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s u m m a r y

Objective: Osteoarthritis-related cartilage extracellular matrix remodeling is dependent on changes in
chondrocyte protein expression. Yet, the role of ribosomes in chondrocyte translation regulation is un-
known. In this exploratory study, we investigated ribosomal RNA (rRNA) epitranscriptomic-based ribo-
some heterogeneity in human articular chondrocytes and its relevance for osteoarthritis.
Methods: Sequencing-based rRNA 20-O-methylation profiling analysis (RiboMethSeq) was performed on
non-OA primary human articular chondrocytes (n ¼ 5) exposed for 14 days to osteoarthritic synovial
fluid (14 donors, pooled, 20% v/v). The SW1353 SNORD71 KO cell pool was generated using Lenti-
CRISPRv2/Cas9. The mode of translation initiation and fidelity were determined by dual-luciferase re-
porters. The cellular proteome was analyzed by LCeMS/MS and collagen type I protein expression was
evaluated by immunoblotting. Loading of COL1A1 mRNA into polysomes was determined by sucrose
gradient ultracentrifugation and fractionation.
Results: We discovered that osteoarthritic synovial fluid instigates site-specific changes in the rRNA 20-O-
me profile of primary human articular chondrocytes. We identified five sites with differential 20-O-me
levels. The 20-O-me status of 5.8S-U14 (one of identified differential 20-O-me sites; decreased by 7.7%,
95% CI [0.9e14.5%]) was targeted by depleting the level of its guide snoRNA SNORD71 (50% decrease, 95%
CI [33e64%]). This resulted in an altered ribosome translation modus (e.g., CrPV IRES, FC 3, 95% CI [2.2
e4.1]) and promoted translation of COL1A1mRNAwhich led to increased levels of COL1A1 protein (FC 1.7,
95% CI [1.3e2.0]).
Conclusions: Our data identify a novel concept suggesting that articular chondrocytes employ rRNA
epitranscriptomic mechanisms in osteoarthritis development.
© 2023 The Authors. Published by Elsevier Ltd on behalf of Osteoarthritis Research Society International.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction

Translation and its precise regulation are critical for chon-
drocytes and articular cartilage homeostasis. Remodeling and
degeneration of articular cartilage extracellular matrix (ECM) are
hallmarks of OA, and they are fueled by alterations in chondrocyte
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protein expression programs1. However, ribosomes, cellular nano-
machines that catalyze protein synthesis, have been largely over-
looked inOA research.Understandingof ribosomesand theirdiverse
roles in protein translation has grown significantly over the last
decade. As a result, ribosomes, which were once considered ho-
mogenous in their composition and passive and non-selective in
mRNA translation, are now recognized as heterogeneous and
actively participating in translation regulation2. A single human cell
contains millions of ribosomes consisting of four ribosomal RNAs
(rRNAs; 18S, 5.8S, 28S, and 5S) and up to 80 ribosomal proteins (RPs)
assembled into small (SSU; 40S) and large ribosomal subunits (LSU;
search Society International. This is an open access article under the CC BY license

http://creativecommons.org/licenses/by/4.0/
mailto:t.welting@maastrichtuniversity.nl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joca.2022.12.010&domain=pdf
https://doi.org/10.1016/j.joca.2022.12.010
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.joca.2022.12.010
https://doi.org/10.1016/j.joca.2022.12.010


A. Chabronova et al. / Osteoarthritis and Cartilage 31 (2023) 374e385 375
60S)3. The polypeptide-generating catalytic properties of the ribo-
some are executed by rRNAs4 that are post-transcriptionally modi-
fied (PTM)5,6. 20-O-methylation and pseudouridylation (j) are the
most abundant rRNAmodifications6. They represent a major source
of ribosome heterogeneity and affect rRNA stability, ribosome
biogenesis and function2. To date, over 100 20-O-methylation sites
have been identified in human rRNAs7. Box C/D snoRNAs (SNORDs)
site-directionally guide 20-O-me modifications of specific rRNA nu-
cleotides by base-pairing with target rRNA. Subsequently, the
methyltransferase fibrillarin (FBL) catalyzes the transfer of a methyl
group to the 20-hydroxyl group of target rRNA ribose8. 20-O-me-
based ribosome heterogeneity has been documented in the devel-
opment and diseases such as cancer and dyskeratosis congenita9.
Moreover, a recent study provided a functional link between cancer-
specific 20-O-me ribosome heterogeneity, translation of specific
mRNAs, and pathological changes in cellular phenotype10.

In this study, we investigated whether 20-O-me-based ribosome
heterogeneity of human articular chondrocytes (HACs) is modu-
lated by OA synovial fluid (OA-SF), and we examined its functional
relevance for OA pathobiology.

Materials and methods

Translation modus and fidelity assays

To investigate cellular translation characteristics, we used dual-
luciferase reporters and probed cap-independent IRES-mediated
translation initiation and translation fidelity (stop codon skipping
and frameshift). Transfections were performed using the Fugene6
Transfection Reagent (Promega, E2691). Dual-luciferase reporters
(DLRs) were gifts from S. R. Thompson and J. Dinman (Table S1).
Firefly and Renilla luciferase activity were measured (48 he72 h
post-transfection) using the Dual-Luciferase® Reporter Assay Sys-
tem (Promega, E1910) and Tristar2 LB942 (Berthold Technologies).
Raw RLU values are listed in Table S211. b-galactosidase activity in
lysates of cells co-transfected with a lacZ plasmid was measured by
b-Gal Assay Kit (Invitrogen, K1455-01). Data were analyzed by a
ManneWhitney U test.

Synovial fluid collection

SF collection was approved by the Medical Ethics Committee
(METC) from theMaastricht UniversityMedical Center (2017-0183).
SF samples were collected from patients (n ¼ 14; average age
67.1 ± 5.5 years) suffering from knee OA undergoing total knee
replacement surgery. Informed consent was acquired following
Dutch medical ethical guidelines.

