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Abstract

Accumulation of dysfunctional chondrocytes has detrimental consequences on the cartilage
homeostasis and is thus thought to play a crucial role during the pathogenesis of osteoarthritis
(OA). However, the underlying mechanisms of phenotypical alteration in chondrocytes are
incompletely understood.

Here, we provide evidence that disruption of the intracellular vimentin network and consequent
phenotypical alteration in human chondrocytes results in an externalization of the intermediate
filament. The presence of so-called cell surface vimentin (CSV) on chondrocytes was
associated with the severity of tissue degeneration in clinical OA samples and was enhanced
after mechanical injury of cartilage tissue. By means of a doxorubicine-based in vitro model of
stress-induced premature senescence (SIPS), we could confirm the connection between
cellular senescence and amount of CSV. Although siRNA-mediated silencing of CDKN2A
clearly reduced the senescent phenotype as well as CSV levels of human chondrocytes,
cellular senescence could not be completely reversed. Interestingly, knockdown of vimentin
resulted in a SIPS-like phenotype and consequently increased CSV. Therefore, we concluded
that the integrity of the intracellular vimentin network is crucial to maintain cellular function in
chondrocytes. This assumption could be confirmed by chemically-induced collapse of the
vimentin network, which resulted in cellular stress and enhanced CSV expression. Regarding
its biological function, CSV was found to be associated with enhanced chondrocyte adhesion
and plasticity. While osteogenic capacities seemed to be enhanced in chondrocytes
expressing high levels of CSV, the chondrogenic potential was clearly compromised.

Overall, our study reinforces the importance of the vimentin network in maintenance of the
chondrogenic phenotype and introduces CSV as a novel membrane-bound marker of
dysfunctional chondrocytes.
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Introduction

Osteoarthritis (OA) is the most common joint disease worldwide and associated with various
pathophysiological processes, including oxidative stress, cell death, inflammation, and
catabolism. The presence of inflammatory cytokines, reactive oxygen species (ROS), and
damage-associated molecular patterns (DAMPs) create a harmful pathophysiological
environment, which leads to cellular damage and phenotypical alteration of chondrocytes [1].
By means of single cell RNA sequencing, researchers could provide evidence for the
accumulation of dysfunctional chondrocyte subtypes in OA cartilage, exhibiting a senescent,
hypertrophic, or fibroblast-like phenotype [2,3]. Phenotypical alteration of chondrocytes and
subsequent dysfunctional behavior plays a crucial role in progressive cartilage degeneration.
In fact, the secretome of OA chondrocytes contains excessive amounts of cytokines and
chemokines, including IL-6, IL-8, and CXCL1, as well as catabolic enzymes, such as MMPs
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and ADAMTS [1]. In case of senescent chondrocytes, the secretion of detrimental proteins is
also referred to as senescence-associated secretory phenotype (SASP) [4]. SASP factors not
only drive ongoing destruction of the extracellular matrix (ECM), but might also affect
neighboring cells, in a paracrine manner. This leads to the activation of immunocompetent
cells and subsequent inflammation, on one hand, and spreading of the senescent phenotype
among chondrocytes, on the other hand [4,5].

Dysfunctional and senescent chondrocytes have emerged as a central target in OA therapy.
Accordingly, clearance of senescent chondrocytes has been found to attenuate the risk of
injury-induced OA [6]. However, identification, characterization, and therapeutic targeting of
senescent chondrocytes remains challenging due to the high heterogeneity in cellular
senescence [7]. Therefore, further cell type-specific investigation of the senescence-
associated (SA) characteristics as well as the underlying mechanisms involved in senescence
are needed.

Recently, an oxidized form of membrane-bound vimentin, namely malondialdehyde (MDA)-
vimentin, was identified on senescent fibroblasts [8]. Initially, cell-surface vimentin (CSV) has
been considered as a marker of cancer stem-like cells, exhibiting epithelial-mesenchymal
transition (EMT) characteristics [9]. However, current studies imply that CSV might also be
expressed on non-cancer cells, such as bone marrow-derived mesenchymal stem cells
(bmMSC) [10] and apoptotic neutrophils [11]. Despite increasing interest in the dislocated
intermediate filament, the role and biological function of CSV is only poorly understood.
Interestingly, disassembly of the intracellular vimentin network impaired chondrogenic
characteristics in chondrocytes and thus contributes to an OA phenotype, as proposed by Blain
et al. [12,13]. Since there are no reports about a potential link between the intracellular vimentin
network and CSV, we wondered whether CSV can be found on human articular chondrocytes
(hAC) and if the dislocation results from vimentin network disruption and consequent
phenotypical alteration of cartilage cells.

