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Osteoarthritis (OA) is a prevalent chronic degenerative joint disease. It affects more than 500

million people globally and it is a leading cause of chronic pain and disability in developed

nations 1,2. Given its prevalence and debilitating consequences, OA imposes a considerable

socioeconomic burden on healthcare systems around the world 3. Yet, no OA-modifying drugs

are currently available. The complex multifactorial and heterogeneous character of OA is one

of the main reasons why 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, precision medicine-based treatments in the future.

One of the hallmarks of OA is the degeneration of articular cartilage 4. OA is an active

pathological process in which chondrocytes residing in the articular cartilage undergo

phenotypic changes fueled by pivotal alterations in their protein expression programs 5. While

gene transcription regulation behind these phenotypic and proteomic changes has been

extensively studied in OA, mechanisms of protein translation regulation received only very

limited attention. Even though ribosomes catalyze protein synthesis and as such, they are the

core of cellular translation, ribosome-based mechanisms of translation regulation have not

been addressed in OA. Therefore, the aim of the work carried out in this thesis was to explore

this so far relatively obscure, but pivotal, area of OA research, and broaden the understanding

of molecular mechanisms behind translation and ribosome (de)regulation in osteoarthritic

chondrocytes. A comprehensive understanding of these processes can provide new

opportunities for the development of molecular OA therapies.

Idiopathic OA is a chronic condition with multifactorial aetiology, which develops gradually over

decades in response to various intrinsic and extrinsic factors 6. OA is most commonly diagnosed

using image-based methods, such as radiography. Unfortunately, at the stage when the joint

damage is detectable by these methods, OA is already in its advanced stages when the damage

to the joint is very severe and disease-modifying opportunities are very limited, if not

impossible. Early detection of OA is therefore crucial for the timely administration of disease-

modifying OA drugs (DMOADs), potentially diverging the course of OA and its clinical outcomes.

Many studies showed that snoRNAs are stably expressed and can be reliably measured in body

fluids including synovial fluid, blood plasma, and serum. Importantly, several studies highlighted

the potential of snoRNAs to serve as diagnostic and prognostic markers in human diseases such
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as cancer 7,8. In Chapter 3 we identified a panel of snoRNAs differentially expressed in human

chondrocytes in cartilage ageing and OA. Articular chondrocytes are a likely source of snoRNAs

present in synovial fluid. In line with that, several snoRNAs have been found differentially

expressed in equine synovial fluid as a sign of early OA 9. Our data thus indicate that snoRNAs

carry the clinical potential as OA biomarkers. In Chapters 3 and 4 we also uncovered that

snoRNAs have functions in regulating chondrocyte gene expression with consequences for the

pathological chondrocyte phenotype and signalling in OA and during chondrogenic

differentiation. These results highlight the multifaceted roles of snoRNAs in chondrocyte

(patho)biology and imply that targeting snoRNA expression in articular cartilage could be used

in OA therapy to affect the chondrocyte phenotype and modulate ribosome heterogeneity.

Antisense oligonucleotides (ASO)-based therapy is an emerging area in the field of drug

development. Based on sequence complementarity, ASO binds the target RNA and thus

regulates its levels. The technology is still developing and various chemical modifications, as

well as delivery strategies, are being tested to minimize off-target side effects and optimize

efficacy, enzymatic stability and biological activity 10. ASO-based therapy has been used in the

OA field already 11, where ASOs targeting miRNAs have shown promising results in preclinical

OA animal models 12-15. Intra-articular administration of ASOs seems to be the method of

choice, as studies have shown that ASOs can penetrate the articular cartilage 14,15. Of course,

one can envision that a repeated injection scheme can be demanding if sustained

downregulation of specific snoRNAs is needed. Injectable and thermoresponsive materials

could be also used to help retain ASOs within the joint and optimize the cellular uptake of ASOs
16. Another option is using viral vectors carrying ASOs to achieve more stable expression of ASOs

in cells. Of course, a similar approach could be used to overexpress OA-protective snoRNAs.

The potential of viral vector-based modalities in OA was highlighted by successful knockdown

and overexpression of miR-128a in an OA animal model using intra-articularly administrated

lentiviral constructs 15. In 2017, the first OA viral gene therapy product that induces expression

of TGF-β1, TissueGene C (Invossa), was approved for the treatment of OA in South Korea 17. At

this moment, it is in Phase III clinical trial in the USA (Clinical Trial ID: NCT03203330).

Modulating the expression of snoRNAs might be also used to regulate rRNA PTM-based

ribosome heterogeneity. In Chapters 2, 5 and 6 we demonstrated ribosomal compositional

changes in chondrocytes in response to OA-mimicking conditions. Importantly, this in turn
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affected ribosome function, translation of specific OA-related mRNAs and alterations in the

chondrocyte cellular proteome. We demonstrated that chondrocytes respond to OA-

associated microenvironmental changes by functionally adapting their ribosome pool. The

canonical function of the majority of snoRNAs is to guide rRNA PTMs 18. Therefore, by

modulating snoRNA expression we would be able to affect ribosome heterogeneity and

manipulate the chondrocyte ribosome pool. By promoting the production of "healthy”

ribosomes that efficiently translate mRNAs encoding e.g. collagen type 2, aggrecan or other

cartilage ECM proteins, we might stimulate cartilage regenerative processes. In conjunction

with the elimination of OA-promoting ribosomes, this may be a way how to counteract OA

development.