Human articular chondrocytes isolation and culture

Non-OA primary HACs were isolated from resected pieces of the
knee of individuals undergoing arthroscopy, anterior cruciate lig-
ament repair or osteochondritis dissecans surgery (n ¼ 5; average
age 19 years). Material collection and use were approved by the
METC of Maastricht University Medical Center (2017-0183), and
informed consent was acquired. Cartilagewas digested overnight at
37�C in a type II collagenase (Gibco Life Technologies, 17101-015)
(300 U/ml) in DMEM/F12 HEPES (Gibco Life Technologies,
31330038) with 1% Antibiotic-Antimycotic (AeA; Gibco Life Tech-
nologies, 15240-062). Chondrocytes were isolated by passing the
digested cartilage over a 70-mm cell strainer (Greiner Bio-One,
542070). Cells were cultured in DMEM/F-12 low glucose with
GlutaMAX (Gibco Life Technologies, 31331-093), 10% fetal calf
serum (FCS; Sigma-Aldrich, F7524), 1% AeA (Gibco Life Technolo-
gies, 15240-062), 1% nonessential amino acids (NEAA; Gibco Life
Technologies, 11140-035) at 37�C in a humidified atmosphere
containing 5% CO2. After reaching confluency, HACs were passaged
1:2 until passage 2. Non-OA HACs of five individual donors were
plated in 24-well plates at 30,000 cells/cm2 and exposed to 20% (v/
v) OA-SF (pool of 14 patients to minimize the interpatient vari-
ability, equal volume ratios), or 20% (v/v) 0.9% NaCl in DMEM/F-12
GlutaMAX, 10% FCS, 1% AeA and 1% NEAA for 14 days. Culture
medium was refreshed every other day.
RNA isolation and RiboMethSeq

Total RNA was isolated using the RNeasy Plus Mini Kit (Qia-
gen,74134). RNA quality was determined with a 2100 Bioanalyzer
(Agilent) and RNA 6000 Nano Kit (Agilent, 5067-1511). Ribo-
MethSeq of rRNAs was performed as previously described12,13.
Briefly, ~100 ng of total RNA was fragmented by alkaline hydrolysis
and the fragments were end-repaired. The NEBNext Small RNA kit
(NEB, E7330S) was used to prepare the library. Libraries were
multiplexed and sequenced using Illumina HiSeq 1000.

Bioinformatics pipeline was performed as previously described13.
The MethLevel represents a fraction of rRNAs modified at a given
nucleotide in the rRNA population normalized to an in vitro synthe-
sized non-modified control rRNA transcript, MethLevel of 1 corre-
sponds to a fully 20-O-methylated position. RNA sequencing data are
deposited in the ArrayExpress (E-MTAB-11469, E-MTAB-11470).
Visualization of the human ribosome and mapping of 5.8S-U14

5.8S-U14 site was visualized using PyMOL software and the
three-dimensional structure of the human 80S ribosome was
obtained from the Protein Data Bank (PDB ID: 6QZP)14,15.
CRISPR/Cas9 targeting

A second-generation lentiviral production system was used.
LentiCRISPR v2 was a gift from Dr. Feng Zhang (Addgene plasmid
#52961; http://n2t.net/addgene:52961; RRID: Addgene_52961)16.
Plasmids pCMVR8.74 and pMD2.G were gifts from Dr. Didier Trono
(Addgene plasmid #22036; http://n2t.net/addgene:22036; RRI-
D:Addgene_22036; Addgene plasmid #12259; http://n2t.net/
addgene:12259; RRID:Addgene_12259). SNORD71 targeting
sgRNA sequences were based on a previous publication17, annealed
and cloned into LentiCRISPRv2 using BsmBI overhangs. Lenti-
CRISPRv2 with sgRNAs targeting GFP was used as a CRISPR con-
trol18,19. All plasmids were sequence-verified. Lentiviruses were
produced by transfection of HEK293T cells with transfer and pro-
duction plasmid DNAs in equimolar ratios using polyethylenimine
(PEI, PEI/DNA ratio 2.5:1; Polysciences, 07923966-2). Viruses were
harvested and concentrated with the Lenti-X Concentrator (Takara,
631232). Viral titers were determined using p24 ELISA (Fujirebio,
80563). Lentiviral transductions were performed in SW1353 using
MOI (multiplicity of infection) of 1 in presence of polybrene (Sigma-
Aldrich, H9268). Twenty-four hours later cells were selected using
puromycin (Sigma-Aldrich, P8833). In all experiments, SW1353
(ATCC, HTB-94) were cultured in DMEM/F-12 low glucose with
GlutaMAX (Gibco Life Technologies, 31331-093) with 10% FCS
(Sigma-Aldrich, F7524), 1% AeA (Gibco Life Technologies, 15240-
062) and HEK293T (ATCC, CRL-3216) were cultured in DMEM high
glucose medium (Gibco Life Technologies, 41966029), 10% FCS
(Sigma-Aldrich, F7524), 1% AeA (Gibco Life Technologies, 15240-
062), 1% sodium pyruvate (Gibco Life Technologies, 11360070) at
37�C in a humidified atmosphere and 5% CO2 at 37�C in a humid-
ified atmosphere and 5% CO2.
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DNA isolation and surveyor assay

To confirm the successful targeting of DNA with CRISPR/Cas9,
genomic DNA (gDNA) was isolated using the DNeasy Blood& Tissue
Kit (Qiagen, 69504). The target region was amplified by PCR from
200 ng of gDNA using the high-fidelity Phusion polymerase
(Thermo Scientific, F530L) and PCR primers spanning the genomic
sgRNA target sites. PCR amplicons were purified and concentrated
using the MinElute PCR Purification Kit (Qiagen, 28004). For the
Surveyor Mutation Detection Assay (IDT, 706020), 300 ng of
amplified DNAwas hybridized and digested by Surveyor Nuclease S
for 60 min at 42�C. Digestion fragments were separated on 1.5%
agarose gel and detected using ethidium bromide with a Chemidoc
MP imaging system (Bio-Rad).

