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Abstract: Alterations in cell fate are often attributed to (epigenetic) regulation of gene expression.
An emerging paradigm focuses on specialized ribosomes within a cell. However, little evidence
exists for the dynamic regulation of ribosome composition and function. Here, we stimulated
a chondrocytic cell line with transforming growth factor beta (TGF-β2) and mapped changes in
ribosome function, composition and ribosomal RNA (rRNA) epitranscriptomics. 35S Met/Cys
incorporation was used to evaluate ribosome activity. Dual luciferase reporter assays were used to
assess ribosomal modus. Ribosomal RNA expression and processing were determined by RT-qPCR,
while RiboMethSeq and HydraPsiSeq were used to determine rRNA modification profiles. Label-free
protein quantification of total cell lysates, isolated ribosomes and secreted proteins was done by
LC-MS/MS. A three-day TGF-β2 stimulation induced total protein synthesis in SW1353 chondrocytic
cells and human articular chondrocytes. Specifically, TGF-β2 induced cap-mediated protein synthesis,
while IRES-mediated translation was not (P53 IRES) or little affected (CrPv IGR and HCV IRES). Three
rRNA post-transcriptional modifications (PTMs) were affected by TGF-β2 stimulation (18S-Gm1447
downregulated, 18S-ψ1177 and 28S-ψ4598 upregulated). Proteomic analysis of isolated ribosomes
revealed increased interaction with eIF2 and tRNA ligases and decreased association of eIF4A3 and
heterogeneous nuclear ribonucleoprotein (HNRNP)s. In addition, thirteen core ribosomal proteins
were more present in ribosomes from TGF-β2 stimulated cells, albeit with a modest fold change. A
prolonged stimulation of chondrocytic cells with TGF-β2 induced ribosome activity and changed the
mode of translation. These functional changes could be coupled to alterations in accessory proteins
in the ribosomal proteome.

Keywords: ribosome heterogeneity; differential rRNA modification; variation ribosome composition

1. Introduction

Osteoarthritis (OA) is an invalidating synovial joint disease. In the past few decades,
the paradigm of OA as a wear-and-tear disease has changed towards that of an active
disease process [1]. In addition, lifestyle factors contribute strongly to OA incidence
irrespective of age [2]. This suggests that biological processes in the synovial joints are
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crucial for OA pathobiology and represent a treatment target. The complexity and late age
onset of OA have hampered the development of successful biological treatment modalities.

The translation of mRNA into protein is carried out by the ribosome, yet ribosome
function is not often studied in cartilage or OA [3]. A human cell contains ~107 ribosomes,
and they take up to 4–6% of the cellular total protein mass [4]. Ribosome biogenesis takes
up a large amount of the available cellular energy and is directly coupled to cell growth and
proliferation. An increase in global protein synthesis, mediated by inactivation of a cap-
dependent translation inhibitor 4E-BP1, was detected in a rat model of OA [5]. Interestingly,
the increase in ribosome activity preceded signs of articular cartilage degeneration. TGF-
β1 stimulation induced protein translation in human chondrocytes in vitro, and this was
linked to AKT/mTOR-mediated inactivation of 4E-BP1 [6]. In an in vitro model for growth
plate chondrogenesis, we found that the master chondrogenic regulator Sox9 increased
ribosome biogenesis and activity [7,8]. Loss of TGF-β receptor signaling through Tgfbr1
leads to lethal chondrodysplasia in mice [9]. Interestingly, aging correlates with a decrease
in ribosome biogenesis by epigenetic inactivation of rDNA loci [10]. Longevity studies have
indicated that environmental factors that reduce ribosome biogenesis extend lifespan [11].
Taken together, these findings indicate that ribosome biogenesis and activity are tightly
regulated in cartilage development and aging. Several studies indicate that changes in
ribosome activity play a role in OA pathobiology [3]. Uncoupling of mRNA transcription
and translation was reported in ex vivo porcine cartilage explants, where cyclic loading
led to a general shutdown of protein synthesis, while chondrocyte gene expression was
unaffected [12]. Joint immobilization, which reduces protein synthesis, protects against
DMM-induced murine OA [13]. In addition, mechanical loading induced TGF-β signaling,
and this was correlated to a reduction in Col10a1 gene expression in bovine metacarpopha-
langeal joint cartilage [14]. Of note, the extent of TGF-β signal activation, as determined by
pSMAD2C immunohistochemistry, was reduced in aged cartilage [15]. Unloading in vivo
resulted in a transition of articular cartilage to bone in rats that were immobilized for four
weeks [16]. This indicates that the biomechanical activation of protein synthesis and TGF-β
signaling is indeed required for articular cartilage homeostasis. Collectively, these data
demonstrate that mRNA and protein expression do not correlate well in the physiological
circadian loading of articular cartilage and that TGF-β can form signaling intermediates
that regulate ribosome activity.

Protein translation can occur through two modes: cap- or internal ribosomal entry site
(IRES)-mediated translation. The AKT/mTOR signaling primarily regulates cap-mediated
translation, while stress signaling can activate IRES-mediated translation [17]. Stressors that
are known to activate IRES-mediated translation are nutrient deprivation, DNA damage
or inflammatory cytokines (viral infection). Many stress response genes, such as P53,
p27kip, c-Myc, HIF1α, BAG1 and Bip, contain IRES elements [18]. Since OA is a disease
characterized by chronic inflammation [19], occurrence of cell death [20] as well as changes
in ribosome activity, ribosome modus might play a role in its (patho)biology [3]. Moreover,
mounting evidence indicates that ribosomes exist in heterogeneous pools in one cell or
between different cell phenotypes [21–24]. Importantly, ribosome heterogeneity has been
linked to ribosome functional specialization [21,25,26]. Variations in ribosome protein
composition and rRNA post-transcriptional modifications (PTMs) have been postulated as
major sources of ribosome heterogeneity [21,25]. For example, ribosomes containing the
ribosomal protein L10A (RPL10A) were recently shown to be upregulated and required for
mesoderm specification [27]. The two most prevalent rRNA PTMs are 2′-O-methylation (2′-
O-me) and pseudouridylation (Ψ). They stabilize rRNA-protein interactions and facilitate
ribosome biogenesis. Previous rRNA PTM analyses demonstrated that not all positions are
fully modified [28,29] and are therefore a source of ribosome heterogeneity [30].

