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Introduction: Osteoarthritis (OA) is a degenerative joint disease that greatly contributes to equine morbidity and poor welfare. Changes in cellular protein expression programs fuel the development and progression of OA. Small nucleolar RNAs (snoRNAs) are emerging as important regulators of OA (patho)biology. SnoRNAs are short non-coding RNAs that guide post-transcriptional modifications (PTMs) of ribosomal RNA (rRNA) nucleotides, which impact ribosome function and thus cellular protein expression programs. There is only very limited data on snoRNAs in equine OA.

Methods: In this study, we induced OA in horses (n = 9) using a well-established equine carpal osteochondral fragment model of OA. We collected synovial fluid (SF) before (Day 0) and after OA-inducing surgery (Day 28, Day 70). Using small RNA sequencing, we then measured snoRNA levels in SF.

Results: We identified 229 snoRNAs across all samples of which 30 snoRNAs were significantly differentially expressed (DE) in Day 28 vs. Day 0 comparison, 22 snoRNAs in Day 70 vs. Day 0, and finally, 23 snoRNAs in Day 70 vs. Day 28. On Day 28, the majority of DE snoRNAs were upregulated when compared to Day 0. In contrast, the majority of DE snoRNAs on Day 70 were downregulated when compared to Day 0 and Day 28. Altogether, 44 snoRNAs were DE across different comparisons, the majority of which were canonical snoRNAs. We then mapped all the predicted PTMs guided by the DE snoRNAs within a 3D ribosome.

Discussion: Several of these PTMs were located within functionally important ribosomal regions. This included helices H89–H91 of peptidyl transferase center, helices H37–H39 of A-site finger and B1a ribosomal bridge, helices H70–H71, 5.8S-28S junction, and lastly, helices h14 and H95 of GTPase-associated center. Altogether, our novel data show that snoRNAs are regulated in equine OA, highlighting their potential as early molecular biomarkers and therapeutic targets. Targeting snoRNA to modulate protein synthesis in OA joints could ultimately improve outcomes for OA-affected horses.
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1 Introduction

Osteoarthritis (OA) is a degenerative joint disease that greatly contributes to equine morbidity and poor welfare (1–4). In 2013, almost 14% of horse owners reported OA-related issues in their horses and/or ponies in the UK (1). In the USA, up to 60% of equine lameness is related to OA (3). Another study showed that one-third of 2- and 3-year-old thoroughbred horses had metacarpophalangeal cartilage lesions and OA (5). OA is a complex disease that affects all tissues of the joint, including synovium, articular cartilage, and subchondral bone (6). The clinical manifestation includes joint effusion, joint thickening or bony changes, decreased range of motion, pain on manipulation, lameness, gait abnormalities or shortened stride, or reluctance to move. These symptoms are results of disrupted joint homeostasis, articular cartilage degeneration, synovial hyperplasia, osteophytes formation, and subchondral bone sclerosis (2, 6–8). OA is an active disease process, but molecular mechanisms driving its development and progression are still incompletely understood, and their comprehension is vital for the development of effective OA treatments.

Translation and its precise regulation are critical for cellular homeostasis (9). In OA, tissues within the joint undergo critical changes, which are fuelled by substantial adjustments in their protein expression profiles (10, 11). Dysregulation of the ribosome, a complex cellular nanomachine that translates genetic information from mRNAs and synthesizes proteins, has been implicated in OA (patho)biology (9). The eukaryotic ribosome consists of four ribosomal RNAs (rRNAs; 18S, 5.8S, 28S, and 5S), and ~80 core ribosomal proteins (RPs) organized into small ribosomal subunits (SSU) and large ribosomal subunits (LSU) (12). Several recent discoveries revealed that not all ribosomes are built the same, and there is a level of diversity in ribosome composition referred to as ribosome heterogeneity (see Glossary—Supplementary Table S1) (13–16). Post-transcriptional modifications [PTMs; 2′-O-methylation (2′-O-me) and pseudouridylation (ψ)] of rRNAs are a major source of ribosome heterogeneity (17–19). The site specificity of rRNA PTMs is guided by small nucleolar RNAs (snoRNAs). SnoRNAs are short non-coding RNAs (20, 21), which can be classified into two subfamilies: box C/D (SNORD) or box H/ACA (SNORA) based on the presence of specific conserved sequence motifs (“boxes”) and secondary structures. Together with specific proteins, snoRNAs form ribonucleoprotein complexes referred to as snoRNPs. SNORDs associate with methyltransferase Fibrillarin (FBL), SNU13, NOP58, NOP56 and SNORAs associate with pseudouridine synthase Dyskerin (DKC1), NHP2, NOP10, GAR1. Within a snoRNP, the specific snoRNA guides modification of its target rRNA nucleotide by base-pairing with the rRNA target sequence, while C/D box-specific enzyme FBL catalyzes its 2′-O-me or H/ACA box-specific DKC1 catalyzes its ψ (20, 21). SnoRNAs are emerging regulators of OA (patho)biology via their function in regulating ribosome heterogeneity and function (22–26). Two recent studies demonstrated that OA synovial fluid (SF) instigated site-specific changes in the rRNA 2′-O-me and ψ profiles in human primary chondrocytes in vitro (25, 26). Importantly, depletion of snoRNAs guiding these OA-regulated rRNA PTMs (SNORD71 guiding 5.8-Um14 and SNORA33 guiding 28S-ψ4966) altered ribosome function and translation, altogether promoting OA-relevant changes in the chondrocytes' proteome (25, 26). Furthermore, in addition to their canonical function in mediating rRNA PTMs, some snoRNAs have also non-canonical functions and regulate pre-rRNA processing and ribosome biogenesis (e.g., U3), alternative mRNA splicing, processing, and editing, or modifications of other RNA species such as small nuclear RNAs, tRNAs, and mRNAs (27).

Differential expression (DE) of snoRNAs was reported in human aging and OA cartilage (22, 23), equine aging cartilage (28), equine OA SF (29), mouse OA joints and serum (24), and serum of patients with cruciate ligament injury (30). However, there is only very limited data on snoRNAs in equine OA, none of which has focused on the ribosome heterogeneity aspect of snoRNA function. In this explorative study, we measured snoRNA expression levels in SF isolated from horses before and after OA-inducing surgery (the clinical study was performed at Copenhagen University and approved by The Danish Animal Experimentation Inspectorate, #2017-15-0201-01314). We utilized a well-established equine carpal osteochondral fragment model of OA, in which OA was induced in the middle carpal joint by creating an 8 mm fragment on the dorsodistal aspect of the radial carpal bone during an arthroscopic procedure (2). We then identified snoRNAs DE in OA and mapped the rRNA PTMs guided by these DE snoRNAs within a 3D ribosome structure to hypothesize the roles of ribosome heterogeneity in equine OA.



2 Material and methods


2.1 Study design, sample collection, and pre-processing

The clinical study was performed at Copenhagen University and approved by The Danish Animal Experimentation Inspectorate, #2017-15-0201-01314. Nine skeletally mature Standardbred trotters (seven mares and two geldings, 2.5–7 years, 397–528 kg) were included in this study. At the inclusion, horses were clinically healthy based on clinical examination, a subjective examination including a flexion test, radiographic imaging, hematological and biochemical analysis of blood, and arthrocentesis of both middle carpal joints, including routine laboratory SF analysis (white blood cell count and total protein). OA was surgically induced in the left middle carpal joint using the osteochondral fragment model of OA (OAC), and the right middle carpal joint underwent sham surgery as described previously (2). Two weeks post-surgery, horses commenced exercise on a treadmill for 5 days a week. SF from both middle carpal joints was collected into EDTA (ethylenediamine tetraacetic acid) tubes on Day 0, Day 28, and Day 70 post-surgery. On day 49, one horse (horse 5) reached grade 4 lameness and was therefore euthanised following the predefined humane endpoint criteria (lame at walk, grade 4). SF (n = 26, missing Day 70 for horse 5) was centrifuged for 20 min at 1,000 × g and 4°C to remove cells and debris. The supernatant was collected and stored at −80°C before small RNA sequencing analysis. Radiological imaging and histology (haematoxylin and eosin and safranin O staining) were performed, and the results described (31).