RT-qPCR

Total RNA (600 ng) was reverse transcribed using random
hexamers (Promega, C1181). A quantitative polymerase chain re-
action (qPCR) was performed using Takyon™ No Rox SYBR Master
Mix blue dTTP (Eurogentec, UF-NSMT-B0710), cDNA (6 ng), forward
and reverse primers (300 nM) and protocol: 50�C for 2 min,
denaturation at 95�C for 10 min, followed by 40 cycles of amplifi-
cation (15 s 95�C and 1 min 60�C) followed by a melting curve (Bio-
Rad CFX96 Real-Time PCR Detection System). Data were analyzed
using the standard curve method (Bio-Rad CFX Manager Software
version 1.1). Relative quantification of target gene expression was
normalized to a reference gene. Gene expression data were log-
transformed for statistical analyses and presented as fold change.
Primer sequences are listed in Table S1.

DNA measurements

Cells were plated subconfluently and cultured in the presence of
ribosome-targeting antibiotics: emetine (EMT; Sigma-Aldrich,
SMB01061), CHX (Sigma-Aldrich, C1988), anisomycin (ANS; Sigma-
Aldrich, A9789), or fusidic acid (FA; Sigma-Aldrich, F0756). Cells
were stained with 0.1% crystal violet (Sigma-Aldrich, C-3886) in
200mM boric acid (pH 9.0) (Sigma-Aldrich, B7901). Bound dye was
solubilized by 10% acetic acid (VWR, 20102292) and optical density
was measured at 590 nm using a Multiskan FC Microplate
Photometer (Thermo Scientific). In transfection experiments, the
DNA content of the well was measured by SybrGreen (Life Tech-
nologies, S7563) using Tristar2 LB942 (Berthold Technologies). Fold
change data were analyzed by ManneWhitney U test (each time/
concentration tested individually).

Total protein synthesis

SNORD71 KO and CRISPR control SW1353 cells pools were
cultured in methionine and cysteine-free medium supplemented
with EasyTag™ EXPRESS 35S Protein Labeling Mix (25 mCi/ml;
PerkinElmer, NEG772002MC). After 30 min incubation, cells were
harvested by scraping in Radioimmunoprecipitation assay (RIPA).
The radioactive signal was measured with Tri-Carb 2910 TR scin-
tillation counter (PerkinElmer). Data were normalized to total
protein content of the well measured by bicinchoninic acid (BCA)
Assay (Sigma-Aldrich, 71285-3).

Label-free mass spectrometry cellular proteomics

SNORD71 KO and CRISPR control SW1353 cell pools at 70e80%
confluency were harvested from quadruplicate wells of a 6-well
plate in 25 mM ammonium bicarbonate buffer (Sigma-Aldrich,
09830)with 7.5U of Benzonase nuclease (MerckMillipore, 70664-3)
andprotease inhibitor (Sigma-Aldrich,11836170001). Sampleswere
sonicated and centrifuged and stored at �80�C. Protein sample
preparation and label-free liquid chromatographyetandem mass
spectrometry (LCeMS/MS) were performed as previously
described20. Briefly, proteolytic digestion was undertaken on 10 mg
protein. In-solution tryptic digestion of protein samples was carried
out following sequential reductionandalkylation in3mMDTT (60�C
for 10 min) and then 9 mM iodoacetamide (30 min in the dark at
room temperature) with trypsin/LysC at a ratio of 1:50 protein:
trypsin ratio overnight at 37�C. Samples were run in a single batch
following randomization for loadingonLCeMS/MSanalysisusingan
Ultimate 3,000 Nanosystem (Dionex, ThermoFisher Scientific) on-
line to a Q-Exactive Quadrupole-Orbitrap instrument (Thermo Sci-
entific)21. Progenesis QI software (V4, Waters) was used for label-
free quantification22. The retention times of samples were aligned
after the selection of a reference sample. Feature picking used the
top three spectra for each feature. These were utilized for peptide
identification with a locally implemented Mascot server (Matrix
Science) in the UniHuman Reviewed database. Search parameters
were as follows: enzyme; trypsin, peptide mass tolerances 10 ppm,
fragment mass tolerance of 0.01 Da, 1þ, 2þ, and 3þ ions, with car-
bamidomethyl cysteine as a fixed modification and methionine
oxidation as a variablemodificationwith a false discovery rate (FDR)
of 1%. Only unique peptides were used for quantification. Protein
expressions were log-transformed for statistical analyses (one-way
analysis of variance (ANOVA)) and are presented as fold change. All
peptides (with a significant Mascot score >23 and FDR <0.05) of an
identified protein were included, and the protein P-value (one-way
analysis of variance) was then performed on the sum of the
normalized abundances for all runs. Proteins with q-value < 0.05,
and FC � 1.5 were considered to be differentially expressed (DE).
Proteomic data were deposited in the PRIDE ProteomeXchange
(PXD032752). Ingenuity Pathway Analysis (IPA) (Qiagen) was used
for the functional analysis of DE proteins23.

