Qiagen, Manchester, UK) using 4 ul of total RNA as input. qPCR was performed using
miRCURY® LNA® miRNA SYBR® Green PCR (Qiagen, Manchester, UK) using 3 pl of diluted cDNA
(1:30) as input on a LightCycler® 96 (Roche Life Science, Penzberg, Germany). Bench-validated,
equine compatible miRNA assays were obtained from Qiagen (Table S1).

4.2.5. RT-gPCR Data Analysis

Selection of candidate reference genes

Five miRNAs were selected to be tested as reference genes: two were manually selected, two
were selected using NormFinder [70,71], and one was a synthetic RNA spike-in (exogenous control).
Manual selection was based on miRNA stability across all study samples, considering only molecules
that were not differentially expressed (p>0.05) with a logFC close to 0. For selection using
NormFinder, miRNAs were first filtered based on a minimum of 15 RPM per sample, and the
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software was used for SF and serum samples separately. The two most stable genes selected by
NormFinder for each sample type were tested as reference genes.
Normalization strategies for RT-gPCR and comparison of performance

Four different normalization methods were compared to find the most robust strategy for
analysis of miRNA data. These were normalizing data to a single most stable reference gene that was
manually selected; normalizing data to a single most stable reference gene or combination of genes
as ranked by NormFinder algorithm; normalizing data to the geometric mean of all tested reference
genes; and normalizing data to an exogenous oligonucleotide (spike-in). To assess the performance
of these normalization strategies, data for all tested miRNAs (including candidate reference miRNAs
and differentially expressed miRNAs) were normalized using the 2-4¢4 method [72] and compared
with the log transformed raw (not normalized) Cq data (272wC4q). The coefficient of variation (CV) was
calculated for each individual miRNA after normalization, and CVs for all miRNAs were averaged
for each of the normalization techniques. Average CV was used as a normalization performance
measure, with lower CVs representing a better removal of experimentally induced noise. The
cumulative distribution of the individual CV values was plotted for both raw and normalized data.
Samples for which Cq>39 were removed from further analyses.

Relative gene expression

Following the determination of the best normalization strategy, the 2-4¢4 method was used for
analysis of relative gene expression [72]. Statistical analyses were undertaken with GraphPad Prism
version 8.0.1 for Windows. Data was tested for normality of distribution, and the corresponding
parametric or non-parametric tests were performed. Statistical significance was set at an FDR-
adjusted p-value of 0.05.

Analysis of clinical variables

The influence of clinical variables on miRNA expression in serum and SF was investigated
through analysis of PCs using linear models or one-way ANOVAs, depending on data type. Briefly,
miRNA data were normalized and scaled, and PCs were calculate using the prcomp function in R.
For SF miRNA data, singular value decomposition was applied prior to PC calculation. Ordinal
variables such as level of work, BCS, gross score and microscopic score were assessed as numerical
values. Age, level of work, BCS, gross score and microscopic score were assessed against each PC
using linear models; sex, group and presence of shoes were numerically encoded and assessed
against each PC using One-way ANOVA tests. All p-values were adjusted for multiple comparisons
using FDR (Benjamini-Hochberg) correction. Results were presented as a heatmap, generated with
the pheatmap function in R.

Where needed, additional PCA plots and/or boxplots were generated to further explore the
relationship between the clinical variables and gene expression. For SF, one-way ANOVAs followed
by Tukey’s multiple comparison tests were used to compare miRNA expression between age classes.

5. Conclusions

OA is a heterogenous disease where a complex interplay of internal and external variables
contributes to altered sncRNA expression in a range of sample types. In this study, we identified a
panel of miRNAs that were differentially expressed in serum and SF samples, two of which (miR-
199a-3p and miR-148a) warrant further investigation. Further characterization of these molecular
changes and their potential targets will contribute to a better understanding of the biological
processes they regulate and could provide novel insights into the mechanisms of early OA. While
clinical application is still limited, this study is one of the first steps towards the use of sncRNAs as
biomarkers of equine OA.
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Abbreviations

The following abbreviations are used in this manuscript:

ADAMTS5 A disintegrin and metalloproteinase with thrombospondin type 1 motif 5

BCS Body condition score
cDNA Complementary DNA
CPM Counts per million

Cq Quantification cycle
CSs Clinical sample

Ccv Coefficient of variation
ECM Extracellular matrix
FC Fold change

FDR False discovery rate

IL interleukin

IPA Ingenuity Pathway Analysis
IncRNA  Long non-coding RNA
Max Maximum

Min Minimum

MMP Metalloproteinase
mRNA Messenger RNA
miRNA microRNA

OA Osteoarthritis

OARSI Osteoarthritis Research Society International
PC Principal component

PCA Principal component analysis

piRNA Piwi-interfering RNA

PM Post-mortem

QC Quality control
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qPCR Quantitative polymerase chain reaction
RPM Reads per million
rRNA Ribosomal RNA
RT-qPCR Reverse transcription quantitative polymerase chain reaction
scRNA Small conditional RNA
SD Standard deviation
SF Synovial fluid
siRNA Small interfering RNA
snRNA Small nuclear RNA
snoRNA  Small nucleolar RNA
tRNA Transfer RNA
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