2.2 Sample processing and RNA isolation

The SF (500 μL) was treated with a 1 μg/μL hyaluronidase (Hyaluronidase type IV, Sigma-Aldrich, Gillingham, UK) and filtered through a Costar® Spin-X® polypropylene microcentrifuge tube filter with 0.22 μm pore cellulose acetate membrane (Corning, Flintshire, UK). Total RNA was extracted and DNase-treated using miRNeasy serum/plasma Advanced Kit (catalog #217204, Qiagen, Manchester, UK) according to the manufacturer's instructions. RNA yields and quality were determined by a NanoDrop (ThermoFisher, UK) and validated using Qubit™ Flex Fluorometer (ThermoFisher, UK) and RIN scoring.



2.3 Small RNA sequencing

The RNA (100 ng/sample) was submitted to the Center for Genomic Research (University of Liverpool, Liverpool, United Kingdom) for small RNA sequencing. One sample (horse 9, Day 0) failed during laboratory processing, and 25 samples thus completed small RNA sequencing. TAP decapping was used to remove 5′CAPs on some snoRNAs to reduce bias. The library was prepared with the NEBNext® Small RNA Library Prep Set (New England Biolabs, Ipswich, MA, USA) with the addition of a Cap-Clip Acid Pyrophosphatase (Cell script, Madison, WI, USA) step to remove potential 50 caps found on some snoRNAs. Sample quantity and quality were determined using Qubit assay (catalog #Q33230, ThermoFisher, UK) and DNA high-sensitivity bioanalyser chip (catalog #5067-4626, Agilent, UK). Samples were pooled (equimolar ratios, 3% cassette marker F selecting range 120–160 bp) and small RNAs were sequenced using Illumina HiSeq4000 using 2 × 150 bp ends. Sequencing depth across samples varied, with total reads ranging from ~10 million to over 206 million per sample. Trimmed mean of M-values method (TMM) was used to address the variation in sequencing reads between samples. Data scaling and index de-multiplexing were undertaken using CASAVA version 1.8.2 (Illumina). Quality control was performed at several stages. Pre-sequencing: RNA quantity and quality were assessed using Qubit, Bioanalyzer. Post-sequencing: raw reads were processed using a quality control pipeline; adapters trimmed using Cutadapt v1.2.1; low-quality bases removed using Sickle v1.200 (minimum quality score of 20); reads <15 bp were discarded. PCA and correlation analyses were used to identify outliers. Read length distributions and mapping statistics were also analyzed to ensure quality and consistency. The equine genome was used as a reference and the sequences were mapped against the EquCab3.0. Alignment of reads was performed using TopHat version 2.1.0. Data normalization was performed as previously (28), using a generalized linear model (GLM) as it accurately models count data, efficiently handles complex experimental designs, and provides statistically robust and interpretable results. Random variations in the samples were formulated following negative binomial distributions (edgeR) and the false discovery rate was controlled using the Benjamini-Hochberg method. Variability was managed through standard filtering of low-abundance features and correction for differences in library size to avoid bias was calculated using the TMM method which are recommended best practices for small RNAseq datasets with limited replicates.

Differential expression (DE) analysis was performed in RStudio using edgeR (32). One sample (horse 5, Day 28) was identified as an outliner (deviated significantly in QC assessments) and therefore excluded from further analysis. GLM values were used to calculate log fold changes (logFC) for required groups using a likelihood ratio test. Small RNA sequencing data were deposited in ArrayExpress (accession E-TAB-11840).



2.4 Data analysis

Data analysis and graph-plotting were performed in RStudio (ggplot2, dplyr). Counts per million (CPM) reads are used in the figures in the results section. SnoRNAs with a p-value (p) < 0.05 and FC > 2 or FC < 0.5 were defined as significantly DE.



2.5 PTM mapping within the 3D ribosome structure

PTMs predicted to be guided by DE snoRNAs were mapped within a 3D structure of the human 80S ribosome [4UG0, (12)] using RiboXYZ (33).




3 Results


3.1 snoRNA expression profiles in osteoarthritic synovial fluid (OA SF)

To investigate changes in snoRNA expression profiles in SF during development of OA, we performed a small RNA sequencing analysis of the SF samples collected from horses (n = 9) before (Day 0) and longitudinally following the OA-inducing surgery (Day 28 representing earlier stages of OA, and Day 70 representing more advanced OA; Figure 1).
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FIGURE 1
 The experimental set-up. Nine skeletally mature clinically healthy Standardbred trotters were included in this study. OA was surgically induced in carpal joint using the osteochondral fragment model of OA. SF from both middle carpal joints was collected on Day 0, Day 28, and Day 70 post-surgery. Samples taken at Day 28 represent early stage of OA, Day 70 samples an advanced OA. SF was processed by centrifugation for 20 min at 1,000 × g and 4°C to remove cells and debris. SF samples were treated with hyaluronidase and total RNA was isolated. Small RNA sequencing was performed using the Illumina HiSeq4000 to measure snoRNA expression profiles in Day 0, Day 28, and Day 70 samples. The figure was created with BioRender.


As expected, all horses developed OA by Day 70 as confirmed by radiological and histological changes in their joints (31). In OA joints, radiological imaging demonstrated osteophyte formation and bone proliferation and the OA-related radiographic changes ranged from mild to severe among individual horses. In line with this, histological scores of synovial tissue and articular cartilage samples collected at Day 70 were significantly higher in the OA joints compared to control joints. In OA samples, synovial tissue showed significantly greater cellular infiltration, intimal hyperplasia, and subintimal oedema, and articular cartilage presented with significantly greater chondrocyte necrosis, cluster formation, and focal cell loss scores.

SnoRNA expression in the SF samples collected on Day 0, Day 28, and Day 70 was assessed using small RNA sequencing analyses. In total, 229 snoRNAs were identified across all samples (Supplementary Table S2). Of these 229 snoRNAs, 30 snoRNAs were DE in the Day 28 vs. Day 0 comparison (Figure 2A); 22 snoRNAs were DE in the Day 70 vs. Day 0 comparison (Figure 2B); and finally, 23 snoRNAs were DE in the Day 70 vs. Day 28 comparison (Figure 2C). Table 1 lists all the DE snoRNAs for all comparisons, including the direction of the regulation, FC, and p-value. On Day 28, the majority of DE snoRNAs were upregulated when compared to Day 0. In contrast, the majority of DE snoRNAs on Day 70 were downregulated when compared to Day 0 and Day 28. Several snoRNAs were regulated at multiple time points. One snoRNA (SNORD53/92) was downregulated at all time points, five snoRNAs (SNORA7, SNORA9, SNORA21, SNORA45, and SNORD48) were decreased on Day 28 as well as Day 70 when compared to Day 0, and six snoRNAs (SNORA1, SNORA16A/B, SNORA79, SNORD50, SNORD57, and SNORD100) were all downregulated on Day 70 when compared to Day 0 as well as Day 28. For the upregulated snoRNAs, four snoRNAs (SNORA43, SNORD10, SNORD38, and SNORD50) were upregulated on Day 70 when compared to Day 0 as well as Day 28.


[image: Figure 2]
FIGURE 2
 SnoRNA sequencing analysis of Day 0, Day 28, and Day 70 SF samples. (A) A volcano plot of snoRNAs identified in the Day 28 vs. Day 0 comparison, (B) in the Day 70 vs. Day 0 comparison, and (C) in the Day 70 vs. Day 28 comparison. Statistical significance was assessed by one-way ANOVA. The dotted lines represent cut-off values (FC > 2 and < 0.5; p < 0.05). Significantly downregulated snoRNAs are depicted in blue, significantly upregulated snoRNAs are in red.



TABLE 1 List of identified DE snoRNAs for all comparisons.
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Some snoRNAs were identified multiple times, as these are transcribed from different gene loci (e.g., SNORD50, or SNORD53/92). For the DE snoRNAs, these snoRNA “variants” were usually regulated in the same direction even though the magnitude of the regulation was slightly different e.g., SNORD49 on Day 28 vs. Day 0 (Figure 2A), or SNORD50 on Day 70 vs. Day 28 (Figure 2C). In two cases, however, the snoRNA “variants” were regulated in the opposite direction, SNORD50 on Day 70 vs. Day 0 (Figure 2B) and SNORD53/92 on Day 70 vs. Day 28 (Figure 2C). In the case of opposite regulation, we listed geneIDs of these snoRNAs and the associated direction of the regulation in Table 1.