Here, we provide first evidence of enhanced CSV on senescent hAC. CSV was associated
with the severity of OA and was triggered by mechanical injury of cartilage tissue or
doxorubicine (Doxo) stimulation and subsequent stress-induced premature senescence
(SIPS). Interestingly, CSV was enhanced in response to the disruption of the intracellular
vimentin network and ROS accumulation in vitro, indicating a link between intracellular integrity
of vimentin, cellular stress, and the externalization of the intermediate filament. Furthermore,
the results imply that CSV is associated with chondrocyte plasticity and dedifferentiation,
underlining the importance of the vimentin network in the stabilization of the chondrogenic
phenotype. Overall, this is the first report of CSV as novel membrane-associated indicator of
chondrocyte plasticity and senescence.

Experimental Procedures

Ethics statement

Human cartilage was obtained from donors undergoing total knee joint replacement due to OA.
Informed consent was obtained from all patients according to the terms of the Ethics
Committee of the University of Ulm (ethical approval number 353/18).

Isolation and cultivation of hAC and CSPC
Human articular chondrocytes (hAC) were enzymatically isolated from human cartilage with
either OARSI grade =3 (highly degenerated) or OARSI grade <1 (macroscopically intact) [51].
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In short, full-thickness cartilage was minced and digested for 45 min with 0.2 % pronase
(Sigma-Aldrich) and overnight with 0.025 % collagenase (Sigma-Aldrich). Chondrogenic stem/
progenitor cells (CSPC) were isolated by outgrowth of the migratory active cells from intact
human cartilage by as previously described [18].

Cells were cultured in serum-containing chondrocyte (= basal) medium (1:1 DMEM 1 g/L
glucose/Ham’s F12, 10% foetal bovine serum (FBS), 0.5% penicillin/ streptomycin, 2 mM L-
glutamine and 10 pg/ml 2-phospho-L-ascorbic acid trisodium salt) and split at a confluence of
80%.

Cartilage explant preparation, cultivation and impact loading

Full-thickness cartilage explants (& = 6 mm) from macroscopically intact tissue (OARSI score
<1) were harvested and cultivated in chondrocyte medium for 24 h in an incubator (37°C, 5%
CO2, 95% humidity). Afterwards, the explants were subjected to a single impact load of 0.59
J using a drop-tower model as previously described, [16,17,19] and further cultivated under
serum-free conditions (DMEM, 1% sodium pyruvate, 0.5% L-glutamine, 1% non-essential
amino acids, 0.5% penicillin/streptomycin, 10 pg/ml 2-phospho-L-ascorbic acid trisodium salt
and 0.1% insulin-transferrin-sodium selenite).

Stimulation of isolated hAC

SIPS was induced by stimulation with 0.1 yM doxorubicine (Selleckchem) for 10d [22].
Activated simvastatin was applied for 20 h at a concentration of 10 uM. Induction of apoptosis
was attained by stimulation with cycloheximide (10 ug/ mL) and TNF (10 ng/ mL) as previously
reported [16]. All stimulations were performed in serum-reduced chondrocyte medium (5%
FBS).

alamarBlue assay (cytotoxicity/ cell proliferation assay)

Quantitative measurement of cell proliferation/ cytotoxicity was attained by means of an
alamarBlue assay (BioRad, Munich, Germany). Cells were incubated for 3 h in a 5%
alamarBlue solution (in DMEM) at 37°C. Fluorescence intensities were detected at 550 nm
excitation and 590 nm emission by using the multimode microplate reader Infinite M200 Pro
(Tecan Austria GmbH Groedig, Austria). Blank values (5% alamarBlue solution in empty well)
were subtracted from measured values. Results were calculated relative to unstimulated cells.