Given the importance of TGF-β in cartilage homeostasis and disease, the uncoupling
between protein translation and mRNA transcription in cartilage tissue and the observation
that TGF-β can modulate ribosome activity, we aimed to test the hypothesis that TGF-
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β signaling not only affects global protein translation but also alters ribosome modus
and composition.

2. Results
2.1. TGF-β2 Stimulation Induces Protein Translation in Chondrocytes

To evaluate the effect of TGF-β2 on total protein translation, we exposed SW1353 cells
and primary human articular chondrocytes (HACs) to 35S-methionine/cysteine in the pres-
ence or absence of TGF-β2. Three days of TGF-β2 stimulation enhanced ribosome activity
by 1.5-fold in SW1353 cells without inducing cell proliferation (Figure 1A). In HACs, the ef-
fect of TGF-β2 on protein translation was larger (2.1-fold), and this was accompanied by an
increase in cell number (Figure 1B). TGF-β binds to the transforming growth factor receptor
1 (TGFBR1) at the cell membrane, which in turn activates downstream signaling [31]. The
TGFBR1 kinase inhibitor SB505124 was used to test if the effect on protein translation was
specific to TGF-β2 signaling. The inhibitor abolished the effect of TGF-β2 on cell number
and protein synthesis (Figure 1A,B). Labeling with a non-radioactive methionine analogue
confirmed these observations in SW1353 and primary HACs (Supplementary Figure S1).
Although mTOR signaling was previously shown to be modulated by TGF-β2 in HACs [6],
we did not find an effect on phosphorylation of mTORSer2448 or 4E-BP1Thr37/46 in our
experimental setup in SW1353 (Supplementary Figure S2). Overall, prolonged stimulation
with TGF-β2 induced protein translation in SW1353 and HACs.
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Figure 1. TGF-β2 stimulation enhances total protein translation. Cells were treated for 3 days
with 10 ng/mL TGF-β2 or medium control in the presence of SB505124 (10 µM) or vehicle control
(DMSO, Control). (A) Total protein translation in SW1353 chondrocytic cells and (B) human articular
chondrocytes stimulated with TGF-β2. 35S-methionine/cysteine incorporation assay (left panel),
DNA content (middle panel) and normalized 35S-methionine/cysteine incorporation (right panel).
Normalization of 35S-methionine/cysteine incorporation (left panel) was done by correcting for
the total DNA content using the data from the Sybr Green DNA assay (middle panel). Bar graphs
show mean ± standard deviation (n = 3). Statistical analysis was performed with two-way ANOVA
and multiple comparisons between all conditions. Statistically significant changes are indicated by
asterisks (<0.05).

2.2. TGF-β2 Promotes Cap-Mediated Translation in Chondrocytes

Next, we tested whether TGF-β2 could affect ribosome modus by utilizing bicistronic
reporter assays reporting on cap-mediated translation and activity of the CrpV IGR, P53 or
HCV IRES elements. A specific stimulatory effect of TGF-β2 was found on cap-mediated
translation (Figure 2A), while IRES-mediated translation was not (P53 IRES) or little affected
(CrPv IGR, HCV IRES). The ratio of cap/IRES translation was significantly increased. Since
TGF-β2 signaling is often studied in serum-starved cells, the requirement of FCS was
evaluated for the effect on ribosome modus. Although the cap/IRES ratio was significantly
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increased under conditions of 0.1, 1 and 10% FCS, a convincing induction of the cap cistron
was found only in the presence of 10% FCS (Figure 2B). These data suggest that TGF-
β2 stimulation modifies existing protein translation activity in the presence of 10% FCS
towards cap-mediated translation. Finally, the concentration of TGF-β2 was reduced to
establish dose dependency of this effect. Both 1 ng/mL and 10 ng/mL increased the
cap signal convincingly, while 0.1 ng/mL had only a marginal effect on the cap signal
and cap/IRES ratio (Figure 2C). The lowest concentration of TGF-β2 was able to induce
SMAD3 transcriptional activity but failed to induce target gene expression of SERPINE1
(Supplementary Figure S3A–C). This effect on cap-mediated translation was not identified
at 1-day post-stimulation, but only following 3 days. Taking these together, we found that
≥1 ng/mL TGF-β2 is able to specifically enhance cap-mediated translation under standard
culture conditions.
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Figure 2. TGF-β2 specifically induces cap-mediated translation. SW1353 chondrocytic cells were
treated for 3 days with 10 ng/mL TGF-β2 or medium control. In all experiments, cells were transfected
with reporters at day 2 and measured 24 h later at day 3 post-stimulation. (A) The effect of TGF-β2
on activity of CrPv IGR, P53 and HCV IRES reporters. Cap-dependent Renilla luciferase (left panel),
IRES-dependent firefly luciferase signal (middle panel) and cap/IRES ratio normalized to control
(right panel). (B) Cells were stimulated with TGF-β2 in 0.1, 1, or 10% FCS. (C) Cells were stimulated
with 0–10 ng/mL TGF-β2 in 10% FCS. Bar graphs show mean ± standard deviation (n = 3). Statistical
analysis was performed with a t-test comparing the control to the TGF-β2 condition. * p-value < 0.05
when compared to control or 0 ng/mL.