Immunoblotting

Chondrocytes were lysed in RIPA buffer (150 mM NaCl, 50 mM
TriseHCl, 5 mM EDTA, 0.5 mM DTT, 1% NP-40, 0.5% DOC, and 0.1%
SDS) with protease inhibitor cocktail (Sigma-Aldrich,
11836170001). Samples were sonicated on ice using the Soniprep
150 (MSE) and spun (13.000 g, 4�C, 10 min). Protein concentration
was determined using the BCA Protein Assay Kit (Abcam,
ab102536). Equal amounts of the lysate (20 mg) were loaded and
separated by SDS-PAGE using a 4e15% precast polyacrylamide gel
(Bio-Rad, 4568084). Nitrocellulose membranes were blocked with
Tris-buffered saline with 5% skimmed milk powder and 0.1% NP-40
and probed with primary antibodies: Anti-Collagen Type I (1:1000;
Southern Biotech, 1310-01) and anti-GAPDH (1:5000; Fitzgerald,
10R-G109b). Bound primary antibodies were detected with horse-
radish peroxidase (HRP)-conjugated secondary antibodies (1:1000;
Dako Agilent, P0260, P0449) and visualized using a chemilumi-
nescent HRP substrate (Dako Agilent, K400311-2), ChemiDoc XRSþ

System (Bio-Rad) and Image LabSoftware (Bio-Rad). The relative
quantitation of the signal corrected for the background and GAPDH
was performed using Image LabSoftware (Bio-Rad).

Polysome profiling

Todetermine the translational activityof targetgenes,weseparated
ribosomal subunits, monosomes and polysomes by polysomal
profiling. SNORD71 KO and CRISPR control SW1353 cell pools at
70e80% confluency were pre-incubated with cycloheximide (CHX,
100 mg/ml, Sigma-Aldrich, C1988) for 20 min at 37�C, harvested by
scraping in cold NaCl (0.9%) supplemented with CHX (100 mg/ml),
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centrifuged at 1.100 rpm for 10 min and resuspended in polysome
extraction buffer (20mMTriseHCl (pH7.5),100mMKCl, 5mMMgCl2,
0.5% NP-40), with CHX 100 mg/ml, protease inhibitor cocktail (Sigma-
Aldrich, 11836170001) and recombinant RNasin (40 U/ml, Promega,
N2515)24. Cytoplasmic extracts were centrifuged at 13.200 rpm at 4�C
for 10 min. Linear sucrose gradients were prepared by layering 50%
sucrose solution (0.5MNaCl,100mMTriseHCl (pH7.5), 50mMMgCl2,
50% sucrose) under a 10% sucrose solution (0.5 M NaCl, 100 mM
TriseHCl (pH7.5), 50 mM MgCl2, 10% sucrose) in Open-Top Polyclear
tubes (Senton, 7030), mixed by GradientMaster 108 (BioComp). Equal
amounts of cytoplasmic extractswere loaded on the sucrose gradients
and centrifuged at 39.000 rpm at 4�C for 1.5 h (SW 41 Ti rotor, Beck-
man-Coulter,331362)24. Sucrosegradient fractions (24 fractions,500ml
each) were separated using a Piston Gradient Fractionator (BioComp)
coupled to a Fraction Collector (Gilson). Optical density at 260 nmwas
measured continuously (Piston Gradient Fractionator, Triax Flow Cell
software). Equal volumes of 8 M guanidine-HCl (Sigma-Aldrich,
G4505) andFLUCRNAspike-in control (1ng/fraction;Promega, L4561)
was added to each fraction. RNAwas precipitated with 3 M NaAc (pH
5.2) (VWR, 27653.260) and isolated using the RNeasy Plus Mini Kit
(Qiagen,74134). Equal volumes of RNA were reverse transcribed and
measured by qPCR as described earlier. Relative expression and the
percentage distribution of the mRNAs across the gradient were
Fig. 1

Osteoarthritic synovial fluid increases translation from IRES elements and c
of the dual-luciferase reporters used to measure the mode of translation
fidelity (UAA e stop codon skipping, and �1 PRF e frameshift). (BeC) Th
and fidelity. SW1353 cells were transfected with DLRs and stimulated with
donors) for 48 h. Fluc/Rluc data (n ¼ 12; each data point representing an i
Data are plotted as fold change to Control. Statistical significance was as
calculatedbytheDCTmethod24using28SrRNAasareferencegeneand
normalized to the signal from spiked FLUC.

Statistical testing

All statistical analyses were performed with Graphpad Prism
version 5.0.1. (California, USA). Normal distribution of the data was
tested or assumed (as indicated in corresponding Figure legends).
Differences between the two groups were determined by a two-
tailed unpaired t-test, and two paired groups were assessed by a
two-tailed paired t-test. Differences between two groups with non-
normal distribution were evaluated by the ManneWhitney U test.
Detailed descriptions of the employed statistics are specified in the
Figure legends. Data are presented with individual dot plots with a
mean ± 95% confidence interval and are considered statistically
significant when P < 0.05.

Results

Osteoarthritic synovial fluid affects translation initiation and fidelity

First, we tested the capacity of OA-SF to affect chondrocyte
translation characteristics. Using SW1353 as a model for
Osteoarthritis and Cartilage

ompromises translation fidelity (A) Schematic illustrating the transcript
initiation from IRES elements (CrPV, HCV and P53) and translation
e effect of the osteoarthritic microenvironment on translation modus
end-stage osteoarthritic synovial fluid (OA-SF; 20% (v/v), pool of 14
ndividual transfection) are corrected for the DNA content of the well.
sessed by the ManneWhitney U test.
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chondrocytic cells and dual-luciferase reporter assays we probed
cap-independent translation initiation and translation fidelity
[Fig. 1(A)]. OA-SF treated cells demonstrated increased capacity to
initiate translation from tested IRES elements, CrPV (FC 1.8, 95% CI
[1.6e2.0]), HCV (FC 1.5, 95% CI [1.3e1.7]), and P53 (FC 1.2, 95% CI
[1.1e3.2]) [Fig. 1(B)]. In terms of translation fidelity, OA-SF treat-
ment increased incidence of stop codon skipping (UAA in 0 frame,
FC 1.5, 95% CI [1.2e1.7) and �1 frameshift (HIV-1 PRF, FC 1.2, 95% CI
[1.1e1.3]) [Fig. 1(C)]. These results demonstrate that OA-SF as an
OA-relevant microenvironment affects several aspects of protein
translation in SW1353 cells.
Osteoarthritic synovial fluid instigates site-specific changes in
chondrocyte rRNA 20-O-me profiles