Flow cytometric analysis

To analyze surface markers on freshly isolated hAC, cartilage tissue was directly digested by
means of collagenase overnight, without pronase. In case of cultured hAC, cells were detached
with PBS-buffered EDTA (5 mM). hAC were stained with anti-CSV (clone 84-1, abnova,
#H00007431-MF08) or IgG2bk isotype control (BD Pharmingen) for 40 minutes. A minimum
of 2 x 10* cells was analyzed on a Becton Dickinson FACSCalibur flow cytometer (BD
Biosciences) with dual-laser technology using the corresponding software CellQuest version
5.2.1. A maximum of 1% isotype control-positive cells was accepted. Cancer cell lines HelLa
(low CSV levels; mean: 11.8% = 4.2) and SaOs-Il (mediate/ high CSV levels; mean: 34.4% +
8.8) were used to validate the anti-CSV antibody and the staining protocol (Figure S7a-c).
While CVS was found to be degraded by trypsin and accutase treatment, no influence was
observed in case of collagenase relative to EDTA (Figure S8).
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SA-B-galactosidase (SA-B-gal) staining and activity assay

SA-B-gal staining was performed using a SA-f3-gal staining kit according to the manufacturer's
protocol (Cell Signaling Technology, Danvers, MA, USA). In short, cells were seeded on
chamber slides (5,000 cells/ cm?). Cells were fixed in a 2% formaldehyde and 0.2%
glutaraldehyde solution for 15 minutes. After washing with PBS, cells were stained overnight
in an X-gal staining solution at 37°C (dry incubator; low CO3).

In case of the SA-B-gal activity assay, a fluorometric cellular senescence assay kit was used
according to the manufacturer's protocol (Cell biolabs Inc., San Diego, CA, USA). In short,
cells were seeded on a 96 well plate (5,000 cells per well). The next day, cells were lysed using
the cell lysis buffer and centrifuged. The supernatants of the cell lysates were mixed with the
assay buffer and incubated for 2 hours at 37 °C in the dark. After stopping the reaction using
the stop solution, fluorescence was measured on a black bottom 96 well plate at 360 nm
excitation and 465 nm emission using an infinite M200 PRO TECAN reader.

siRNA-mediated Knockdown of CDKN2A or VIM

Adherent hAC were incubated in a digest solution containing 1 mg/mL collagenase, 1 mg/ mL
protease and 40 U/mL hyaluronidase to increase siRNA transfection efficacy. Detached cells
were counted and seeded at a density of 20,000 cells/cm?. Silencer Select siRNA (Thermo
Fisher Scientific) against CDKN2A (ID: s218; targeting both p16™%*® and the related transcript
p14"%F) VIM (ID: s14800) or Silencer Negative Control siRNA was diluted in lipofectamine
P3000 (Thermo Fisher Scientific) and added to the cells at a final concentration of 5 pmol/uL
in serum-free Opti-MEM (Thermo Fisher Scientific; 31985062) without antibiotics. After 4h at
37°C, transfection medium was removed and serum-containing chondrocyte medium was
added. After 72h, hAC were trypsinized, counted and seeded as mentioned above. The next
day, transfection was repeated in adherence. This protocol allows a consistent silencing over
seven days.

DCFDA and MitoSOX assay

Detection of cytoplasmatic and mitochondrial ROS levels was performed by means of a
commercial DCFDA / H2DCFDA - Cellular ROS Assay Kit (abcam, ab113851) and MitoSOX™
Red Mitochondrial Superoxide Indicator (Invitrogen, ThermoFisher Scientific, M36008),
according to the manufacturer’s instructions.

Quantitative real-time PCR (QRT-PCR)

For total RNA isolation, cryopreserved cartilage explants were pulverized with a
microdismembrator S (B. Braun Biotech, Melsungen, Germany). Subsequently, RNA was
isolated using a Lipid Tissue Mini Kit (Qiagen, Hilden, Germany). In case of isolated cells,
mRNA of least 50,000 cells was isolated using a RNeasy Mini Kit (Qiagen). RNA was reverse
transcribed with Superscript I (ThermoFisher) and used for quantitative real-time PCR
analysis (StepOne-PlusTM Real-Time PCR System, Applied Biosystems, Darmstadt,
Germany). Relative expression levels were calculated using the AACt method, except of
correlation analysis depicted in Figure 2j, 3j, and 4n, in which the ACt method was required.
GAPDH, HPRT1 and TMEM199 served as housekeeping genes. TMEM199 has previously
been described as appropriate endogenous control to study gene expression in senescent
chondrocytes [52], while GAPDH or HPRT1 are the most commonly used housekeeping genes
in studies on chondrosenescence.


https://doi.org/10.1101/2023.05.08.539821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.08.539821; this version posted May 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Immunocytochemistry/ -fluorescence staining

Isolated cells were fixed with formalin, blocked for 1h at 37 °C and stained with anti-CSV (clone
84-1, abnova, HO0007431-MF08 or H00007431-MB08), anti-VIM (clone EPR3776, abcam,
ab185030) and anti-CDKN2A (abcam, ab108349) for 2h at RT. In case of intracellular staining,
cells were permeabilized with 0.1 % PBS-Tween 20. Unconjugated anti-CDKN2A was further
incubated with a biotinylated link antibody (DAKO), followed by iFluor568-conjugated avidin
(ATT Bioquest), each for 20 min at RT.