2.3. TGF-β2 Affects rRNA Processing and rRNA Post-Transcriptional Modifications

Since we observed a specific effect on cap-mediated translation after 3 days, we
analyzed the ribosome in more detail. Ribosome half-life has not been determined in
articular cartilage, but in rat liver tissue, this was approximately 75 h [32]. Therefore,
we tested whether TGF-β2 stimulation leads to changes in composition of the ribosomal
pool. First, we probed rRNA expression and processing by RT-qPCR. The unprocessed
5′ external transcribed spacer (ETS) fragment (cleavage site 01) was slightly more abundant
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after TGF-β2 stimulation, while 5.8S rRNA decreased and internal transcribed spacer 2
(ITS2) fragment (cleavage site 4a) abundance increased (Figure 3A). Cleavage at site 4a
and removal of the ITS2 from 5.8S pre-rRNA constitute one of the last steps of rRNA
processing [33]. These data indicate that rRNA processing is altered by prolonged TGF-β2
stimulation. Ribosome heterogeneity can arise from variation in small nucleolar RNA
(snoRNA)-mediated rRNA PTMs [34]. We determined rRNA 2′-O-methylation and ψ
profiles in cells treated with or without TGF-β. We quantified 109 2′-O-me sites and 104 Ψ
sites. 2′-O-me levels of 18S-G1447 decreased by TGF-β2 treatment, while 18S-Ψ1177 and
28S-Ψ4598 were significantly increased (Figure 4B). The positions of these rRNA PTMS were
mapped to the human ribosome (Figure 3C, Supplementary Figure S5). In conclusion, very
specific effects of TGF-β2 were found on rRNA expression, processing and modification.
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Figure 3. Ribosomal RNA 2′-O-methylation is decreased (18S-Gm1447) and pseudouridylation is
increased (18S-ψ1177, 28S-ψ4598) by three days of TGF-β2 stimulation. (A) rRNA processing of
the 47S primary rRNA transcript was probed by RT-qPCR. Primer pair positioning is indicated in
the image of the 47S primary rRNA transcript. ETS = external transcribed spacer, ITS = internal
transcribed spacer. Orange diamonds labelled 01 and 4a denote pre-rRNA processing cleavage sites,
which are spanned by the primer pairs indicated in red. White bars: control treatment, black bars:
TGF-β2 treament. Data were normalized to a full-length 47S rRNA precursor amplicon (green primer
pair). * = p-value < 0.05. (B) RiboMethLevels and PsiScores of altered rRNA PTMs. All detected
rRNA modifications can be found in Supplementary Figure S3. Modifications are mediated by
SNORD127 [35] (18S-Gm1447) and SNORA17 [36] (28S-ψ4598). The guide snoRNA is not known for
18S-ψ1177. (C) Visualization of the human ribosome with the location of the three altered modification
sites. Close-ups of the insets can be found in Supplementary Figure S5.
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Figure 4. Multi-proteomic approach to identify differentially expressed proteins. (A) The experi-
mental setup for cellular, secretome and ribosome proteomics. Volcano plots of all detected proteins
in (B) isolated ribosome, (C) samples cell lysates, (D) medium samples. Each dot represents one
detected protein. Proteins with FC ≥ 2.0 and p-value < 0.05 (ribosomal proteome and secretome) or
q-value (cellular proteome) are depicted in red. Grey lines demarcate cut-off values.

2.4. TGF-β2 Alters Ribosome Protein Composition, Cellular Proteome and Secretome

Ribosome heterogeneity can also arise from variation in the protein composition of
core ribosomal or accessory proteins. To assess the effects of TGF-β2 on ribosomal protein
composition and its consequences for cellular protein profiles, an experiment was designed
to analyze isolated ribosomes, cellular proteome and secreted proteins of SW1353 cells
treated with TGF-β2 (Figure 4A). Low-salt washing of isolated ribosomes was used to retain
ribosome-interacting proteins [37]. LC-MS/MS identified 382 proteins in the ribosomal
proteome, of which 38 were differentially abundant in ribosomes of TGF-β2-treated cells
(Fold change (FC) > 2.0 and p-value < 0.05) (Table 1; Figure 4B). Myosin light/heavy
chain proteins (MYL9, MYH9) and Dynactin subunits 1 and 2 (DCTN1, DCTN2) were
the most upregulated proteins in the ribosomal proteome. In cell lysates, 2031 proteins
were identified and 115 were differentially expressed (DE) (FC > 2.0 and q-value < 0.05)
(Table 1; Figure 4C). Of the 172 proteins identified in the secretome, 15 were DE in response
to TGF-β2 treatment (FC > 2.0 and p-value < 0.05) (Table 1; Figure 4D). A strong increase
of COL4A1, COL4A2 and IGFBP3 was detected in the TGF-β2 secretome (Figure 5B). We
identified an overlap in proteins DE in cell lysate and the secretome of TGF-β2-stimulated
cells, including well-known TGF-β target genes (e.g., FN1, TGFB2, SERPINE1, COL1A1,
COL5A1 and COL7A1) (Figure 5C). MYL9, identified as differentially abundant in TGF-β2-
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dependent ribosomal proteome, was also among the highest upregulated proteins in the
cellular proteome (Figure 4B,C).

Table 1. Summary of proteomic analyses of control and TGF-β2-treated cells. # = number, ↑ = up-
regulated, ↓ = down-regulated.