We previously described an OA in vitro model in which pro-
longed exposure of non-OA HACs to OA-SF drove chondrocytes
towards a fibrochondrocyte phenotype25. In the current study, we
used OA-SF and five individual non-OA HAC donors to investigate
OA-SF-dependent rRNA 20-O-me heterogeneity in chondrocytes
[Fig. 2(A)]. Using a sequencing-based rRNA 20-O-methylation
profiling method RiboMethSeq13, we identified 109 rRNA 20-O-me
sites (Fig. S1 and Table S3). By comparing the rRNA 20-O-me profiles
of OA-SF treated and control chondrocytes, we identified five sites
Fig. 2

Osteoarthritic synovial fluid induces site-specific changes in 20-O-methyla
mental set-up. Human non-OA HACs (5 individual donors) were cultured e
normal culture medium and were refreshed every other day. After 14 days o
RNAs. (B) Differentially 20-O-methylated rRNA nucleotides. Statistical signi
distribution of the data. Full 20-O-me rRNA profiles are shown in Fig. S1.
ribosome.
with differential OA-dependent 20-O-me levels: 18S-G1447, 5.8S-
U14, 28S-A3739, 28S-A3846 and 28S-U4590 (Fig. 2(B); 18S-G1447
10.4% decrease, 95% CI [5.9e14.8], 5.8S-U14 7.7% decrease, 95% CI
[0.9e14.5], 28S-A3739 5.7% decrease, 95% CI [3.3e7.9], 28S-A3846
10.4% increase, 95% CI [ 1.5e19.3], 28S-U4590 6.2% increase, 95% CI
[1.4e10.9]). One of the identified sites, 5.8S-U14, is located within
the functionally important region of the ribosome, the 28S-5.8S
rRNA junction [Fig. 2(C)]. Its methylation status affects the confor-
mational state of 5.8S and its interaction with 28S26. Moreover,
differential 20-O-me levels of 5.8S-U14 have been reported in
various tissues and cancer cells7,27e29, suggesting the functional
relevance of this PTM. Therefore, we focused on this particular
rRNA PTM site in our follow-up work.
Depletion of SNORD71 reduces 5.8S-U14 20-O-me levels, affects
translation initiation, fidelity, and ribosome translocation

The 20-O-me of 5.8S-U14 (5.8S-Um14) is guided by an intron-
encoded box C/D small nucleolar RNA (snoRNA) SNORD71
[Fig. 3(A)]30. To impact the 20-O-me status of 5.8S-U14, we
generated a SNORD71 knockout (KO) SW1353 cell pool using
CRISPR/Cas9 gene editing. Two sgRNAs were used simultaneously
to delete a segment of the SNORD71 gene including the 5.8S-U14-
complementary sequence [Fig. 3(B)]. The efficiency of the CRISPR/
Osteoarthritis and Cartilage

tion of ribosomal RNAs in chondrocytes. (A) Scheme of the experi-
ither in the presence of OA-SF (20% (v/v), pool of 14 donors) or in a
f culture, RNA was isolated for 20-O-methylation profiling of ribosomal
ficance was assessed by paired t-test with the assumption of normal
(C) Location of 5.8S-U14 within the 28S-5.8S junction of the human

mailto:Image of Fig. 2|tif
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CRISPR/Cas9-mediated SNORD71 depletion reduces 5.8S-U14 20-O-methylation levels. (A) The box C/D snoRNA SNORD71 is predicted to
direct 20-O-me of nucleotide U14 of 5.8S rRNA30,32 (B) A scheme of the double sgRNA CRISPR/Cas9-mediated approach to generate SNORD71

knockout SW1353 cell pool. Top: Exons of the host gene AP1G1 flanking the intron-encoded SNORD71. Bottom: SNORD71 sequence with the
5.8S-U14 complementary sequence flanked by sgRNA1 and sgRNA2 target cleavage sites. Double lentiviral transduction with sgRNA1 and
sgRNA2 was performed in SW1353 cells. CRISPR/Cas9-treated SW1353 cells with sgRNAs targeting GFP were used as a control (CRISPR Ctrl).
(C) Schematic of the genomic modification in the cell population assessed by sequencing. SgRNA1 and sgRNA2 cleavage sites are indicated in
bold and a slash respectively. (D) Expression levels of SNORD71 and its host gene AP1G1 in CRISPR Ctrl and SNORD71-depleted SW1353 cell
pools measured by RT-qPCR. Expression levels were normalized to the reference gene (PPIA) expression and are plotted as fold change of
original values. Data (n ¼ 3) were analyzed by unpaired t-test with the assumption of normal distribution of the data. (E) 20-O-me levels of 5.8S-
U14 in CRISPR Ctrl and SNORD71-depleted SW1353 cells were measured by RiboMethSeq (n ¼ 3) and analyzed by unpaired t-test with the
assumption of normal distribution.
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Cas9-mediated SNORD71 editing in the KO SW1353 cell pool was
confirmed using the surveyor nuclease assay (Fig. S2). DNA
sequencing confirmed an overall 18 bp deletion in the SNORD71
gene [Fig. 3(C)] in the SNORD71 KO SW1353 cell population. We
found a 50% decrease in SNORD71 expression (FC 0.5, 95% CI
[0.3e0.6]) without any apparent effect on SNORD71 host gene
expression (AP1G1, 95% CI [�0.3 to 0.8] Fig. 3(D)). Moreover, we
measured a significant decrease in 5.8S-Um14 levels in SNORD71-
depleted SW1353 cells (Fig. 3(E); 12% difference, 95% CI
[3.8e21.2]) and additional changes in modification level of two
additional rRNA nucleotides (Tables S4e5). Next, we proceeded
with evaluating the effects of SNORD71 depletion on ribosome
function of SW1353 cells. SNORD71 depletion did not affect
SW1353 proliferation (Fig. 4(A); 95% CI [0.8e1.0] (Day 0), [0.3e1.2]
(Day 2), [0.5e1.4] (Day 4), and [0.1e4.8] (Day 6)). We also did not
notice any differences in global protein translation [Fig. 4(B)], or
global polysomal distribution [Fig. 4(C)]. The cap-over IRES-
mediated translation initiation revealed an increased capacity of
SNORD71-depleted SW1353 cells to initiate translation from three
distinct IRES elements (Fig. 4(D); CrPV (FC 3, 95% CI [2.2e4.1]),
HCV (FC 3.7, 95% CI [1.8e5.9]) and P53 (FC 4.4, 95% CI [1.8e7.7]).
Translation accuracy was also affected, as evidenced by a greater
incidence of stop-codon readthrough (FC 4.4, 95% CI [1.2e8.8]), as
well as defective reading frame maintenance (FC 2, 95% CI
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Fig. 4 Osteoarthritis and Cartilage