In case of Immunocytochemistry, anti-CSV H00007431-MBO08 was incubated as described
above, followed by further incubated with Strepavidin-bound HRP (DAKO) for 20 min each.
After addition of AEC substrate for 15 min, nuclei were counterstained with hematoxylin.

In vitro differentiation

For chondrogenic differentiation, chondrocytes were cultivated for 28 d in CDM [DMEM 4.5 g/L
glucose and Ham’s F12 (1:1), 100 U/ mL penicillin/streptomycin, 40 ng/mL L-proline, 2mM L-
glutamine, 1 mM Na-pyruvate, 0.1 yM dexamethasone, 50 ug/mL ascorbic acid, 10 yL/mL ITS
(Sigma-Aldrich), 10 ng/mL rhTGF-B3 (Peprotech), 10 ng/mL rhBMP6 (Peprotech)] under
serum-reduced (in case of 2-D culture; 1% FSC) or serum-free (in case of pellet culture)
conditions as previously described [18]. For osteogenic differentiation, chondrocytes were
cultured for 28d in ODM [DMEM 1 g/L glucose, 10% FBS, 100 U/ mL penicillin/streptomycin,
2mM L-glutamine, 0.1 pM dexamethasone, 0.2 mM ascorbic acid and 10 mM -
glycerophosphate].

Statistical analysis

Experiments were analyzed using GraphPad Prism8 (GraphPad Software, Inc., La Jolla, CA,
USA). Data sets with n 2 5 were tested for outliers by means of the Grubbs outlier test. Outliers
were not included in statistical analyses. Each data point represents an independent biological
replicate (donor); technical replicates were not performed. Significance level was set to a =
0.05. Information about the statistical analysis applied is provided in the corresponding figure
legends.

Results

CSV and SA markers are increased in chondrocytes from highly degenerated or
traumatized cartilage

In order to investigate the incidence of chondrosenescence and CSV-positive cells in OA, we
compared hAC isolated from macroscopically intact (OARSI grade <1) and highly degenerated
human cartilage tissue (OARSI grade =3) derived from the same patient. Exemplary
characterization of the corresponding tissues using Saf-O staining confirmed clear differences
regarding the proteoglycan content, structural surface integrity, and cellularity between
macroscopically intact and highly degenerated tissue (Figure 1a,b). mRNA levels of CDKN1A
and CDKN2A were significantly enhanced in OARSI grade 23 as compared to OARSI grade
<1 tissue, while that of SIRT1 was decreased (Figure 1c). SIRT1 has been described as an
essential negative regulator in cellular senescence and was found to protect chondrocytes
against IL-17-induced senescence [14,15].

Moreover, SA-B-galactosidase (SA-B-gal) and CSV were significantly higher in isolated hAC
derived from highly degenerated cartilage as compared to hAC from donor-matched
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macroscopically intact tissue (Figure 1d-g). Taken together, increased activity of SA-B-gal
positively correlated with the percentage of CSV-positive hAC (Figure 1h).

Our ex vivo human cartilage trauma model is suitable to study injury-induced oxidative stress,
cell death, and degenerative processes [1,16,17]. Since ROS and cellular damage, in general,
have been described as crucial triggers in chondrosenescence [4,6], we investigated the
expression of SA markers and CSV on hAC after ex vivo traumatization. Seven days after
traumatization, we could histologically confirm structural and cellular alteration of the formerly
macroscopically intact cartilage, similarly to that of highly degenerated samples (Figure 1i).
The traumatized tissue exhibited fissures in the surface, proteoglycan loss, hypocellularity, and
cluster formation — altogether typical hallmarks of OA [18-20]. Moreover, the expression
pattern of CDKN1A, CDKN2A, and SIRT1 in traumatized cartilage explants was comparable
to that in OARSI grade 23 tissue (Figure 1j-1). While mRNA levels of CDKN1A remained
elevated over 14 days after cartilage trauma, that of CDKN2A and SIRT1 were largely restored
to the control levels by time. Moreover, CSV was significantly higher on hAC derived from
traumatized cartilage as compared to donor-matched hAC from unimpacted tissue (Figure
1m).