Dataset # Proteins Identified Significantly Changed
(TGF-β2/Control)

Fold Change > 2.0
(TGF-β2/Control)

Cellular proteome 2031 993 (387↑, 606↓) 115 (52↑, 63↓)

Ribosomal proteome 382 66 (30↑, 36↓) 38 (8↑, 30↓)

Secretome 172 89 (63↑, 26↓) 15 (12↑, 3↓)
Int. J. Mol. Sci. 2024, 25, x FOR PEER REVIEW  8  of  20 
 

 

 

Figure 5. Upregulated proteins in the cellular proteome and secretome contain well‐known TGF‐β‐

target genes. (A) Proteins that were DE and upregulated by TGF‐β2 in the cellular proteome. (B) 

Proteins that were DE and upregulated by TGF‐β2 in the secretome. (C) Proteins that were DE and 

upregulated by TGF‐β2 in the cellular proteome and the secretome. All proteins were significantly 

increased by TGF‐β2 when compared to the control. Bar graphs show mean ± standard deviation (n 

= 4). Proteome analysis was done using one‐way ANOVA, and FDR‐adjusted q‐values were used to 

assess statistical significance. Dashed lines denote the control expression level of 1. 

Of the core ribosomal proteins, we identified 30 ribosomal proteins from the small 

subunit (RPSs) and 41 ribosome proteins from the large subunit (RPLs) in both cell lysates 

and isolated ribosomes (Figure 6A,B). The expression level of RPs between cell lysates and 

isolated ribosomes correlated well (r = 0.80, p‐value < 0.0001) in both the control and TGF‐

β2 condition. Six RPs (RPL7L1, RPL8, FAU/RPS30, RPL36A, RPL36AL, RPL37) were iden‐

tified only in the cell lysates and not in isolated ribosomes. In addition, RPLP1 was largely 

lost from isolated ribosomes when compared to cell lysates. RPLP1 plays a crucial role in 

translation elongation; thus, its absence in isolated ribosomes is likely caused by ribosome 

stalling due to cycloheximide treatment [38]. Cycloheximide was added to the cells prior 

to  ribosome  isolation  to  stall  ribosomes  and  facilitate  their  isolation.  Interestingly, we 

found that TGF‐β2 treatment increased the abundance of nine RPSs (RPS3A, RPS4X, RPS8, 

Figure 5. Upregulated proteins in the cellular proteome and secretome contain well-known TGF-
β-target genes. (A) Proteins that were DE and upregulated by TGF-β2 in the cellular proteome.
(B) Proteins that were DE and upregulated by TGF-β2 in the secretome. (C) Proteins that were
DE and upregulated by TGF-β2 in the cellular proteome and the secretome. All proteins were
significantly increased by TGF-β2 when compared to the control. Bar graphs show mean ± standard
deviation (n = 4). Proteome analysis was done using one-way ANOVA, and FDR-adjusted q-values
were used to assess statistical significance. Dashed lines denote the control expression level of 1.

Of the core ribosomal proteins, we identified 30 ribosomal proteins from the small
subunit (RPSs) and 41 ribosome proteins from the large subunit (RPLs) in both cell lysates
and isolated ribosomes (Figure 6A,B). The expression level of RPs between cell lysates
and isolated ribosomes correlated well (r = 0.80, p-value < 0.0001) in both the control and
TGF-β2 condition. Six RPs (RPL7L1, RPL8, FAU/RPS30, RPL36A, RPL36AL, RPL37) were
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identified only in the cell lysates and not in isolated ribosomes. In addition, RPLP1 was
largely lost from isolated ribosomes when compared to cell lysates. RPLP1 plays a crucial
role in translation elongation; thus, its absence in isolated ribosomes is likely caused by
ribosome stalling due to cycloheximide treatment [38]. Cycloheximide was added to the
cells prior to ribosome isolation to stall ribosomes and facilitate their isolation. Interestingly,
we found that TGF-β2 treatment increased the abundance of nine RPSs (RPS3A, RPS4X,
RPS8, RPS14, RPS15A, RPS18, RPS20, RPS21, RPS27A) and four RPLs (RPL13, RPL13A,
RPL31, RPL34) in isolated ribosomes. Fold changes were relatively low and did not exceed
1.3-fold (Figure 6A). Nevertheless, these proteins were not differentially expressed in
the cellular proteome, with the exception of RPS4X and RPS21 (Figure 6B), indicating
their specific enrichment in TGF-β2-treated ribosome isolates. A total of 57 proteins were
detected exclusively in the ribosomal proteome in comparison with the cellular proteome.
Among these proteins were elongation factors (EEF1A1P5, EEF1E1), the eIF2B complex
(EIF2B2, EIF2B3, EIF2B4 and EIF2B5), RPS27, proteins that are required for protein synthesis
(DNAJC2 [39], DHX29 [40], DHX30 [41], FXR2 [42]), members of the ribosome quality
control complex (LTN1, NEMF [43]) and the m6a (N6-methyladenosine) reader protein
YTHCD2 [44]. These results confirm that the enrichment of ribosomes occurred and that
the reduced complexity of the sample allows for LC-MS/MS identification of proteins that
would otherwise remain undetectable.
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proteome, p-value < 0.05 in ribosomal proteome.
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Analyzing the ribosomal proteome, we also focused on initiation factors (Figure 7A).
EIF2 is a crucial component of the pre-initiation complex that depends on EIF2B [45] and
carries the initiator methionyl-transfer RNA (tRNA) to the translation start codon [46]. EIF2
subunits 1, 2 and 3 were 1.3–1.4-fold enriched in TGF-β2-stimulated ribosome samples.
Although this is a modest fold change, it correlates well with the observed induction of
total protein translation by TGF-β2 (cf. Figure 1A). EIF4A3 was 1.4-fold decreased in
TGF-β2-stimulated cells. It is part of the exon junction complex that post-transcriptionally
regulates translation [47]. In good agreement with increased amounts of eIF2, we found
an increased level of tRNA ligases (1.6–2.2 fold) associated with ribosomes from TGF-β2-
stimulated cells (Figure 7B). These five tRNA ligases catalyze the tRNA aminoacylation
of the amino acids Ile, Arg, Asp, Gln and Lys. Finally, we filtered for IRES-transacting
factors [18] in our dataset and found that 10 proteins from the Heterogeneous nuclear
ribonucleoprotein (HNRNP) family were reduced 1.5–4.0-fold in the TGF-β2 riboproteome
(Figure 7C). This observation is in agreement with a relative reduction in IRES-mediated
translation (cf. Figure 2). Altogether, our data demonstrate that TGF-β2 stimulation
induced changes in chondrocytes’ ribosome protein composition, with consequences for
ribosome function/translation.
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3. Discussion