Altogether, we identified 44 snoRNAs to be DE in equine OA (across different comparisons), 13 H/ACA box snoRNAs, and 31 box C/D snoRNAs. The majority of the identified DE snoRNAs (34/44) were canonical snoRNAs which guide PTMs on rRNAs. These 34 canonical snoRNAs are predicted to guide PTMs of 42 rRNA nucleotides: 13 × ψ and 29 × 2′-O-me. Of these, 27 are located on 28S, 14 on 18S, and one on 5.8S rRNA. The predicted rRNA targets of the DE snoRNAs are listed in Table 1. The information regarding the FC difference, p-value, direction of the regulation, functions, predicted rRNA targets of canonical snoRNAs, and the locations of these PTMs within the 2D helix structure of ribosome is included.



3.2 Mapping of the PTMs guided by DE snoRNAs within the 3D ribosome structure

To hypothesize the potential of the OA-regulated canonical snoRNAs to affect ribosome function, we mapped the predicted 42 PTMs within the 3D structure of the eukaryotic ribosome (Figure 3). As a 3D structure of the equine ribosome is not available and there is high structural conservation across mammals, we used a human ribosome as a template (12). We employed the recently published RiboXYZ online database (33) for the PTM mapping and visualization.
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FIGURE 3
 PTMs guided by the DE snoRNAs mapped within a 3D ribosome structure. To evaluate the potential of the identified OA-regulated canonical snoRNAs to affect ribosome function, we mapped their predicted PTMs within the 3D structure of the human ribosome (3D structure of the equine ribosome is not available). (A) In total, 42 PTMs were mapped on rRNAs, 18 on 18S rRNA, 27 on 28S rRNA, and one on 5.8S rRNA. (B) A localization of these PTMs within a full ribosome structure including 5S rRNA and core RPs. 18S rRNA (yellow), its modifications (red); 28S rRNA (teal), its modifications (purple); 5.8S rRNA (blue), its modification (orange); 5S rRNA and core RPs (gray). Human ribosome 3D structure (4UG0) was used for the visualization in the RiboXYZ database.


Of the predicted 42 PTMs, 14 mapped on 18S rRNA of the SSU (Figure 4), 27 mapped on 28S (Figure 5), and one on 5.8S of LSU (Figure 6). During the translation, the SSU monitors codon-anticodon base-pairing between the mRNA and tRNAs thus mediating the correct decoding, while the LSU, which harbors the catalytically active peptidyl-transferase center (PTC), is responsible for the synthesis of the nascent polypeptide chain (34). The majority of the predicted LSU—mapped PTMs appeared to be located within the inner regions of the ribosome (Figures 5, 6), where the PTC is located (34). In fact, a cluster of eight predicted PTMs (SNORA1-U4471; SNORA16-U4442; SNORA21-U4431, -U4500; SNORA68-U4423; SNORD49-C4456; SNORD69-G4494; SNORD75-G4499) mapped within helices H89-91 of the PTC (Figure 7A). Furthermore, a set of six predicted PTMs (SNORA7-U1792; SNORA9-U1683 and -U1782; SNORD38-A1871; SNORD48-C1881; SNORD58-G4228) located within helices H37–H39 (Figure 7B). H38 forms an “A-site finger” which is located just above the A-site. It interacts with 5S rRNA and SSU protein S13 thus forming a B1a SSU-LSU bridge (35). Additionally, three of our DE snoRNAs (SNORD10-C3808; SNORD15-A3785; and SNORD17-U3818) are predicted to target a conserved cluster of PTMs within LSU helices H70 and H71 (Figure 7C), both of which are important for LSU-SSU interactions (36, 37). Additionally, SNORD71-U14 on 5.8S rRNA located within the LSU 28S-5.8S junction (Figure 7D), in the proximity of the polypeptide exit tunnel (PET) wall (38). Two other predicted PTMs were interesting based on their localization. SNORD91-G4618 on LSU H95 (also known as SRL; sarcin–ricin loop; Figure 7E) and SNORD14-C462 on SSU h14 (Figure 7F). H95 interacts with h14 to form a part of a GTPase-associated center (GAC), which is important for peptide release (39, 40). The rest of the predicted PTMs were relatively spread along the 28S and 18S rRNAs and no other apparent clustering was observed.
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FIGURE 4
 18S rRNA and its PTMs. (A–G) Snapshots of 18S rRNA and its PTMs (A99, U116, U406, G436, C462, A668, U686, U822, A1031, C1272, U1326, G1328, U1442, C1703) taken at different rotations. 18S rRNA (yellow), its modifications (red).
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FIGURE 5
 28S rRNA and its PTMs. (A–H) Snapshots of 28S rRNA and its PTMs (A1326, A1524, A1871, A3785, C1881, C2861, C3808, C3869, C4054, C4456, G2876, G4228, G4494, G4499, G4618, U1582, U1683, U1782, U1792, U2837, U3818, U4423, U4431, U4442, U4471, U4500, U4673) taken at different rotations. 28S rRNA (teal), its modifications (purple).
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FIGURE 6
 5.8S rRNA and its PTM. (A–C) Snapshots of 5.88S rRNA and its PTM (U14) taken at different rotations. 5.8S rRNA (blue), its modification (orange).
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FIGURE 7
 PTMs localized within functionally important regions of the ribosomes. (A) Eight PTMs (U4423, U4442, U4431, C4456, U4471, G4494, G4499, U4500) mapped within helices H89-91 of the PTC which catalyzes the synthesis of the polypeptide chains (34). (B) Six PTMs (U1683, U1782, U1792, A1871, C1881, G4228) mapped within helices H37–H39. H38 forms an “A-site finger” and the B1a SSU-LSU bridge. (C) Three PTMs (A3785, C3808, U3818) mapped within helices H70–H71 which are important for LSU-SSU interactions (36, 37). (D) One PTM (U14) located within the LSU 28S−5.8S junction and in the proximity of the polypeptide exit tunnel (PET) wall (38). (E) PTM G4618 mapped within H95 (also known as SRL; sarcin–ricin loop) on LSU, and (F) C462 within h14 on SSU. H95 and h14 interact with each other to form a part of a GTPase-associated center (GAC) which is important for peptide release (39, 40).





4 Discussion

SnoRNAs are emerging as important regulators in OA (patho)biology. While several studies reported DE of snoRNAs in OA (22–24, 29), mechanisms of action by which they contribute to OA pathobiology are incompletely understood. Two recent papers provided evidence that snoRNA-mediated ribosome heterogeneity drives OA development and progression in human (25, 26). There is only very limited data on expression profiles and roles of snoRNAs in equine OA (29), particularly in relation to their functions in ribosome heterogeneity. In the present study, we used an established equine osteochondral fragment model of OA (2), and measured snoRNA levels at baseline (Day 0) and in OA (Day 28 and 70 post-OA inducing surgery) equine SF.

Several studies showed that snoRNAs are present and can be reliably detected in biofluids, including blood, plasma, serum and SF (29, 41, 42), where they are present in either free form, or encapsulated in extracellular vesicles (EVs) (43). EVs are secreted membranous vesicles facilitating intercellular communication and (patho)physiological processes throughout the body. EV's cargo comprises proteins, lipids, DNA, and various RNA species including snoRNAs, and reflects the current state of the parental cell (44–46). While plasma and serum circulating snoRNAs might reflect the systemic component of OA and thus be relevant as OA diagnostic or prognostic biomarkers (24, 30), snoRNAs present in the SF could directly contribute to OA pathobiology. The origin of SF-derived snoRNAs is still elusive but might be attributed to either controlled secretion or a passive release by damaged cells of articular joint tissues. This is the first study mapping temporal abundance patterns of snoRNAs in SF during OA initiation (Day 28) and progression (Day 70). Interestingly, while the majority of DE snoRNAs were upregulated at Day 28, at Day 70, snoRNAs were mostly downregulated. This suggests that snoRNAs might play different roles in early and late stages of OA. These results are in line with recent data on ribosome and translation regulation in OA. Studies in rodents showed that mTORC1, a critical signaling pathway regulating cellular protein synthesis, is activated most prominently in the early stages of OA (47, 48), leading to increased rates of total protein synthesis. Importantly, the changes in mTOR activity and changes in translation rates preceded morphological changes in cartilage structure during OA development (47). These mTOR/translation data are in line with a generally stablished role of mTOR in cartilage growth, development and OA (49, 50).