Depletion of SNORD71 increases IRES/cap translation and reduces translation fidelity (A) Proliferation rate of CRISPR Ctrl and SNORD71-

depleted SW1353 cells measured by crystal violet staining at day 0e6. Data (n ¼ 4) are presented as fold change to Day 0. Data were analyzed by
the ManneWhitney U test. (B) Translation capacity of SNORD71-depleted SW1353 cells measured by [35S]methionine/cysteine incorporation
and normalized for protein content of the well. Data (n ¼ 3) are presented as fold change to CRISPR control. (C) Polysome profiles of CRISPR
control and SNORD71-depleted SW1353 cells. The asterisk indicates halfmer monosomes33. (DeE) The effect of SNORD71 depletion on
translation modus and fidelity. Fluc/Rluc data (n ¼ 6; each datapoint represents a single transfection of either CRISPR control or SNORD71-
depleted SW1353 cells) are corrected for the b-galactosidase activity of the co-transfected lacZ gene and plotted as fold change to CRISPR
control. Data were analyzed by the ManneWhitney U test.
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[1.5e2.4]) [Fig. 4(E)]. To further probe for alterations in ribosome
function, we tested a series of ribosome-targeting antibiotics that
act on ribosomal subunits (EMT: 40S; CHX, ANS, FA: 60S) and
critical steps of protein translation, such as translocation (EMT,
CHX, FA) or aminoacyletRNA binding (ANS) (Fig. 5)31. SNORD71-
depleted SW1353 pools were more sensitive to EMT (10 % more
inhibition at 5 ng/ml, 95% CI [2.8e14.5], 11 % more inhibition at
10 ng/ml, 95% CI [4.5e18.2]), and CHX (7 % more inhibition at
0.64 mg/ml, 95% CI [5.6e8.4], 6 % more inhibition at 1.28 mg/ml,
95% CI [3.1e7.4]), but not to FA (1.9 % more inhibition at 40 mg/ml,
95% CI [�6.4 to 2.5], 1.5% less inhibition at 80 mg/ml 95% CI of
[�0.14 to 3.9]). Data collectively suggest a role of SNORD71
depletion and 5.8S-Um14 status on multiple aspects of translation
of chondrocytic cells.
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Fig. 5 Osteoarthritis and Cartilage

SNORD71 depletion affects the sensitivity of cells to ribosome-targeting antibiotics. Cell sensitivity to translation inhibitors emetine (EMT),
cycloheximide (CHX), anisomycin (ANS), and fusidic acid (FA) was assessed by calculating the percentage of surviving cells (CRISPR Ctrl and
SNORD71-depleted SW1353 cell pools) on day 6 of culture.EMT and CHX bind to the E-site of the 40S and the 60S ribosomal subunit
respectively31,34. ANS binds to the A-site of 60S and destabilizes aminoacyletRNA binding31. FA targets ribosome-bound elongation factor 2
(EF-2), thus affecting translocation as well as ribosome recycling35. The data (n ¼ 4) were assessed by the ManneWhitney U test.
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SNORD71 depletion increases protein expression of the
fibrochondrocyte protein COL1A1

To assess the effects of SNORD71 depletion on specific protein
expression, we determined the cellular proteome of SNORD71-
depleted SW1353. A total of 2929 proteins were detected and 334
proteins were differentially expressed (DE; FC > 1.5, q
value < 0.05) in SNORD71-depleted SW1353 compared to CRISPR
controls (Fig. 6(A), Table S6; 173 up, 161 downregulated). Several
transcription (e.g., POLR1B, POLR2H, POLR2K, GTF2E2) and
translation factors (e.g., EEF1A2, EIF3I, EIF3G, EIF1AD, CTIF) were
among the upregulated proteins. Interestingly, EIF3G plays a role
in HCV IRES recognition and translation initiation18, and EEF1A2 is
an activator of the Utrophin A IRES in muscle cells19. We compared
these DE proteins with a collection of ribosome biogenesis fac-
tors36, genes with putative cellular IRES elements37 and IRES
trans-acting factors (ITAFs)38 (Fig. 6(A), Table S7). The comparison
with ribosome biogenesis factors resulted in an overlap of 29
factors, the majority of which were upregulated in SNORD71-
depleted SW1353. Ingenuity Pathway Analysis (IPA) (Table S8)
identified P53 as the top upstream regulator (2.1E-29) and high-
lighted processes such as “RNA post-transcriptional modification
(2.1E-29) and “Protein synthesis, degradation and post-trans-
lation modification” (1.09E-06 e 1.01E-22) in the “Disease and Bio
Functions” category.