In the present study, we aimed to elucidate the effects of TGF-β on ribosome activity,
modus and composition. Prolonged TGF-β2 stimulation enhanced protein translation in
SW1353 cells. A boost in protein synthesis was also observed in TGF-β2-treated HACs.
The stimulatory effect on ribosome activity was specific to cap-mediated translation and
required ≥1 ng/mL of TGF-β2. In addition, we found a modest effect on rRNA processing,
especially 5.8S maturation and three differentially modified rRNA PTMsites: 18S-Gm1447,
18S-Ψ1177 and 28S-Ψ4598. Proteomic analyses of cellular proteome and secretome con-
firmed enhanced protein production and secretion of known TGF-β target gene products
such as SERPINE1, FN1, COL1A1, COL1A2 and TGLN. Ribosomal proteome analysis re-
vealed an increased association of eIF2 and six tRNA ligases, and reduced interaction of
HNRNPs with ribosomes of cells stimulated with TGF-β. These results matched well with
the observed changes in TGF-β2-driven ribosome activity and modus.

Recently, it was shown that TGF-β1 induces protein synthesis of collagen type II and
aggrecan through modulation of 4E-BP1 phosphorylation in HACs and explant cultures [6].
Our data are in agreement with the total protein translation data that were published by this
group. However, it should be taken into account that we used the SW1353 cell line instead
of HACs. While SW1353 is not a primary cell source, it did provide us the opportunity
to work with larger cell numbers and provide sufficient material to isolate ribosomes and
study their composition. Future work should further pinpoint our findings in primary
human articular chondrocytes.

For rRNA biogenesis, we found a decreased abundance of 5.8S rRNA and increased
levels of its 4a intermediate in the presence of TGF-β. The exact biological meaning of
reduced 5.8S rRNA is not clear; however, this may indicate a less efficient maturation of 5.8S
rRNA or a change in rRNA turnover [48]. Recent advances in RNA-sequencing technology
have drastically improved methods to detect RNA nucleotide modifications, such as 2′-
O-methylation and pseudouridylation [29,49]. The modification levels of 18S-Gm1447
were lower in 195 triple-negative breast cancer samples [50,51]. We found a decrease
in 2′-O-me levels of this site in SW1353 cells after TGF-β2 stimulation. The snoRNA
responsible for 18S-Gm1447 modification is SNORD127 [35]. 28S-Ψ4598 was increased by
TGF-β2, and this modification is guided by SNORA17 [36]. Expression of this snoRNA
was increased in 91 human hepatocellular carcinoma (HCC) samples [52], and TGF-β2
signaling is known to be involved in HCC [53]. Based on our results we thus expect a
functional link between TGF-β2 and 28S-Ψ4598 in HCC or TGF-β2 and 18S-Gm1447 in
breast cancer. The biological consequence of alterations in modification levels of many
specific rRNA nucleotides remains to be determined.

Our multi-proteomics approach to investigate cellular proteomes, isolated ribosomes
and secreted proteins provided an opportunity for data integration. The combination of
cellular and secretome proteomics allowed the identification of additional TGF-β-target
genes. For example, COL1A1, COL4A1 and COL5A1 were shown to be induced by
TGF-β2 [54]. However, COL4A1 was not detected in the cellular proteome, yet reliably
quantified in the secretome.

Mounting evidence indicates that variation in ribosomal protein composition is a
significant contributor to ribosome heterogeneity and can affect ribosome function [21,23].
In our model, a 3-day TGF-β2 stimulation changed ribosome activity and modus; hence,
it was opportune to evaluate ribosomal protein composition. We identified a very sim-
ilar number of RPs (26 RPSs and 38 RPLs) in our cellular and ribosomal proteome as
in a previous ribosome structure and mass spectrometry study [55]. We measured an
increased association of nine RPSs and four RPLs with ribosomes of TGF-β2-stimulated
cells. Notably, six of these proteins (RPS3A, RPS4X, RPS8, RPS14, RPS20 and RPL31) were
upregulated in brain capillaries of Alzheimer’s disease patients [56]. Additional literature
implicates RPS3A expression upregulation in Alzheimer’s disease [57] and poor progno-
sis in HCC [58]. RPSX4X overexpression was shown to boost cell growth and migration
through mTOR/S6K1 [59]. Similar effects on cell growth were reported for RPS15A [60],
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RPS20 [61], RPS21 [62], RPS27A [63] and RPL34 [64]. RPS14 deficiency leads to anemia,
while overexpression rescued erythropoiesis, and this was linked to TGF-β-mediated
MMP-9 expression [65]. Mutations in RPL13 were found to cause severe skeletal dysplasia,
and its expression was found to be localized to the hypertrophic zone in murine growth
plate chondrocytes [66]. Taken together, RPs that we found to be increased in ribosome
association following TGF-β2 stimulation have been associated with cell growth in various
diseases, in particular cancers. Direct evidence for differences in translational properties of
ribosomes of TGF-β2-treated cells might be obtained by utilization of a cell-free translation
system [67]. Ribosome dynamics as a function of microenvironmental changes are little
studied in mammalian cells. Nevertheless, a yeast study where 24 h nutrient deprivation
was applied identified similar fold changes (~1.3) in the stoichiometry of eleven RPs by
LC-MS/MS [68]. Future studies may elucidate whether small changes in RP stoichiometry
in MS experiments can be validated at the structural level. In this study, we employed three
well-studied IRES elements [69] and found that TGF-β2 stimulation alters the cap/IRES
translation ratio in favor of the cap-mediated translation. This matched well with data
obtained from ribosomal proteomics, where increased eIF2/tRNA ligases and reduced IRES
trans-acting factors were found to be more associated with ribosomes following TGF-β2
stimulation. To our knowledge, such concordance between a bicistronic IRES reporter and
ribosome proteomics has not been reported before.