Here, we identified 44 snoRNAs DE in equine OA SF. Several of the snoRNAs identified as DE in equine OA SF were dysregulated in our previous OA studies, suggesting similarities in snoRNA regulation across species. For example, levels of a non-canonical snoRNA U3, decreased at Day 70 in out dataset, were also decreased in human OA chondrocytes, and this had negative effects on ribosome biogenesis and translation capacity (23). Levels of canonical SNORA71 declined in aging equine chondrocytes (51) and were also decreased in our OA SF (Day 70). Non-canonical SNORA43 and canonical SNORD38 (upregulated) were regulated in joints of OA mice following destabilization of the medial meniscus (24). Serum levels of SNORD38 were significantly elevated in patients developing cartilage damage 1 year following anterior cruciate ligament injury (30). In line with these results, we found SNORD38 to be increased in OA SF. Taken together, our results of equine SF snoRNA profiling in OA are in line with previously published data, all supporting the conclusion that snoRNAs play important roles in OA (patho)biology across species.

Nevertheless, the mechanisms of action by which snoRNAs contribute to OA pathobiology are hardly understood. While the canonical, snoRNA-mediated regulation of ribosome function and translation was experimentally validated in OA (25, 26), non-canonical mechanisms of action are yet to be explored and understood in depth. The majority of DE snoRNAs identified in this study were canonical snoRNAs predicted to guide 2′-O-me and ψ modifications of rRNAs. To hypothesize the roles of snoRNA-mediated ribosome heterogeneity in equine OA, we mapped these predicted rRNA PTMs within a 3D ribosome model. More than 200 rRNA nucleotides of eukaryotic ribosomes are 2′-O-me or ψ. As the polypeptide-generating catalytic properties of the ribosome are undertaken by rRNAs, rather than RPs (51), rRNA PTMs are expected to have a significant impact on ribosome function (13, 14). They are highly evolutionary conserved and cluster within functionally important regions of ribosomes, including the decoding and tRNA binding sites (the A-, P- and E-sites), the PTC, and the intersubunit bridges (34, 52). As a result, rRNA PTMs affect the accuracy and the efficiency of translation at the global scale, but also at the level of individual mRNAs (26, 53–57). Our rRNA PTMs mapping revealed that several important regions of the ribosome could be targeted by snoRNAs DE in equine OA.

Eight predicted PTMs mapped within LSU helices H89–H91 which form the catalytic center of the ribosome, PTC. Several previous studies demonstrated that rRNA PTMs located within the PTC are important for ribosome function as well as cellular fitness and survival (58, 59). Mistargeted 2′-O-me of PTC rRNA nucleotides, which are not naturally modified using engineered snoRNAs caused severe growth defects, impaired ribosome biogenesis, and a marked decrease in translation rate (58). Furthermore, yeasts depleted of 1–5 snoRNAs guiding conserved ψ within PTC were investigated. While the translation was substantially impaired in strains that lost ψ in the A site of the tRNA binding site, depletion of other ψ had subtle or no apparent effects. However, synergistic effects were observed when multiple snoRNAs were depleted (55).

Furthermore, six predicted PTMs were located within helices H37–H39. H38 forms an “A-site finger” which is located just above the A-site of tRNA binding. It interacts with 5S rRNA and SSU protein S13 thus forming a B1a SSU-LSU bridge. It also directly interacts with A-site tRNA (35). ASF is important for efficient translational activity and translation fidelity, specifically for maintaining the reading frame (35). H38 and neighboring H37 and H39 contain an unusually dense cluster of Ψ modifications. Depletion of these Ψs in yeasts negatively affected ribosome biogenesis, disrupted polysome formation, and global translation activity, and caused an overall decrease in cellular fitness and increased sensitivity to ribosome-targeting drugs (60). Three predicted PTMs mapped within helices H70–H71. Mutations in H70 of E. coli 23S rRNA impaired LSU-SSU interactions (37). Its localization also suggests that it may influence interactions of tRNAs at the A- and P-sites and activity of the PTC. H71 together with h44 of the SSU form an intersubunit bridge B3, important for translation (36). Similarly to H37–H39, the deletion of PTMs within H70–71 caused ribosome instability and impaired ribosome fidelity. We also mapped PTMs within h14 and H95 (also known as SRL; sarcin–ricin loop). H95 and h14 interact with each other to form a part of a GTPase-associated center. Polypeptide chain release factors eRF3 and eRF1 bind to GAC by interacting with h14 and thus form a pretermination complex, necessary for peptide release (39, 40). The deletion of H95/SRL caused defects in eRF-dependent steps of translation and a loss of EF-Tu-independent A-site tRNA binding (61). Altogether, these data indicate that differences in PTM levels of rRNA nucleotides within these important helices could potentially significantly affect ribosome functions, including translation elongation, termination, peptide release, but also influence overall translation fidelity and efficiency. Nevertheless, an experimental validation of this hypothesis is vital to draw any conclusion.

Another snoRNA that was regulated in equine OA SF was SNORD71. This snoRNA guides 2′-O-me of U14 on 5.8S rRNA which is located within the 28S-5.8S junction, in the proximity of the polypeptide exit tunnel (PET) wall (40). SNORD71-guided 2′-O-me of nucleotide U14 stabilizes the secondary and tertiary structure of 5.8S rRNA, thus affecting its conformation state and its interaction with 28S rRNA (62). Importantly, a decrease in modification levels of 5.8S-U14 was already implicated in human OA (26). In this study, healthy primary human articular chondrocytes were exposed to OA SF from patients with end-stage OA. This resulted in site-specific changes in chondrocyte rRNA PTM profiles, including a decrease in 2′-O-me of 5.8S-U14. Additionally, SNORD71 KO cell pools in which ribosomes were lacking 2'-O-me of 5.8SU14 we generated. This affected ribosome functions such as translation modus, fidelity, internal ribosome entry site (IRES)-mediated translation initiation, and sensitivity against ribosome-targeting antibiotics. Most importantly, the loss of 2′-O-me of 5.8S-U14 led to an increase in the translation of collagen type I mRNA, which is a fibrotic protein associated with OA (26). In line with these findings, we found decreased levels of SNORD71 in equine OA SF. These data also support our earlier hypothesis that snoRNAs could play a role in OA by guiding rRNA PTMs within important ribosomal regions, thus regulating ribosome functions and translation in OA.

Within a joint cavity, several tissues, including articular cartilage or synovium, are in direct contact with SF and release nutrients, growth factors, signaling molecules, and EVs into the SF thus contributing to its composition (63). The DE snoRNAs identified in OA SF might therefore reflect the changes in snoRNA expression levels in joint tissues, or alternatively, come from the circulation. In line with this, a recent study reported that snoRNA expression patterns in SF-derived EVs change during progression of OA, as shown in an experimental equine OA model (43). Several of the DE snoRNAs identified in this study overlapped with our results, including SNORD15, SNORD58, U3, and others. OA-associated changes in SF composition have detrimental consequences for surrounding tissues (64–66). Importantly, exposing healthy chondrocytes to OA SF led to OA-related changes in chondrocyte phenotype and importantly, also site-specific changes in their rRNA PTM profiles (25, 26). Therefore, it is possible that DE of snoRNA within SF could affect rRNA PTMs of cells within the joint cavity. Nevertheless, the expression level of specific snoRNA and the modification level of its predicted target do not always correlate with each other (67, 68). For example, even though the knockdown of methyltransferase FBL in HeLa cells caused a general decrease in rRNA 2′-O-me levels, some sites were affected more than others. However, these changes did not directly correlate with expression levels of the corresponding snoRNAs (67). Considering this, the links between DE snoRNAs and their PTMs we proposed in this study need to be experimentally validated before we draw any definitive conclusions.

The data presented in this study indicate that snoRNAs are regulated in equine OA and we speculate that this will have consequences for ribosome function. This is based on our previous data showing that manipulation of snoRNA expression in articular chondrocytes affects ribosome function and cellular proteome (25, 26). Nevertheless, while our study provides novel insights into the differential expression of snoRNAs in equine OA and their predicted effects on rRNA-PTM-based ribosome heterogeneity, we acknowledge the lack of direct functional validation of these results to confirm their impact on ribosome activity and translation dynamics. In the future, techniques such as RiboMethSeq (69) and HydraPsiSeq (70) should be utilized to investigate changes in rRNA 2′-O-me and ψ profiles in equine OA in more detail. Furthermore, functional evaluation of heterogenous ribosomes using ribosome profiling or translational reporter assays is needed to determine how snoRNA-mediated rRNA heterogeneity influences ribosome function and cellular proteome in the context of OA. The development and progression of OA are fuelled by changes in protein expression programs (10, 11) and as such, translation regulation plays an important role in OA (9). Thus, an understanding of snoRNA-mediated translation regulation in OA might be valuable in developing new OA treatments in the future. Moving forward, it would be interesting to measure snoRNA levels as well as rRNA PTM profiles across different cell types of joint tissues in OA. Then we could directly link the snoRNA expression levels with the corresponding changes in their target rRNA PTMs and examine their regulation in OA in individual tissues. Experiments depleting and/or overexpressing selected snoRNAs and investigating ribosome functions would then shed light on snoRNA-mediated translation regulation and its role in OA pathobiology.