Doxorubicine-mediated SIPS enhances CSV levels on hAC

To verify that CSV was associated with a senescent phenotype of hAC, we used our Doxo-
based in vitro model to induce SIPS in isolated hAC [21,22]. As expected, Doxo treatment
resulted in enhanced SA marker expression as well as SA-B3-gal activity (Figure 2a,b), which
was accompanied by a significant increase in CSV (Figure 2c,d).

For further investigation of the flow cytometric data, we defined four regions. Q1: CSV*/ SSC-
H < 400 (normal granularity). Q2: CSV*/ SSC-H > 400 (unusually high granularity). Q3: CSV/
SSC-H < 400. Q4: CSV/ SSC-H > 400. This way, we found significant changes in the
distribution to the four regions in hAC after Doxo stimulation as compared to the untreated
control, characterized by a shift of the main population from SSC-H < 400 to SSC-H > 400,
indicating an enhanced granularity, but also significantly increased numbers of CSV-positive
cells, located in Q1 and Q2 (Figure 2e-g). Moreover, Doxo treatment resulted in morphological
alteration of hAC, which was comparable to hAC isolated from highly degenerated cartilage
(Figure S1). Development of an abnormal fibroblast-like or flattened cell shape as well as
increased granularity in Doxo-treated hAC has been previously described [22].

To visualize enhanced CSV levels on Doxo-treated hAC and further investigate whether there
are similarities in the binding sites between the intracellular VIM antibody [clone EPR3776] and
the CSV antibody [clone 84-1], non-permeabilized hAC were co-stained with the corresponding
antibodies (Figure 2h). In line with the cytometric analysis, immunofluorescence staining
confirmed increased CSV levels on hAC after Doxo treatment. While EPR3776 staining, which
binds to the C-terminus of vimentin (aa 425 — 466), was mainly co-localized with 84-1 on control
cells, the CSV-specific staining was predominantly found in the absence of EPR3776, and
particularly in Doxo-treated cells, implying the presence of a modified vimentin structure, which
could not be detected by EPR3776. Further information about the CSV-specific antibody can
be found in the patent (international publication number WO2014138183A1). This preliminary
experiment implies that the structure of externalized vimentin is possibly modified. Moreover,
we performed a scanning electron microscopy (SEM) analysis, which indicated that CSV does
not form a filamentous structure (Figure 2i). That CSV might form oligomers of about 4 to 12
monomers instead of filaments has been previously been proposed [23].


https://doi.org/10.1101/2023.05.08.539821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.08.539821; this version posted May 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Immunofluorescence staining of intracellular vimentin revealed that Doxo-treated
chondrocytes exhibited an abnormal vimentin arrangement, characterized by increased
vimentin bundling, or a (nearly) complete loss of vimentin (Figure 2j). Correlation analysis
between CSV-positivity and relative mRNA levels of VIM confirmed a negative association
between the gene expression and translocation of vimentin (Figure 2k). These findings
indicate that the disruption of the vimentin network might be connected to a SIPS-like
phenotype and CSV expression.

Knockdown of CDKN2A cannot completely reverse but attenuate CSV and SA marker
expression

The CDKN2A gene encodes for p14°RF and p16™**A, which are crucial regulators in cell cycle
arrest and consequent senescence. As described above, both CSV and CDKN2A expression
were similarly enhanced in OA as well as after cartilage trauma or Doxo stimulation. Therefore,
we assumed a connection between CDKN2A-mediated senescence and CSV-positivity.

As siRNA-mediated silencing of CDKN2A was previously described to result in a recovery of
chondrogenic characteristics and reduction of SA-B-gal in OA hAC [24], we considered a
knockdown of CDKN2A to further clarify the impact of p14*~F/ p16™K*A on chondrosenescence
and CSV-positivity. By means of a special transfection regime (Figure 3a), we achieved a
knockdown of CDKNZ2A in hAC over seven days, which was confirmed by qRT-PCR and
immunofluorescence staining (Figure 3b-d). Moreover, knockdown of CDKN2A significantly
decreased the gene expression of SA markers CDKN1A, CXCL1, and IL8 (Figure 3e) and
enhanced cell proliferation (Figure 3f). However, reduction in CDKN2A could not completely
reverse the senescent phenotype and had only minor, though significant, effect on SA-3-gal
activity (Figure 3g,h) and CSV (Figure 3i). Subsequent correlation analysis between relative
CDKNZ2A expression and CSV-positivity did not reveal any significant association in case of
the knockdown experiment but after Doxo stimulation (Figure 3j). Taken together, knockdown
of CDKN2A could not completely reverse CSV presentation on hAC, implying that
externalization of vimentin and chondrosenescence do not exclusively depend on CDKN2A.