In Chapters 2 and 6 we also uncovered ribosome heterogeneity in terms of ribosomal protein

composition in OA chondrocytes. This mostly concerned ribosome-associated factors, many of

which are known regulators of IRES-mediated translation. Although first discovered in viruses,

IRES-mediated translation is now increasingly recognized as a mechanism of eukaryotic

translation regulation, which is activated under pathological stress conditions 19. In line with

that, putative IRES elements have been recently identified in several OA-relevant genes 20. In

Chapters 2, 5 and 6 we provided evidence that IRES-mediated translation regulation plays a role

in OA pathobiology. By preventing the interaction of specific ribosome-associated factors with

ribosomes, using inhibitors of protein-protein interactions, or downregulating the expression

of these factors, the expression of specific pathological mRNAs containing IRES elements could

be repressed.

Single-cell-based analysis of OA cartilage identified at least seven phenotypically (and

presumably also functionally) distinct chondrocyte subpopulations in human OA cartilage 21,22.

So far, these subpopulations have been characterized at the level of gene transcription by RNA

sequencing. However, we can expect that the gene expression profiles will soon be

supplemented with data on their cellular proteome, secretome and even ribosome

heterogeneity and specialization. Rapidly-advancing spatial gene expression 23,24 and proteomic
25-29 analysis technologies will provide valuable information about transcription and translation

dynamics in cartilage and chondrocytes with spatial context. This will be important for

deciphering the roles of individual subpopulations in OA (patho)biology and might help identify

the critical changes that drive OA progression. Furthermore, ribosome profiling and thorough
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analysis of 5’ and 3’ UTR sequences of translationally-regulated mRNAs will help to characterize

the transcripts that are (dis)favoured by OA-specific chondrocyte ribosomes. This knowledge

could be used to improve the design of synthetic therapeutical mRNAs for regenerative

medicine and tissue engineering 30.

Ribosome-targeting therapy might be novel for the OA field, but it is recognised as a promising

avenue in the treatment of other diseases. What started with antibiotics targeting prokaryotic

ribosomes, is now expanding to ribosome-targeted treatments of non-infectious human

diseases such as cancer or Duchenne muscular dystrophy 31,32. A compelling example of

successful and targeted ribosome-focused therapy is Ataluren, a small molecule developed by

PTC Therapeutics for the treatment of Duchenne muscular dystrophy which is a disease caused

by nonsense mutations in the dystrophin gene causing a premature stop in translation of its

mRNA 32,33. This small molecule compound interacts with ribosomes and facilitates the

recruitment of near-cognate tRNAs thus allowing readthrough of the premature stop codons
34. Ataluren is now approved for use by the European Medicine Agency. Ribosomes play

important roles also in cancer biology, as they facilitate increased demands of proliferating

cancer cells for protein synthesis and help them cope with metabolic stress 35. Moreover,

specific “onco-ribosomes” seem to facilitate oncogenic translation 36. Currently, many potential

therapeutic agents and small molecule inhibitors targeting ribosome biogenesis, translation

initiation, or specific “onco-ribosomes” are being tested in cancer clinical trials 37,38. These

interventions were shown to activate anti-tumour pathways, affect cancer translation profiles,

halt tumour proliferation, restore chemosensitivity, or activate anti-tumour immune responses
37,39. As demonstrated by our work presented in this thesis (especially Chapters 2, 5 and 6),

translation regulation plays a role in OA. In fact, in terms of translation (de)regulation, there

are many parallels between OA and cancer. Therefore, OA patients might also greatly benefit

from translation- and ribosome-targeting therapy. In OA cartilage, translation is regulated in a

phasic fashion. The rate of cap-mediated protein synthesis increases in early OA. However,

unfavourable and pathological mRNAs are translated and fuel OA development (Chapter 2, 40).

In later stages, the translation rate decreases, preventing cartilage ECM deposition and thus

further promoting cartilage degeneration 41. We could focus on tuning the global translation

rate by targeting specific signalling pathways (e.g. mTOR) or using inhibitors of cap-mediated

translation initiation. The mTORC1 signalling pathway has been previously investigated in OA in
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relation to its role in regulating autophagy 42-44. However, it is also important in regulating

translation 45. Intra-articular injections of rapamycin, an mTOR-specific inhibitor, were shown

to reduce the severity of OA in a murine OA model 46. This function was attributed to the mTOR-

dependent activation of autophagy. We might speculate that translation regulation might have

been involved in that particular study. These data show that some of the already existing OA-

targeting drugs might be linked to translation. Knowledge of their precise functions in

chondrocytes will be important when considering case-specific therapeutic strategies in the

future. In later stages of OA, patients might benefit from boosted protein synthesis. Previous

work from our group showed that intra-articular injections of bioactive BMP7-derived peptides

attenuate cartilage degeneration in rodent OA model 47. These kinds of treatment strategies

could be extra powerful if, we would promote the cellular pool of "healthy” ribosomes in

chondrocytes in advance, for example by pre-treatments with snoRNA-targeting ASOs. Early OA

diagnosis as well as appropriate timing and order of these interventions will be absolutely

crucial for their success.

Considering the patient burden related to late-stage OA, such as pain, inactivity and work

limitations, social isolation and depression as well as limitations of joint replacement surgery

(which is currently the only treatment option for end-stage OA), slowing down OA progression

and postponing joint replacement surgery is a major goal to pursue.

In this thesis, we provided evidence for translation regulation and ribosome heterogeneity in

articular chondrocytes. However, considering the profound changes in proteomic profiles of

other tissues of the joint 48,49, we might expect that similar mechanisms of translation and

ribosome regulation take place in all joint tissues. Further research should address this

knowledge gap to better understand the translation deregulation in OA joint as a whole. Our

data provide the foundation for future translation and ribosome-based research in the OA field.

We identified pivotal evidence for ribosomes as drugable targets in the search for DMOADs.

Overall this opens up new, exciting opportunities in developing OA treatment strategies.
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