OA is a complex multifactorial and heterogeneous disease. In fact, it is becoming clear that OA represents a spectrum of conditions with distinct clinical phenotypic characteristics and underlying molecular mechanisms (endotypes) (71). Because of this, the efforts to develop a universal one-treatment-fits-all drug therapy failed in the past. A deeper understanding of underlying molecular processes and their relative contribution to particular OA phenotypes and endotypes will be important for the development of targeted OA treatments in the future. Emerging data on snoRNAs and their roles in regulating ribosome heterogeneity and translation in OA, imply that targeting snoRNA expression could be used in OA therapy. This could be achieved using intra-articular injections of antisense oligonucleotides (ASOs), or on the other hand, snoRNA-overexpressing constructs. Ribosome-targeting therapy might be novel for the OA field, but it is well recognized for treatment of other diseases (72, 73). For example, Ataluren, a small-molecule compound, is now approved by the European Medicine Agency to treat male patients with Duchenne muscular dystrophy, a disease caused by non-sense mutations in the dystrophin gene (73, 74). Ataluren interacts with ribosomes and facilitates the recruitment of near-cognate tRNAs, thus allowing for readthrough of premature stop codons in the dystrophin mRNA (75). Furthermore, many potential therapeutic agents and small molecule inhibitors targeting ribosome biogenesis, translation initiation, or specific “onco-ribosomes” are being tested in cancer clinical trials (76, 77). Importantly, as discussed earlier, OA patients might also benefit from translation- and ribosome-targeting therapy. Overall, future research focused on a comprehensive understanding of the translation dynamics in OA might aid in developing new, exciting OA treatment strategies.



Data availability statement

The datasets presented in this study are deposited in ENA SRA repository, accession numbers, PRJEB91727, ERP174663.



Ethics statement

The animal studies were approved by the Danish Animal Experimentation Inspectorate, #2017-15-0201-01314. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

AC: Conceptualization, Formal analysis, Investigation, Visualization, Writing – original draft, Writing – review & editing. MW: Conceptualization, Formal analysis, Investigation, Methodology, Project administration, Resources, Writing – review & editing. SR: Formal analysis, Investigation, Visualization, Writing – review & editing. SJ: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – review & editing. LB: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – review & editing. JA: Formal analysis, Investigation, Writing – review & editing. MP: Conceptualization, Funding acquisition, Methodology, Project administration, Resources, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This work was made possible through support from the Independent Research Fund Denmark, Technology and Production Sciences (Grant Number DFF-7017-00066, 2017), the Horse Levy Foundation, and Gerda and Aage Haensch's Foundation. Furthermore, Lægefonden—AP Møller Foundation, Kuustos Foundation and Toosbuys Foundation provided financial support for the animal experiment. MW was funded by a PhD scholarship jointly awarded by the University of Copenhagen, the Technical University of Denmark and the Swedish University of Agricultural Science. MP was funded through a Wellcome Trust Clinical Intermediate Fellowship (grant 107471/Z/15/Z) and supported by Versus Arthritis as part of the MRC Versus Arthritis Center for Integrated Musculoskeletal Aging.



Acknowledgments

We thank the Center for Genomic Research (part of the Shared Research Facility) at the University of Liverpool for their assistance with all aspects of the sequencing particularly Margaret Hughes and Anita Lucaci. The authors are greatly indebted to DVM Stefanie Hansen and DVM Frederikke Sofie Foged for invaluable assistance with the animal experiment.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1562508/full#supplementary-material



References

 1. Ireland JL, Wylie CE, Collins SN, Verheyen KL, Newton JR. Preventive health care and owner-reported disease prevalence of horses and ponies in Great Britain. Res Vet Sci. (2013) 95:418–24. doi: 10.1016/j.rvsc.2013.05.007

 2. McIlwraith CW, Frisbie DD, Kawcak CE. The horse as a model of naturally occurring osteoarthritis. Bone Joint Res. (2012) 1:297–309. doi: 10.1302/2046-3758.111.2000132

 3. UAVSNHM, USDoA. National Economic Cost of Equine Lameness, Colic, and Equine Protozoal Myeloencephalitis in the United States. USDA APHIS Veterinary Services National Health Monitoring System Fort Collins, Colorado (2001).

 4. Herbst AC, Coleman MC, Macon EL, Harris PA, Adams AA. Owner-reported health and disease in U.S. senior horses. Equine Vet J. (2025) 57:684–702. doi: 10.1111/evj.14200

 5. Neundorf RH, Lowerison MB, Cruz AM, Thomason JJ, McEwen BJ, Hurtig MB. Determination of the prevalence and severity of metacarpophalangeal joint osteoarthritis in Thoroughbred racehorses via quantitative macroscopic evaluation. Am J Vet Res. (2010) 71:1284–93. doi: 10.2460/ajvr.71.11.1284

 6. Loeser RF, Goldring SR, Scanzello CR, Goldring MB. Osteoarthritis: a disease of the joint as an organ. Arthritis Rheum. (2012) 64:1697–707. doi: 10.1002/art.34453

 7. McIlwraith CW, Frisbie DD, Kawcak CE, Fuller CJ, Hurtig M, Cruz A. The OARSI histopathology initiative—recommendations for histological assessments of osteoarthritis in the horse. Osteoarthritis Cartil. (2010) 18:S93–105. doi: 10.1016/j.joca.2010.05.031

 8. Thijssen E, van Caam A, van der Kraan PM. Obesity and osteoarthritis, more than just wear and tear: pivotal roles for inflamed adipose tissue and dyslipidaemia in obesity-induced osteoarthritis. Rheumatology. (2015) 54:588–600. doi: 10.1093/rheumatology/keu464

 9. van den Akker GGH, Caron MMJ, Peffers MJ, Welting TJM. Ribosome dysfunction in osteoarthritis. Curr Opin Rheumatol. (2022) 34:61–7. doi: 10.1097/BOR.0000000000000858

 10. Sandell LJ, Aigner T. Articular cartilage and changes in arthritis. An introduction: cell biology of osteoarthritis. Arthritis Res. (2001) 3:107–13. doi: 10.1186/ar148

 11. Haartmans MJJ, Emanuel KS, Tuijthof GJM, Heeren RMA, Emans PJ, Cillero-Pastor B. Mass spectrometry-based biomarkers for knee osteoarthritis: a systematic review. Expert Rev Proteomics. (2021) 18:693–706. doi: 10.1080/14789450.2021.1952868

 12. Khatter H, Myasnikov AG, Natchiar SK, Klaholz BP. Structure of the human 80S ribosome. Nature. (2015) 520:640–5. doi: 10.1038/nature14427

 13. Gay DM, Lund AH, Jansson MD. Translational control through ribosome heterogeneity and functional specialization. Trends Biochem Sci. (2022) 47:66–81. doi: 10.1016/j.tibs.2021.07.001

 14. Genuth NR, Barna M. The discovery of ribosome heterogeneity and its implications for gene regulation and organismal life. Mol Cell. (2018) 71:364–74. doi: 10.1016/j.molcel.2018.07.018

 15. Gelfo V, Venturi G, Zacchini F, Montanaro L. Decoding ribosome heterogeneity: a new horizon in cancer therapy. Biomedicines. (2024) 12:155. doi: 10.3390/biomedicines12010155

 16. Milenkovic I, Novoa EM. Dynamic rRNA modifications as a source of ribosome heterogeneity. Trends Cell Biol. (2024). doi: 10.1016/j.tcb.2024.10.001. [Epub ahead of print].