Knockdown of VIM results in enhanced CSV-positivity and a SIPS-like phenotype in hAC

Overexpression of vimentin was found to induce a senescence-like morphology in fibroblasts,
characterized by a flattened and enlarged cell shape [25]. However, disruption of the vimentin
network has been associated with a decline in chondrogenic characteristics and an OA
phenotype in chondrocytes [13]. As we assumed a connection between alterations in the
intracellular vimentin network and CSV, we performed an siRNA-mediated knockdown of VIM
in hAC.

By using the transfection regime depicted before (Figure 3a), we applied a knockdown over
seven days, which was confirmed by qRT-PCR, flow cytometry, and immunofluorescence
staining (Figure 4a-c). Reduction in intracellular Vimentin did not result in cell death. However,
we observed that the typical cage-like distribution of vimentin around the nuclei was lost and
the filaments were condensed in siVIM-transfected hAC, indicating a disruption of the
remaining vimentin network (Figure 4c). Furthermore, silencing of VIM resulted in a
progressive alteration of the cell morphology, comparable to that of OA hAC (Figure S1) and
provoked significant accumulation of ROS and SA-B-gal (Figure 4d-g). In line with this, the
gene expression levels of various SA markers were enhanced, which was significant in case
of CDKN1A, CDKNZ2A, and IL6 (Figure 4h). Additionally, we confirmed nuclear accumulation
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of p53 (Figure 4i) and found indications of cell cycle arrest in siVIM-transfected hAC as
demonstrated by lower proliferation and an increased percentage of cells in Go/G1 phase
(Figure 4j,k). Moreover, silencing of VIM clearly suppressed COL2 production of hAC (Figure
S$2). These findings are in agreement with Tolstonog et al., who observed enhanced oxidative
stress and SIPS in embryonic fibroblasts from vimentin knockout mice [12].

Interestingly, CSV was significantly enhanced after knockdown of VIM (Figure 4l,m).
Correlation analysis between CSV-positivity and relative mRNA levels of VIM confirmed a
negative association between the gene expression and translocation of vimentin (Figure 4n).
Therefore, we assumed that chondrosenescence and consequent increase of CSV can be
attributed to the disturbance of the intracellular vimentin network and subsequent oxidative
stress.

Collapse of the vimentin network is associated with enhanced CSV-positivity and a
SIPS-like phenotype in hAC

To further confirm our assumption that disturbance of the vimentin network results in
chondrocyte senescence and vimentin dislocation to the membrane, we investigated if direct
disruption of the vimentin network by simvastatin (Sim) might increase CSV and promote SIPS.
According to Trogden et al. [26], who previously described the effects of Sim on the
intermediate filament in adrenal carcinoma SW13 cells, we observed a reorganization of
intracellular vimentin. Co-staining with phalloidin confirmed that Sim had only minor effect on
the actin cytoskeleton but resulted in a strong condensation of vimentin filaments, which were
selectively located in close proximity to the nuclei (Figure 5a). Similar to the phenotype
observed after siRNA-mediated VIM knockdown, the vimentin “cage” around the nucleus was
collapsed, resulting in smaller size and elliptical shape of the nuclei (Figure 5a). Sim-treated
hAC further exhibited enhanced levels of CSV (Figure 5b,c), cytoplasmatic and mitochondrial
ROS (Figure 5d-f) and SA-B-gal activity (Figure 5g.h). Accumulation of mitochondrial ROS
might be explained by the fact that some cytoskeletal components, and in particular vimentin,
play a crucial role in mitochondrial morphology and function [12,27].

Overall, these results support the assumption that CSV on hAC is triggered by breakdown or
structural alteration of the intracellular vimentin network and subsequent cellular stress and
senescence.