The only collagen upregulated in SNORD71-depleted
SW1353 cells was the fibrotic collagen type I alpha 1 (COL1A1; FC
1.7, 95% CI [1.33e2.03]) [Fig. 6(B)]. Moreover, when we examined
expression of collagen type I in OA-SF-stimulated HACs we
observed a significant increase of its protein levels [Fig. 6(C)]. This
implies that OA-SF, as well as SNORD71 depletion, provoke OA-
relevant changes in the chondrocyte proteome through the 5.8S-
U14 20-O-methylation status. To assess whether the increase in
COL1A1 protein level was a result of transcriptional or translational
regulation, we measured expression levels of total COL1A1 as well
as the distribution of COL1A1 mRNA in polysome fractions from
CRISPR control and SNORD71-depleted SW1353 cells. While we did
not find a difference in the expression level of COL1A1 between
SNORD71 KO and CRISPR control SW1353 cell pools (Fig. 6(D), 95%
CI [0.8e1.04]), the relative abundance of COL1A1 mRNAwas higher
in polysome fractions 8e23 of SNORD71-depleted SW1353
[Fig. 6(E)]. This suggests that the increased COL1A1 protein levels
are a consequence of translational regulation and higher mRNA
translation efficiency of the COL1A1 transcript in SNORD71-
depleted SW1353 cells. In conclusion, we showed that depletion of
SNORD71 in SW1353 cells leads to decreases 20-O-me status of 5.8S-
U14, affects the mode of ribosome translation initiation, compro-
mises translation accuracy, and alters the cellular proteome.
Moreover, the effects of SNORD71 depletion on ribosome trans-
lation modus and fidelity, as well as the protein expression level of
the OA fibrochondrocyte protein COL1A1, reproduced the results
that we obtained in chondrocytes exposed to OA-SF as an osteo-
arthritis-relevant disease microenvironment.

Discussion

Cartiage ECM remodeling in osteoarthritis is driven by alter-
ations in chondrocyte protein expression. However, changes in
chondrocyte proteome and secretome cannot all be explained by
transcriptional regulation alone39. Multiple studies reported an
altered translation regulation in OA chondrocytes, mostly at the
level of total translation rate39. In respect to other diseases, studies
describing ribosome heterogeneity as a mechanism of translation
regulation are emerging2,40,41. Recent development of sequencing-
based rRNA 20-O-methylation detection techniques enabled the
generation of precise rRNA 20-O-me profiles and allowed for
mapping 20-O-me-based ribosome heterogeneity in various phys-
iological and pathophysiological conditions9. We used OA-SF to
demonstrate that an OA-relevant microenvironment has the
capacity to instigate site-specific changes in the rRNA 20-O-me
profiles of human primary chondrocytes, as well as induce IRES-
mediated translation and compromise translation elongation and
termination in chondrocytic SW1353 cells. Further analysis of one
the OA-related differential rRNA 20-O-me sites 5.8S-Um14 in
SW1353 cells uncovered a link between epitranscriptomic ribo-
some heterogeneity and translation of the OA-relevant ECM protein
COL1A1.

Human rRNA 20-O-me sites can be classified as constitutive or
variable. The group of constitutive modifications exhibits a stable
level of modification in the cellular ribosome pool, are conserved
among species, and cluster within functionally important regions of
the ribosome (e.g., peptidyl transferase center, polypeptide exit
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Fig. 6 Osteoarthritis and Cartilage

SNORD71 depletion affects the cellular proteome and increases translation of the fibrochondrocyte marker collagen type I. (A) The cellular
proteome of SNORD71-depleted SW1353 cells was compared to CRISPR controls by LCeMS/MS and label-free quantification (n ¼ 4). Sta-
tistical significance was assessed by one-way ANOVA (adjusted FDR, q, * <0.05). Normal distribution of the data was assumed. The blue and
gray boxes represent proteins significantly up-or down-regulated in the SNORD71 KO SW1353 cell pool. (B) Collagen type I alpha 1 protein
abundance in SNORD71 KO SW1353 cell pool measured by LCeMS/MS. Data (n ¼ 4) are plotted as a fold change of original values to CRISPR
Ctrl. (C) Immunoblot of collagen type I in primary human articular chondrocytes exposed to an OA-SF for 7 days. Results of the quantitation
analysis are displayed as a fold change of the original values corrected for background and GAPDH to Ctrl condition. (D) Gene expression of
COL1A1 in SNORD71 KO and CRISPR control SW1353 cell pool samples used for polysome fractionation measured by RT-qPCR. Expression
levels were normalized to the reference gene (PPIA) expression. Data (n ¼ 3) are plotted as fold change to CRISPR Ctrl and were analyzed by
unpaired t-test with the assumption of normal distribution of data. (E) The relative distribution (percentage of total mRNA) of the COL1A1 mRNA
throughout the sucrose gradients of CRISPR control and SNORD71 KO SW1353 cell pool.
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tunnel and tRNA binding sites)7. On the other hand, variable rRNA
20-O-me sites are present only in a subset of ribosomes and thus
contribute to ribosome heterogeneity. They are less conserved
throughout evolution and they are generally located at the
periphery of the ribosome7,9,27. Variable sites are also more
dynamically regulated and sensitive to various external and inter-
nal cellular conditions (e.g., hypoxia, P53 inactivation or depletion,
MYC expression, NPM1, FBL, SNORD42, or SNORD45A abolish-
ment)9,10. In accordance with this, all rRNA sites with differential
20-O-me status in response to OA-SF (18S-G1447, 5.8S-U14,
28S-A3739, 28S-A3846 and 28S-U4590) belong to variable rRNA 20-
O-me sites7,27. Two of the identified OA-dependent rRNA 20-O-me
sites are situated within important functional regions of the ribo-
some. 28S-A3739 is located in the hairpin loop of helix 69 (H69)
directly beside the inter-subunit rotation center and 5.8S-U14 is
positioned in the 28S-5.8S junction where it interacts with ribo-
somal protein L1726,27,42. While 20-O-me of 5.8S-U14 has not been
reported in yeast, studies in mammals report sub-stoichiometric
and differential 20-O-me of 5.8S-U14 in cancer, differentiation, and
various tissues7,27e29. Such dynamic regulation of 5.8S-Um14 sug-
gests functional purposes and was therefore subjected to further
analysis.
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20-O-me of 5.8S-U14 is predicted to be guided by the box C/D
snoRNA SNORD71. We generated a SNORD71 KO SW1353 cell pool
with significantly decreased 5.8-Um14 levels, enabling us to
investigate the roles of this PTM in translation. SNORD71-depleted
SW1353 presented with increased sensitivity to translocation-tar-
geting antibiotics, which is in alignment with previous studies
reporting roles of 5.8S rRNA in the translocation step of
elongation43e45. 5.8S rRNA molecules can adopt at least two
distinct conformations depending on the modification status of
5.8S-U1426. SNORD71-depleted SW1353 did not exhibit any
detectable impairment of global translation. However, we estab-
lished that SNORD71 depletion increases the capacity of
SW1353 cells to initiate IRES-mediated translation, compromises
translation fidelity, and provokes specific changes in the cellular
proteome. Interestingly, one of the downregulated proteins was
PWP1, a ribosome biogenesis factor previously reported to play a
role in 5.8S rRNA folding and processing in the nucleolus46. More
importantly, we measured increased levels of collagen type I alpha
1 (COL1A1) in SNORD71-depleted SW1353 cells and showed that it
is a result of translational, rather than transcriptional regulation.
COL1A1 is a key marker of the fibrochondrocyte subpopulation
within osteoarthritic cartilage47,48, and its protein expression
strongly increases in primary HACs exposed to OA-SF in vitro25.
These results are analogous to recent study in which depletion of
SNORD45C and abolishment of 18S-Cm174, also did not affect global
protein translation. Nevertheless, it affected translation efficiency
of specific mRNAs which resulted in proteomic changes with con-
sequences for cancer cellular phenotype10. Further analysis is
warranted to establish how the 20-O-methylation status of 5.8S-
U14 regulates preferential translation of COL1A1. Nevertheless, our
results suggest that 5.8S-Um14 status tunes translation of chon-
drocytes and contributes to OA pathobiology.