 17. Jaafar M, Paraqindes H, Gabut M, Diaz JJ, Marcel V, Durand S. 2′O-ribose methylation of ribosomal RNAs: natural diversity in living organisms, biological processes, and diseases. Cells. (2021) 10:1948. doi: 10.3390/cells10081948

 18. Penzo M, Montanaro L. Turning uridines around: role of rRNA pseudouridylation in ribosome biogenesis and ribosomal function. Biomolecules. (2018) 8:38. doi: 10.3390/biom8020038

 19. Motorin Y, Quinternet M, Rhalloussi W, Marchand V. Constitutive and variable 2′-O-methylation (Nm) in human ribosomal RNA. RNA Biol. (2021) 18:1–10. doi: 10.1080/15476286.2021.1974750

 20. Ojha S, Malla S, Lyons SM. snoRNPs: functions in ribosome biogenesis. Biomolecules. (2020) 10:783. doi: 10.3390/biom10050783

 21. Kiss T. Small nucleolar RNAs: an abundant group of noncoding RNAs with diverse cellular functions. Cell. (2002) 109:145–8. doi: 10.1016/S0092-8674(02)00718-3

 22. Peffers MJ, Chabronova A, Balaskas P, Fang Y, Dyer P, Cremers A, et al. snoRNA signatures in cartilage ageing and osteoarthritis. Sci Rep. (2020) 10:10641. doi: 10.1038/s41598-020-67446-z

 23. Ripmeester EGJ, Caron MMJ, van den Akker GGH, Surtel DAM, Cremers A, Balaskas P, et al. Impaired chondrocyte U3 snoRNA expression in osteoarthritis impacts the chondrocyte protein translation apparatus. Sci Rep. (2020) 10:13426. doi: 10.1038/s41598-020-70453-9

 24. Steinbusch MM, Fang Y, Milner PI, Clegg PD, Young DA, Welting TJ, et al. Serum snoRNAs as biomarkers for joint ageing and post traumatic osteoarthritis. Sci Rep. (2017) 7:43558. doi: 10.1038/srep43558

 25. Chabronova A, van den Akker G, Housmans BAC, Caron MMJ, Cremers A, Surtel DAM, et al. Depletion of SNORA33 Abolishes psi of 28S-U4966 and affects the ribosome translational apparatus. Int J Mol Sci. (2023) 24:12578. doi: 10.3390/ijms241612578

 26. Chabronova A, van den Akker GGH, Housmans BAC, Caron MMJ, Cremers A, Surtel DAM, et al. Ribosomal RNA-based epitranscriptomic regulation of chondrocyte translation and proteome in osteoarthritis. Osteoarthritis Cartil. (2023) 31:374–85. doi: 10.1016/j.joca.2022.12.010

 27. Jorjani H, Kehr S, Jedlinski DJ, Gumienny R, Hertel J, Stadler PF, et al. An updated human snoRNAome. Nucleic Acids Res. (2016) 44:5068–82. doi: 10.1093/nar/gkw386

 28. Peffers M, Liu X, Clegg P. Transcriptomic signatures in cartilage ageing. Arthritis Res Ther. (2013) 15:R98. doi: 10.1186/ar4278

 29. Castanheira C, Balaskas P, Falls C, Ashraf-Kharaz Y, Clegg P, Burke K, et al. Equine synovial fluid small non-coding RNA signatures in early osteoarthritis. BMC Vet Res. (2021) 17:26. doi: 10.1186/s12917-020-02707-7

 30. Zhang L, Yang M, Marks P, White LM, Hurtig M, Mi QS, et al. Serum non-coding RNAs as biomarkers for osteoarthritis progression after ACL injury. Osteoarthritis Cartil. (2012) 20:1631–7. doi: 10.1016/j.joca.2012.08.016

 31. Walters M, Skovgaard K, Heegaard PMH, Fang Y, Kharaz YA, Bundgaard L, et al. Identification and characterisation of temporal abundance of microRNAs in synovial fluid from an experimental equine model of osteoarthritis. Equine Vet J. (2025). doi: 10.1111/evj.14456. [Epub ahead of print].

 32. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics. (2010) 26:139–40. doi: 10.1093/bioinformatics/btp616

 33. Kushner A, Petrov AS, Dao Duc K. RiboXYZ: a comprehensive database for visualizing and analyzing ribosome structures. Nucleic Acids Res. (2023) 51:D509–16. doi: 10.1093/nar/gkac939

 34. Sloan KE, Warda AS, Sharma S, Entian KD, Lafontaine DLJ, Bohnsack MT. Tuning the ribosome: the influence of rRNA modification on eukaryotic ribosome biogenesis and function. RNA Biol. (2017) 14:1138–52. doi: 10.1080/15476286.2016.1259781

 35. Komoda T, Sato NS, Phelps SS, Namba N, Joseph S, Suzuki T. The A-site finger in 23 S rRNA acts as a functional attenuator for translocation. J Biol Chem. (2006) 281:32303–9. doi: 10.1074/jbc.M607058200

 36. Gigova A, Duggimpudi S, Pollex T, Schaefer M, Koš M. A cluster of methylations in the domain IV of 25S rRNA is required for ribosome stability. RNA. (2014) 20:1632–44. doi: 10.1261/rna.043398.113

 37. Leviev I, Levieva S, Garrett RA. Role for the highly conserved region of domain IV of 23S-like rRNA in subunit-subunit interactions at the peptidyl transferase centre. Nucleic Acids Res. (1995) 23:1512–7. doi: 10.1093/nar/23.9.1512

 38. Zhang Y, Wölfle T, Rospert S. Interaction of nascent chains with the ribosomal tunnel proteins Rpl4, Rpl17, and Rpl39 of Saccharomyces cerevisiae. J Biol Chem. (2013) 288:33697–707. doi: 10.1074/jbc.M113.508283

 39. Hellen CUT. Translation termination and ribosome recycling in eukaryotes. Cold Spring Harb Perspect Biol. (2018) 10. doi: 10.1101/cshperspect.a032656

 40. Preis A, Heuer A, Barrio-Garcia C, Hauser A, Eyler DE, Berninghausen O, et al. Cryoelectron microscopic structures of eukaryotic translation termination complexes containing eRF1-eRF3 or eRF1-ABCE1. Cell Rep. (2014) 8:59–65. doi: 10.1016/j.celrep.2014.04.058

 41. Langevin SM, Kuhnell D, Biesiada J, Zhang X, Medvedovic M, Talaska GG, et al. Comparability of the small RNA secretome across human biofluids concomitantly collected from healthy adults. PLoS ONE. (2020) 15:e0229976. doi: 10.1371/journal.pone.0229976

 42. Zheleznyakova GY, Piket E, Needhamsen M, Hagemann-Jensen M, Ekman D, Han Y, et al. Small noncoding RNA profiling across cellular and biofluid compartments and their implications for multiple sclerosis immunopathology. Proc Natl Acad Sci U S A. (2021) 118:e2011574118. doi: 10.1073/pnas.2011574118

 43. Anderson JR, Jacobsen S, Walters M, Bundgaard L, Diendorfer A, Hackl M, et al. Small non-coding RNA landscape of extracellular vesicles from a post-traumatic model of equine osteoarthritis. Front Vet Sci. (2022) 9:901269. doi: 10.3389/fvets.2022.901269

 44. van Niel G, D'Angelo G, Raposo G. Shedding light on the cell biology of extracellular vesicles. Nat Rev Mol Cell Biol. (2018) 19:213–28. doi: 10.1038/nrm.2017.125

 45. Martins-Marques T, Girao H. The good, the bad and the ugly: the impact of extracellular vesicles on the cardiovascular system. J Physiol. (2022) 601:4837–52. doi: 10.1113/JP282048

 46. Chabronova A, Holmes TL, Hoang DM, Denning C, James V, Smith JGW, et al. SnoRNAs in cardiovascular development, function, and disease. Trends Mol Med. (2024) 30:562–78. doi: 10.1016/j.molmed.2024.03.004

 47. Katsara O, Kolupaeva V. mTOR-mediated inactivation of 4E-BP1, an inhibitor of translation, precedes cartilage degeneration in rat osteoarthritic knees. J Orthop Res. (2018) 36:2728–35. doi: 10.1002/jor.24049

 48. Zhang H, Wang H, Zeng C, Yan B, Ouyang J, Liu X, et al. mTORC1 activation downregulates FGFR3 and PTH/PTHrP receptor in articular chondrocytes to initiate osteoarthritis. Osteoarthritis Cartil. (2017) 25:952–63. doi: 10.1016/j.joca.2016.12.024

 49. Sun K, Luo J, Guo J, Yao X, Jing X, Guo F. The PI3K/AKT/mTOR signaling pathway in osteoarthritis: a narrative review. Osteoarthritis Cartil. (2020) 28:400–9. doi: 10.1016/j.joca.2020.02.027

 50. Luo Y, Zhou F, Wang X, Yang R, Li Y, Wu X, et al. Inhibition of cc chemokine receptor 10 ameliorates osteoarthritis via inhibition of the phosphoinositide-3-kinase/Akt/mammalian target of rapamycin pathway. J Orthop Surg Res. (2024) 19:158. doi: 10.1186/s13018-024-04642-x