The function of TGF-β2 in cartilage homeostasis and OA has been extensively stud-
ied [70]. However, its direct effect on protein synthesis was reported only recently [6]. Our
data reveal that TGF-β2 modulate specific aspects of protein translation and ribosome
composition in a chondrocytic cell type with potential consequences for preferential trans-
lation mechanisms. As such, the present work connects data on ribosome dysfunction in
osteoarthritis [3] with TGF-β2. In future work, it would be relevant to determine whether
TGF-β2 can normalize OA-related ribosome dysfunction in chondrocytes. This would
position the ribosome as a druggable target for OA therapy, as is already the case for
Alzheimer’s disease [71] and cancer [72].

4. Materials and Methods
4.1. Cell Isolation & Culture

SW1353 cells and primary human articular chondrocytes (HACs) were cultured in
DMEM high glucose (Thermo Fisher Scientific, Breda, The Netherlands), supplemented
with 10% fetal calf serum (FCS, Sigma-Aldrich, Zwijndrecht, The Netherlands) and
1% penicillin/streptomycin (P/S, Gibco, Breda, The Netherlands) at 37 ◦C in a humid-
ified atmosphere with 5% CO2. Articular cartilage was resected from the subchondral
bone and digested overnight in type II collagenase (300 U/mL) in DMEM/F12 HEPES
and 1% P/S at 37 ◦C with continuous shaking. The digested cartilage solution was passed
through a 70 µm cell strainer (Greiner Bio-One, Alphen aan de Rhijn, The Netherlands);
cells were washed twice with 0.9% NaCl and plated at 30 k/cm2 in DMEM/F-12 (Thermo
Fisher Scientific) containing 10% FCS, 1% P/S and 1% non-essential amino acids (Gibco) at
37 ◦C in a humidified atmosphere with 5% CO2. Upon confluency, HACs were passaged 1:2
until passage 2. Cells were stimulated with 10 ng/mL TGF-β2 (Gibco PHG9114). Similar
results were obtained with TGF-β3 (Invitrogen RP8600) for total protein translation and
ribosome modus.

4.2. Total Protein Translation Measurements

SW1353 cells were incubated in 6-well plates for 30 min with 25 µCi/mL EasyTag
[35S] protein labeling mix (Perkin Elmer, Rotterdam, The Netherlands) in DMEM without
methionine or cystine, and supplemented with 10% FCS and 1% P/S. Cells were carefully
washed four times with 0.9% NaCl and lysed in 150 µL RIPA buffer. Lysates were sonicated
in a water bath and centrifuged for 15 min at 13,200 rpm in an Eppendorf tabletop centrifuge.
A quantity of 50 µL of cleared lysates was measured for 5 min on a scintillation counter
(Tri-Carb 2910 TR, Perkin Elmer, Rotterdam, The Netherlands), and data were extracted as
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counts per minute beta. Data were normalized to total DNA content per well using a Sybr
Green DNA assay as described earlier [73]. Alternatively, SW1353 cells were incubated
in a 96-well plate for 24 h with 50 µM of the methionine analogue homopropargylglycine
(HPG) in DMEM without methionine and cystine, and supplemented with 63 mg/L cystine
(Sigma-Aldrich), 10% FCS and 1% P/S. HPG incorporation was detected with a Click-IT
reaction (HPG Alexa Fluor™ 488 Protein Synthesis Assay Kit, Thermo Fisher Scientific,
Breda, The Netherlands) with a TriStar2 (Berthold Technologies, Vilvoorde, Belgium). Data
were normalized to total DNA content per well using the included HCS Nuclear mask
blue stain.

4.3. Cell Transfection and Luciferase Reporter Assays

Media in 24-well plates were replaced by 0.45 mL normal culture medium without P/S
per well. Next, a transfection mix was made containing 50 µL HEPES buffered DMEM/F12,
0.5 µg plasmid DNA and 1.5 µL Fugene6 (Promega, E2693, Leiden, The Netherlands)
per well and complexed for 20 min. Transfected plasmid DNA consisted of 90% IRES
or CAGA12 reporter and 10% pCDNA4-LACZ to correct for transfection efficiency. The
Rluc/Fluc IRES constructs containing the CrPV IGR, P53 and HCV IRES were a kind
gift from Dr. Sunnie Thompson (see Supplementary Figures S7–S9 for construct details).
The CAGA12 reporter construct was a gift from Dr. Tamas Dalmay. Subsequently, the
transfection mix was added drop-wise to the wells, incubated for 4 h, and media were then
supplemented with 0.5 ml of 2% P/S containing normal culture medium with or without
20 ng/mL TGF-β2 and incubated for an additional 20 h. Cells were washed once with 0.9%
NaCl, lysed in 100 µL passive lysis buffer per well for 15 min at room temperature on a flat
orbital shaker (IKA HS260, Sigma-Aldrich, Zwijndrecht, The Netherlands). Lysates were
detached by pipetting up and down three times and transferred to 0.5 mL Eppendorf tubes.
Tubes were centrifuged for 10 min at 16,550× g in a tabletop Eppendorf centrifuge. Fifty
µL of lysate was added to black fluotrac plates and used for dual luciferase measurements
using Promega’s dual luciferase assay system. Substrates were injected (50 µL/well) and
the signal was detected with a Tristar2 injection system (Berthold Technologies, Vilvoorde,
Belgium). Twenty µL lysate was used to detect β-galactosidase activity using a β-Gal assay
kit (Invitrogen, Breda, The Netherlands).