In this work, we have used pooled end-stage OA-SF as amodel to
investigate its effects on ribosome heterogeneity in primary HACs
and ribosome function of chondrocytic SW1353 cells. The pooled
approach was chosen to eliminate potential donor-specific vari-
ability and was also utilized in our previously published
work25,49,50. In the current study, we did not compare the effects of
non-OA and OA-SF. Recent data published by our group demon-
strate critical differences between non-OA and OA-SF and reveal
strong enrichment of OA-SF in inflammatory mediators, various
growth factors and DAMPs with important consequences for
chondrocyte signaling and phenotype25,50. In the future, a direct
comparison of non-OA and OA HACs and cartilage explants would
be of interest to broaden our research on ribosome heterogeneity
and its functional consequences in OA.

A limitation of our study is the use of a SNORD71 KO cell pool
rather than generating single-cell clones with homozygous modi-
fication. However, this is a time efficient method that allowed us to
perform follow-up experiments within a relatively short time
frame and thus minimized likely selective pressure against KO cells
such as reported in homozygous KO cell lines51. Despite using a KO
cell pool, the level of residual 5.8S-Um14 in the population of
SNORD71-depleted cells was only 20%. In fact, such residual
modification level resembles the (patho)physiological situation
more accurately than its complete ablation which would poten-
tially be the case in SNORD71 knockout cells. Reviewing the full
rRNA 20-O-me profiles of SNORD71-depleted SW1353 cells we
noted a minor change in modification levels of two other rRNA
nucleotides: 18S-C797 and 28S-A4560. Coordinated modification
status of various rRNA sites without shared snoRNA has been re-
ported recently51, implying a complex regulation and compensa-
tory or competitive relationships between individual PTMs52.

The turnover of ribosomal RNAs (and ribosomes) is relatively
slowcompared to other RNA species, such asmRNAs53,54. Currently,
no enzymes capable of “erasing” rRNA 20-O-me have been identi-
fied. Therefore, it is tempting to contemplate the possibility that
ribosomes with a specific rRNA 20-O-me signature could be syn-
thesized during the course of chronic disease such as OA and
gradually promote its progression by preferential translation of
OA-related mRNAs.

In conclusion, we present evidence that the osteoarthritic
synovial fluid provokes site-specific changes in rRNA 20-O-me
profiles in primary HACs. Moreover, we discovered that rRNA 20-O-
me heterogeneity represents an epitranscriptomic regulatory
mechanism that controls translation of specific osteoarthritis-
relevant mRNAs in chondrocytes. This opens up a new area of
therapeutic molecular targets for the treatment of osteoarthritis.
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AP1G1 adaptor related protein complex 1 subunit gamma 1
BCA bicinchoninic acid
CHX cycloheximide
CPM counts per minute
DE differentially expressed
DLR dual-luciferase
DMEM/F-12 Dulbecco's modified eagle medium/nutrient mixture

F-12
dTTP deoxythymidine triphosphate
ELISA enzyme-linked immunoassay
EMT emetine
FA fusidic acid
FBL fibrillarin
FC fold change
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FCS fetal calf serum
gDNA genomic DNA
GFP green fluorescent protein
sgRNA single guide RNA
HAC human articular chondrocyte
KCl potassium chloride
KO knockout
M male
MgCl2 magnesium chloride
NaCl sodium chloride
NPM1 nucleophosmin
nm nanometer
OA osteoarthritis
OA-SF osteoarthritic synovial fluid
PBS phosphate buffered saline
RLU relative light unit
RIN RNA integrity number
RIPA radioimmunoprecipitation assay
rRNA ribosomal RNA
RT-qPCR quantitative reverse transcription polymerase chain

reaction
snoRNA small nucleolar RNA
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