 51. Balaskas P, Green JA, Haqqi TM, Dyer P, Kharaz YA, Fang Y, et al. Small non-coding RNAome of ageing chondrocytes. Int J Mol Sci. (2020) 21:5675. doi: 10.3390/ijms21165675

 52. Taoka M, Nobe Y, Yamaki Y, Sato K, Ishikawa H, Izumikawa K, et al. Landscape of the complete RNA chemical modifications in the human 80S ribosome. Nucleic Acids Res. (2018) 46:9289–98. doi: 10.1093/nar/gky811

 53. Liang XH, Liu Q, Fournier MJ. Loss of rRNA modifications in the decoding center of the ribosome impairs translation and strongly delays pre-rRNA processing. RNA. (2009) 15:1716–28. doi: 10.1261/rna.1724409

 54. Liang XH, Liu Q, Fournier MJ. rRNA modifications in an intersubunit bridge of the ribosome strongly affect both ribosome biogenesis and activity. Mol Cell. (2007) 28:965–77. doi: 10.1016/j.molcel.2007.10.012

 55. King TH, Liu B, McCully RR, Fournier MJ. Ribosome structure and activity are altered in cells lacking snoRNPs that form pseudouridines in the peptidyl transferase center. Mol Cell. (2003) 11:425–35. doi: 10.1016/S1097-2765(03)00040-6

 56. Baudin-Baillieu A, Fabret C, Liang XH, Piekna-Przybylska D, Fournier MJ, Rousset JP. Nucleotide modifications in three functionally important regions of the Saccharomyces cerevisiae ribosome affect translation accuracy. Nucleic Acids Res. (2009) 37:7665–77. doi: 10.1093/nar/gkp816

 57. Jansson MD, Häfner SJ, Altinel K, Tehler D, Krogh N, Jakobsen E, et al. Regulation of translation by site-specific ribosomal RNA methylation. Nat Struct Mol Biol. (2021) 28:889–99. doi: 10.1038/s41594-021-00669-4

 58. Liu B, Liang XH, Piekna-Przybylska D, Liu Q, Fournier MJ. Mis-targeted methylation in rRNA can severely impair ribosome synthesis and activity. RNA Biol. (2008) 5:249–54. doi: 10.4161/rna.6916

 59. Wang W, Li W, Ge X, Yan K, Mandava CS, Sanyal S, et al. Loss of a single methylation in 23S rRNA delays 50S assembly at multiple late stages and impairs translation initiation and elongation. Proc Natl Acad Sci U S A. (2020) 117:15609–19. doi: 10.1073/pnas.1914323117

 60. Piekna-Przybylska D, Przybylski P, Baudin-Baillieu A, Rousset JP, Fournier MJ. Ribosome performance is enhanced by a rich cluster of pseudouridines in the A-site finger region of the large subunit. J Biol Chem. (2008) 283:26026–36. doi: 10.1074/jbc.M803049200

 61. Lancaster L, Lambert NJ, Maklan EJ, Horan LH, Noller HF. The sarcin-ricin loop of 23S rRNA is essential for assembly of the functional core of the 50S ribosomal subunit. RNA. (2008) 14:1999–2012. doi: 10.1261/rna.1202108

 62. Nazar RN, Lo AC, Wildeman AG, Sitz TO. Effect of 2′-O-methylation on the structure of mammalian 5.8S rRNAs and the 5.8S-28S rRNA junction. Nucleic Acids Res. (1983) 11:5989–6001. doi: 10.1093/nar/11.17.5989

 63. Bennike T, Ayturk U, Haslauer CM, Froehlich JW, Proffen BL, Barnaby O, et al. A normative study of the synovial fluid proteome from healthy porcine knee joints. J Proteome Res. (2014) 13:4377–87. doi: 10.1021/pr500587x

 64. Housmans BAC, Neefjes M, Surtel DAM, Vitík M, Cremers A, van Rhijn LW, et al. Synovial fluid from end-stage osteoarthritis induces proliferation and fibrosis of articular chondrocytes via MAPK and RhoGTPase signaling. Osteoarthritis Cartil. (2022) 30:862–74. doi: 10.1016/j.joca.2021.12.015

 65. Housmans BAC, van den Akker GGH, Neefjes M, Timur UT, Cremers A, Peffers MJ, et al. Direct comparison of non-osteoarthritic and osteoarthritic synovial fluid-induced intracellular chondrocyte signaling and phenotype changes. Osteoarthritis Cartil. (2023) 31:60–71. doi: 10.1016/j.joca.2022.09.004

 66. Ingale D, Kulkarni P, Electricwala A, Moghe A, Kamyab S, Jagtap S, et al. Synovium-synovial fluid axis in osteoarthritis pathology: a key regulator of the cartilage degradation process. Genes. (2021) 12:989. doi: 10.3390/genes12070989

 67. Erales J, Marchand V, Panthu B, Gillot S, Belin S, Ghayad SE, et al. Evidence for rRNA 2′-o-methylation plasticity: control of intrinsic translational capabilities of human ribosomes. Proc Natl Acad Sci U S A. (2017) 114:12934–9. doi: 10.1073/pnas.1707674114

 68. Krogh N, Jansson MD, Häfner SJ, Tehler D, Birkedal U, Christensen-Dalsgaard M, et al. Profiling of 2′-O-Me in human rRNA reveals a subset of fractionally modified positions and provides evidence for ribosome heterogeneity. Nucleic Acids Res. (2016) 44:7884–95. doi: 10.1093/nar/gkw482

 69. Marchand V, Blanloeil-Oillo F, Helm M, Motorin Y. Illumina-based RiboMethSeq approach for mapping of 2′-O-Me residues in RNA. Nucleic Acids Res. (2016) 44:e135. doi: 10.1093/nar/gkw547

 70. Marchand V, Pichot F, Neybecker P, Ayadi L, Bourguignon-Igel V, Wacheul L, et al. HydraPsiSeq: a method for systematic and quantitative mapping of pseudouridines in RNA. Nucleic Acids Res. (2020) 48:e110. doi: 10.1093/nar/gkaa769

 71. Im GI, Moon JY. Emerging concepts of endotypes/phenotypes in regenerative medicine for osteoarthritis. Tissue Eng Regen Med. (2022) 19:321–4. doi: 10.1007/s13770-021-00397-2

 72. Temaj G, Chichiarelli S, Eufemi M, Altieri F, Hadziselimovic R, Farooqi AA, et al. Ribosome-directed therapies in cancer. Biomedicines. (2022) 10:2088. doi: 10.3390/biomedicines10092088

 73. Haas M, Vlcek V, Balabanov P, Salmonson T, Bakchine S, Markey G, et al. European medicines agency review of ataluren for the treatment of ambulant patients aged 5 years and older with duchenne muscular dystrophy resulting from a nonsense mutation in the dystrophin gene. Neuromuscul Disord. (2015) 25:5–13. doi: 10.1016/j.nmd.2014.11.011

 74. Michael E, Sofou K, Wahlgren L, Kroksmark AK, Tulinius M. Long term treatment with ataluren-the Swedish experience. BMC Musculoskelet Disord. (2021) 22:837. doi: 10.1186/s12891-021-04700-z

 75. Siddiqui N, Sonenberg N. Proposing a mechanism of action for ataluren. Proc Natl Acad Sci U S A. (2016) 113:12353–5. doi: 10.1073/pnas.1615548113

 76. Jiang SL, Mo JL, Peng J, Lei L, Yin JY, Zhou HH, et al. Targeting translation regulators improves cancer therapy. Genomics. (2021) 113:1247–56. doi: 10.1016/j.ygeno.2020.11.011

 77. Gilles A, Frechin L, Natchiar K, Biondani G, Loeffelholz OV, Holvec S, et al. Targeting the human 80s ribosome in cancer: from structure to function and drug design for innovative adjuvant therapeutic strategies. Cells. (2020) 9:629. doi: 10.3390/cells9030629

Copyright
 © 2025 Chabronova, Walters, Regårdh, Jacobsen, Bundgaard, Anderson and Peffers. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Exploring the roles of snoRNA-induced ribosome heterogeneity in equine osteoarthritis