4.4. RT-qPCR and rRNA PTM Quantification

Total RNA was isolated with the RNeasy kit (Qiagen, Venlo, The Netherlands) ac-
cording to the manufacturer’s instructions. Reverse transcription and gene expression
analyses were performed as described in detail elsewhere [74]. Primer pairs used for RT-
qPCR are shown in Table 2. Data were normalized to a full-length 47S rRNA precursor for
ribosomal RNA (rRNA) and rRNA intermediates, while for regular gene expression, data
were normalized to Peptidylprolyl Isomerase A (PPIA). Ribosomal RNA post-transcriptional
modifications (PTMs) were determined by RiboMethSeq and HydraPsiSeq as described
earlier [29,75].

Table 2. RT-qPCR primer pairs.

Primer Forward Primer (5′-3′) Reverse Primer (5′-3′) Slope

47S GTCGGAGAGGTTGGGCCT GAGTCGGGACGCTCGGA −3.37

47S 01 TGTCAGGCGTTCTCGTCTC AGAGCACGACGTCACCACA −3.58

18S rRNA CGGACCAGAGCGAAAGCA ACCTCCGACTTTCGTTCTTGATT −3.42

47S 02 TGTGAAACCTTCCGACCCCTCT CGAGTGATCCACCGCTAAGAGTCGTA −3.70

5.8S rRNA CACTCGGCTCGTGCGTCGAT CGCTCAGACAGGCGTAGCCC −3.80

47S 4a CTAAGCGCAGACCCGGC GTCTCTCTCAGCCGGGC −3.00

28S rRNA GCCATGGTAATCCTGCTCAGTAC GCTCCTCAGCCAAGCACATAC −3.50
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Table 2. Cont.

Primer Forward Primer (5′-3′) Reverse Primer (5′-3′) Slope

SERPINE1 GTCTGCTGTGCACCATCCCCCATC TTGTCATCAATCTTGAATCCCATA −3.67

PPIA TTCCTCCTTTCACAGAATTATTCCA CCGCCAGTGCCATTATGG −3.42

4.5. Ribosome Isolation

Cytoplasmic fractions were generated as described earlier [76]. SW1353 cells were incu-
bated with 100 µg/mL cycloheximide (CHX, Sigma-Aldrich, Zwijndrecht, The Netherlands)
for 5 min at 37 ◦C, washed twice with cold 0.9% NaCl containing 100 µg/mL CHX and
harvested with a rubber policeman. Cells were centrifuged for 5 min at 284× g in a Hettich
Rotanta 460S centrifuge and resuspended in 4× pellet volume of Cytoplasmic extraction
buffer (20 mM Tris pH 7.5, 5 mM MgCl2, 10 mM NaCl, 0.15% NP-40) with fresh addition of
Roche protease inhibitor cocktail (1×), 100 µg/mL CHX and 40 U/mL RNasin (Promega,
Leiden, The Netherlands). Cell membranes were disrupted by 40 full strokes with a Dounce
homogenizer per sample, and membrane rupture was verified by Trypan blue staining of a
small volume of the sample. Nuclei were pelleted by centrifugation at 1370× g for 10 min
in a tabletop centrifuge at 4 ◦C, and the supernatant was transferred to new pre-cooled
Eppendorf tubes. This supernatant was centrifuged at 16,550× g for 10 min at 4 ◦C to pellet
mitochondria. The resulting post-mitochondrial (PMT) fraction was measured on a Nan-
odrop, and 125 µg RNA was loaded onto a sucrose cushion [77]. Successful fractionation of
cells was determined by immunoblotting (Supplementary Figure S6A). The sucrose cushion
consisted of 4 mL 1 M sucrose, 4 mL 0.7 M sucrose and 3 mL cytoplasmic extraction buffer
in Seton open-top polyclear ultracentrifuge tubes (part nr 7030). Sucrose solutions were
prepared in 20 mM Tris pH 7.5, 5 mM MgCl2 and 25 mM NaCl from a 2.2 M sucrose stock
solution, passed through 0.22 µm filters (Millipore, Amsterdam, The Netherlands) and
degassed with a vacuum before use. Samples were centrifuged at 120,000× g at 4 ◦C for
17 h in an SW41Ti rotor (Beckman, Woerden, The Netherlands) with maximum acceleration
and brake setting 9. Pellets were resuspended in either RLT buffer for RNA isolation,
RIPA buffer with 1× Roche protease inhibitors for immunoblotting or 25 mM ammonium
bicarbonate (Sigma-Aldrich) in LC-MS grade water (Pierce, Amsterdam, The Netherlands)
with 1× Roche protease inhibitors for liquid chromatography tandem mass spectrometry
(LC-MS/MS). Successful isolation of ribosomes was validated by immunoblotting and total
RNA agarose gel electrophoresis (Supplementary Figure S6A,B).