CSV is associated with chondrocyte plasticity and osteogenic differentiation in vitro

Chondrocytes are known to rapidly lose their chondrogenic phenotype and undergo SA
alterations in 2-D culture [14]. Dedifferentiated chondrocytes at passages = 4 are characterized
by enhanced levels of stem cell-associated markers [28,29], augmented cellular plasticity, and
tri-linear differentiation capacities [29-31]. Interestingly, Varela-Eirin et al. described
increasing levels of CD105 and CD166 during in vitro expansion of chondrocytes as indicator
of an immature phenotype with high cellular plasticity but also SA characteristics [31].
Consequently, we evaluated CSV levels on hAC during in vitro expansion and its association
to cellular plasticity. In fact, CSV increased in a passage-dependent manner (Figure 6a,b) and
strongly correlated with the expression of CD105 and CD166 (Figure 6c).

To further investigate the role of CSV as a potential marker of cellular plasticity in hAC,
dedifferentiated chondrocytes (passages 4-5) were re-differentiated into osteogenic or
chondrogenic lineage for 28 d, which was confirmed by expression analysis of corresponding
markers and exemplary staining (Figure S3a-f). CSV levels were significantly diminished after
differentiation, while subsequent culturing at basal conditions and sub-confluent density
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restored CSV (Figure 6d) and decreased osteogenic as well as chondrogenic markers (Figure
S3a,b,d,e). Additional mRNA analysis confirmed the dynamics of CD105 and CD166 as well
as VIM expression during the differentiation experiment, and lower mRNA levels of VIM in
dedifferentiated chondrocytes (Figure S4a-c), reinforcing the assumption that VIM gene
expression is inversive to the presentation of CSV.

Since CSV correlated with stem-like markers, we wondered whether CSV might be a
progenitor-specific marker. While isolated bm-MSC, indeed, exhibited very high levels of CSV,
we could not find any significant difference in CSV levels between passage-matched hAC and
cartilage-derived chondrogenic stem progenitor cells (CSPC) (Figure 6e). Due to the fact that
CSV was linked to a dysfunctional behavior in hAC, so far, we assumed that CSV might
indicate a compromised chondrogenic potential. Indeed, we found a positive correlation
between CSV-positivity and matrix calcification after osteogenic differentiation of high-passage
hAC (Figure 6f), while in vitro chondrogenesis was declined in a CSV-dependent manner
(Figure 6g).

Altogether these findings suggest that an increased level of CSV on hAC is associated with an
enhanced cellular plasticity but decreased chondrogenic capacities.

High CSV levels are associated with enhanced plastic adherence

Vimentin is known to contribute to integrin-mediated cell adhesion and binding to extracellular
matrix components, respectively [32]. Interestingly, we observed that the adhesion of hAC on
culture plates increased with higher CSV levels. Accordingly, cells detached within 20 min
upon EDTA exposure had significantly lower CSV levels as compared to the cells, which
remained on the plates (Figure 7a). By means of an adherence assay, it could be confirmed
that donors with low CSV-positivity (below 14 %) detached significantly faster as compared to
that with CSV levels of 16 % and higher (Figure 7b). Subsequent correlation analysis revealed
a significant association between the CSV-positivity and adherence (Figure 7c). A similar
outcome was obtained by using the cancer cell lines HelLa (low CSV) and SaOs-II (high CSV)
(Figure S5). Further investigation regarding the adhesion of hAC to different ECM components
demonstrated a significant association between CSV levels and binding affinity to fibronectin
and vitronectin, while no association was found in case of tenascin, (Figure 7d) or Collagen I,
Il, and IV, (Figure 7e) as determined by means of an ECM cell adhesion array. Interestingly,
knockdown of vimentin, which induced cellular stress and enhanced CSV levels as described
above, significantly increased the gene expression of aV, a5, and 31 integrin subunits in hAC
(Figure 7f).

In sum, these results imply that CSV contributes to adhesion strength of hAC on plastic and
might be involved in the interaction with certain ECM components.

Discussion

Senescent chondrocytes are characterized by a dysfunctional behavior, which is thought to
contribute to ongoing cartilage degeneration and thus OA progression [4,33]. Here, we provide
first evidence for the importance of the vimentin network in chondrosenescence. In this context,
we introduce CSV as a membrane-associated indicator of vimentin disruption and consequent
damage and senescence in hAC. In sum, we could demonstrate that CSV was (1) enhanced
in damaged and dysfunctional hAC after traumatic injury or due to OA and (2) was associated
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with an OA-like phenotype as well as cell plasticity. Moreover, CSV on hAC was (3) strongly
enhanced in response to the disruption of the intracellular vimentin network and consequent
stress and (4) loss of the chondrogenic capacities (Figure 7g).