		1 Introduction



		2 Material and methods



		2.1 Study design, sample collection, and pre-processing



		2.2 Sample processing and RNA isolation



		2.3 Small RNA sequencing



		2.4 Data analysis



		2.5 PTM mapping within the 3D ribosome structure







		3 Results



		3.1 snoRNA expression profiles in osteoarthritic synovial fluid (OA SF)



		3.2 Mapping of the PTMs guided by DE snoRNAs within the 3D ribosome structure







		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher's note



		Supplementary material



		References























OPS/images/crossmark.jpg
©

|






OPS/images/logo.jpg
& frontiers | Frontiers in Veterinary Science







OPS/images/fvets-12-1562508-g005.gif





OPS/images/fvets-12-1562508-g006.gif





OPS/images/fvets-12-1562508-g003.gif
RE 55and core vbs





OPS/images/fvets-12-1562508-g004.gif





OPS/images/fvets-12-1562508-g007.gif





OPS/images/fvets-12-1562508-t001.jpg
SNORA1 Day 70 vs. Day 0 0.14 0.011 1 H/ACA Canonical 288 U4471 HI1 PTC
Day 70 vs. Day 28 0.20 0.033 3
SNORA7 Day 28 vs. Day 0 0.09 0.002 1 H/ACA Canonical 288 U1582, U1792 H35
Day 70 vs. Day 0 0.22 0.040 4 H38a ASF
SNORAY Day 28 vs. Day 0 0.06 0.046 4 H/ACA Canonical 288 U1683, U1782 H37
Day 70 vs. Day 0 0.06 0.021 1 H38a ASF
SNORA16B/A family Day 70 vs. Day28 0.26 0.046 1 H/ACA Canonical 288 U4442 H89/90 PTC
Day70vs. Day0 | 027 0.032 1
SNORA21 Day 28 vs. Day 0 0.07 0.009 1 H/ACA Canonical 288 U4431, U4500 H89 PTC
Day 70 vs. Day 0 0.12 0.036 1 HI1 PTC
SNORA30/37 family Day 70 vs. Day 0 0.09 0.011 4 H/ACA Canonical 288 U4673 HY97
SNORA38 Day 70 vs. Day 0 0.31 0.020 1 H/ACA Non-canonical
SNORA43 Day 70 vs. Day 0 2.96 0.018 1+ H/ACA Non-canonical
Day28vs.Day0 | 4.49 0.003 1+
SNORA44 Day 70 vs. Day 28 0.34 0.031 { H/ACA Canonical 188 U822, U686 h20
Day28vs.Day0 | 4.09 0017 1+
SNORAS3 Day 28 vs. Day 0 0.08 0.011 1 H/ACA Non-canonical
Day 70 vs. Day 0 0.11 0.011 i
SNORA68 Day 70 vs. Day 0 16.68 0.027 1+ H/ACA Canonical 288 U4423 H89 PTC
SNORA71 Day 70 vs. Day 0 0.04 0.011 1 H/ACA Canonical 188 U406 h12
SNORA79 Day70 vs. Day 28 0.03 0.012 1 H/ACA Non-canonical
Day70vs.Day0 | 0.04 0015 i
SNORD10 Day 70 vs. Day 0 24.59 0.000 1 C/D Canonical & 288 C3808 H71 Intersubunit bridge B3
Non-canonical
Day 28 vs. Day0 | 52.87 0.000 1+
SNORD 14 Day 28 vs. Day 0 3.84 0.043 T C/D Canonical 188 C462 h14
Day 28 vs. Day 0 4.47 0.027 (i
SNORD15 Day 70 vs. Day 0 0.20 0.006 1 C/ID Canonical 288 A3785 H70
SNORD17 Day 70 vs. Day 28 0.29 0.026 1 C/D Canonical 288 U3818 H71 Intersubunit bridge B3
SNORD18 Day 28 vs. Day 0 4.38 0.042 1T C/ID Canonical 288 Al326 H25a
SNORD22 Day 28 vs. Day 0 14.80 0.024 T C/D Non-canonical
SNORD33/32 family Day 70 vs. Day 28 0.25 0.001 1 C/D Canonical 188, 288 185-U1326 (RD33), 188-G1328 (RD32), h34
285-A1524 (RD32)
Day 28 vs. Day 0 4.14 0.003 1t
Day 28 vs. Day 0 6.14 0.027 1 H32
SNORD34 Day 28 vs. Day 0 24.10 0.028 1 C/D Canonical 288 U2837 H48/61
SNORD36 Day 28 vs. Day 0 2522 0.027 T C/ID Canonical 185 A668 h19
SNORD38 Day 70 vs. Day 0 9.25 0.006 1+ C/D Canonical 288 A1871 H39
Day28vs.Day0 | 2595 0.000 +
SNORD42 Day 70 vs. Day 0 0.08 0.032 1 C/D Canonical 188 U116 h7
SNORD43 Day 28 vs. Day 0 0.32 0.043 1 C/D Canonical 188 C1703
SNORD48 Day 70 vs. Day 0 0.12 0.001 1 C/D Canonical 288 C1881 H39/40
Day 28 vs. Day 0 0.14 0.003 1
SNORD49 Day 70 vs. Day 28 0.19 0.001 1 C/ID Canonical 288 C4456 H90 PTC
Day 28 vs. Day 0 372 0.009 1+
Day28vs.Day0 | 653 0018 t
SNORD50 Day70 vs. Day 28 0.11 0.004 4 C/D Canonical 288 C2861, G2876 H62,
H62/63
Day 70 vs. Day 0 0.13 0.008 *
Day 70 vs. Day 28 0.16 0.010 1
Day 70 vs. Day 0 6.05 0.036 R
Day 28 vs. Day 0 38.47 0.000 1
SNORD53/92 Day 28 vs. Day 0 0.04 0.000 1 C/D Canonical 288 C3869 H72
Day70vs.Day0 | 0.19 0.030 I
Day70vs. Day28 | 0.21 0.008 1+
Day 70 vs. Day 28 533 0.039 T ++
SNORD57 Day 70 vs. Day 28 0.13 0.002 1 C/D Canonical 188 A9 h7
Day 70 vs. Day 0 0.16 0.004 4
SNORD58 Day 70 vs. Day 28 0.16 0.020 1 C/ID Canonical 288 G4228 H38
Day 70 vs. Day 28 0.33 0.021 1
Day28vs.Day0 | 853 0.019 +
Day28vs.Day0 | 35.14 0.009 1+
SNORD59 Day 28 vs. Day 0 43.51 0.002 1t C/ID Canonical 188 A1031 h24
SNORD61 Day 70 vs. Day 28 0.24 0.019 1 C/D Canonical 188 U1442 H39/40
Day 28 vs. Day 0 8.55 0.003 1+
SNORD66 Day 70 vs. Day 28 0.18 0.020 1 C/ID Canonical 188 C1272 h33
SNORD69 Day 70 vs. Day 28 0.30 0.043 1 C/ID Canonical 288 G4494 HI1 PTC
SNORD71 Day 28 vs. Day 0 0.03 0.025 A C/D Canonical 5.88 Ul4 5.8-28S juction
SNORD75 Day 70 vs. Day 28 0.10 0.038 J C/ID Canonical 288 C4054, G4499 H77, PTC
H92
SNORDS83 Day 28 vs. Day 0 14.19 0.047 1T C/ID Non-canonical
SNORD91 family Day 28 vs. Day 0 16.56 0.046 1 C/D Canonical 288 G4618 H95 GAC
(SRL)
SNORD100 Day 70 vs. Day 0 0.11 0.000 1 C/D Canonical 188 G436 h13
Day70vs. Day28 | 021 0.006 v
SNORD101 Day 70 vs. Day 28 0.31 0.038 13 C/D Non-canonical
SNORD116 Day 70 vs. Day 28 0.15 0.037 1 C/D Non-canonical
U3 Day 70 vs. Day 28 0.31 0.030 4 C/D Non-canonical
U83B Day 70 vs. Day 28 0.12 0.000 4 C/D Non-canonical
Day28vs.Day0 | 10.98 0.000 1

*GenelD: 111,775,528; **GenelD: 111,775,529; + GenelD: 111,768,255; ++ GenelD: 111,768,254. ASF, A-site finger; Gac, GTPase-associated center; PTC, peptidyl-transferase center; SRL, sarcin-ricin loop.






OPS/images/cover.jpg
, frontiers | Frontiers in Veterinary Science

Exploring the roles of
snoRNA-induced ribosome
heterogeneity in equine
osteoarthritis





OPS/images/fvets-12-1562508-g001.gif





OPS/images/fvets-12-1562508-g002.gif