4.6. Immunoblotting

Nuclear and mitochondrial pellets were resuspended in an appropriate volume of
25 mM ammonium bicarbonate. All fractions were mixed 1:1 with RIPA lysis buffer (50 mM
Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% DOC, 0.1% SDS, 5 mM EDTA) containing
2× Roche protease inhibitor cocktail. Samples were sonicated with 12 cycles, 1 s on, 1 s
off using a Soniprep 150 rod sonicator at amplitude 6. Next, samples were centrifuged
for 10 min at 16,550× g at 4 ◦C, and the supernatant was transferred to new Eppendorf
tubes. An equal amount of lysate was boiled with sample buffer for 5 min at 95 ◦C and
separated on a 4–20% precast gradient gel (Bio-Rad, Tokyo, Japan). For p-mTOR and p-4E-
BP1, an equal amount of protein (40 µg) was loaded per lane. Samples were transferred
to nitrocellulose membranes, blocked in TBS with 0.1% NP-40 and 5% (w/v) non-fatty
dry milk powder. Primary antibodies were anti-phospho-mTOR Ser2448 (Cell signaling
technologies, D9C2, Danvers, MA, USA), anti-phospho-4E-BP1 Thr37/46 (Cell signaling
technologies, 236B4), anti-GAPDH (Fitzgerald, 4G5, Compton, UK), anti-α-Tubulin clone
(Sigma, B512), anti-RPL7 (Novus bio, NB100-2269, Littleton, CO, USA) or anti-Histone
H3 (Abcam, 24834, Cambridge, UK). Secondary antibodies were rabbit anti-mouse ALP
or goat anti-rabbit ALP (both from DAKO, Glostrup Kommune, Denmark), and these
were detected with CDP-STAR (Applied Biosystem, Breda, The Netherlands) on a Bio-Rad
Chemidoc MP.
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4.7. Agarose Gel Electrophoresis of Total RNA

A quantity of 7 µL from each RNA isolate was mixed with loading buffer (10× stock
consisting of 50% glycerol and 0.5% Orange G) and run for 1 h at 100 V on a 1% Agarose
TBE gel with ethidium bromide (0.4 mg/L). The most intense nuclear sample corresponded
to 7.5 µg of total RNA. Images were acquired with a Bio-Rad Chemidoc MP.

4.8. LC-MS/MS Proteomics

Sample quality was assessed by running 7.5 µg protein on a NuPAGE 4–12% Bis-Tris
protein gel followed by Coomassie blue staining (Supplementary Figure S6C). A quantity
of 100 µg of each secretome sample was taken into low-binding tubes (LoBind, Thermo
Fisher Scientific, Breda, The Netherlands). Volume was brought up to 1 mL using LC-
MS water (Pierce), and 10 µL of Strataclean resin was added to each sample. Samples
were vortexed for 1 min and centrifuged for 1 min at 2000 rpm. The supernatant was
removed, and the pellet was washed with 1 mL of LC-MS water, vortexed and centrifuged.
The supernatant was removed, and the wash step was repeated. Finally, all supernatant
was carefully removed, and the pellet was resuspended in 160 µL of 25 mM ammonium
bicarbonate. One hundred µg of proteome and riboproteome sample was taken, and the
final volume was brought up to 160 µL using 25 mM Ambic. The proteome, riboproteome
and secretome samples were prepared at the same time. Within each group, samples were
randomized for sample preparation. A quantity of 10 µL of 1% (w/v) Rapigest was added
and heated at 80 ◦C for 10 min. A quantity of 10 µL of 11 mg/mL solution of DTT (4 mM
final) was added and incubated at 60 ◦C for 10 min. A quantity of 10 µL of 46.6 mg/mL
solution of iodoacetamide (14 mM final) was added and incubated at room temperature
for 30 min. Any excess iodoacetamide was quenched by adding 9.4 µL of DTT used in
the previous step. A quantity of 10 µL of 0.2 µg/µL trypsin/lys-c was added and samples
were incubated overnight at 37 ◦C in the rotating incubator. On the next day, the same
amount of trypsin/lyc-C was added, and samples were incubated for 2 more hours at the
same conditions. Secretome samples were centrifuged at 17,000× g for 15 min, and the
supernatant was transferred to a new LoBind tube. To all samples, 1 µL of trifluoroacetic
acid was added, and samples were then incubated for 45 min at 37 ◦C. Samples were
centrifuged for 15 min at 17,000× g at 4 ◦C, and the supernatant was transferred to a new
LoBind tube (secretome samples were centrifuged twice). A quantity of 500 ng of each
tryptic digest was subjected to LC-MS/MS, using a 2 h gradient for cellular proteomics, 1 h
gradient for secretome proteomics and half an hour gradient for the ribosomal proteomics.
Data-dependent analyses were conducted on a QExactive HF quadrupole-Orbitrap mass
spectrometer coupled to a Dionex Ultimate 3000 RSLC nano-liquid chromatograph (Hemel
Hempstead, UK). Loading of the column and mass spectrometer data acquisition were done
as described earlier [78]. Progenesis QI software (Waters, Manchester, UK) and our local
Mascot server (Version 2.6.2) were used for label-free quantification against the Unihuman
Reviewed database with carbamidomethyl cysteine as a fixed modification and methionine
oxidation as a variable modification, peptide mass tolerance of 10 ppm and fragment
tolerance of 0.01 Da. Proteins identified with only one unique peptide were discarded a
priori from further analyses.

4.9. Statistics

Two group comparisons were done with two-tailed Student’s t-tests (Figures 1–3).
A normal distribution was assumed. For MS data, we utilized one-way ANOVA, FDR-
adjusted q-values for the cellular proteome or p-values for the ribosomal proteome and
cellular secretome. The latter was done due to the low number of detected proteins in those
datasets (Table 2).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/ijms25095031/s1.
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