Vimentin is an essential component of the cytoskeleton. Besides cell morphology and
mechanical integrity, vimentin is involved in different cellular processes, including migration,
adhesion, and differentiation [34,35]. However, overexpression of vimentin is also considered
as a hallmark of EMT in cancer cells [35] and was found to induce a senescent cell morphology
in fibroblasts [25]. In chondrocytes, IL-1[3 stimulation resulted in reduced gene expression of
vimentin via p38-signalling, which is also associated with posttraumatic cartilage degeneration
and OA progression [36,37]. Moreover, disassembly and collapse of the cage-like vimentin
network, observed after acrylamide treatment or traumatic cartilage loading, has been linked
to decreased cell stiffness as found in OA chondrocytes [38,39]. Accordingly, it has been
hypothesized that the vimentin network is involved in the maintenance of the chondrogenic
phenotype while its disassembly, in turn, can disturb chondrocyte characteristics, contributing
to the development of OA [13]. Beyond that, we provide clear evidence that alterations of the
vimentin network and enhanced CSV levels, respectively, are associated with compromised
chondrogenic capacities and a SIPS phenotype.

Besides increased CSV levels, Sim-mediated breakdown of the vimentin network remarkably
changed the nuclear shape and enhanced mitochondrial ROS levels. In fact, vimentin filaments
are involved in the regulation of the nuclear shape, mechanics and chromatin condensation,
as well as mitochondrial structure and function [26,40]. The interaction between vimentin and
mitochondria depends on the small GTPase Rac1 — a target of simvastatin [41]. In contrast to
other vimentin-binding molecules, such as withaferin A, which also affect microtubules and
microfilaments, simvastatin is considered to bind vimentin with high specificity [26,42,43].
Although, enhanced oxidative stress and subsequent induction of senescence via the p53/p21
pathway has been previously found in simvastatin-treated human melanoma cells [44], it
should be noted that simvastatin has also been described as an antioxidative and
chondroprotective drug in cartilage [45].

Previously, other surface-associated markers have been reported on senescent chondrocytes,
such as urokinase plasminogen activator surface receptor (UPAR) [22,46], dipeptidyl peptidase
4 (DPP-4) [47], and connexin43 [31]. Except for DPP-4, all three surface markers (CSV,
connexin43, and uPAR) are connected with EMT, thus indicating alteration in cell properties,
in particular migration and adhesion. Moreover, increased expression of different EMT makers,
such as Twist-1, N-cadherin, and vimentin, have been reported in OA chondrocytes [31,48].
Besides EMT, CSV has also been linked to stemness, due to its strong expression on stem
cell-like cancer cells as well as on rat bmMSC [9,10]. However, neither the underlying
mechanism of vimentin externalization, nor its biological function could be sufficiently clarified
so far. Previously, Frescas et al. identified an MDA-modified vimentin, on the cell surface of
senescent fibroblasts [8]. They hypothesized that the presentation of MDA-vimentin might
serve as a “eat me”-signal to phagocytes. Although CSV has also been described on apoptotic
neutrophils, it could not be clarified whether this really represents an “eat me“-signal or not
[11]. In our study, we could not observe any connection between cell death and CSV-positivity
of hAC, not even after direct induction of apoptosis by means of cycloheximide and TNF
(Figure S6).
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Our preliminary results concerning the biological function of CSV imply that CSV promotes
plastic adhesion, as well as the binding affinity to fibronectin and vitronectin. Both observations
might be closely linked as plastic adhesion is mainly mediated by FBS-derived vitronectin
and/or fibronectin. In chondrocytes, interaction with fibronectin and vitronectin mainly involves
a5B1 and aVB3 integrins, which both recognize the Arg-Gly-Asp (RGD) sequence of these
ECM components [49]. Interestingly, it has previously been described that 1 and 33 integrins
can recruit vimentin to the cell membrane, where the intermediate filaments interact with focal
adhesion proteins and increase the adhesive strength on plastic [32]. Moreover, intracellular
vimentin was found to recruit paxillin to the focal adhesion complex, which enhanced (1
integrin clustering and consequent collagen binding [50]. Although we found clear indications
for an association between CSV and cell adhesion, as well as increased mRNA levels of
certain integrin subunits after silencing of vimentin, the underlying mechanisms and potential
interdependence with integrins clearly deserve further investigation.

The usage of human material should be considered as a strength of this study; however, the
OA origin also represents a crucial limitation. Although the material was classified in
macroscopically intact (grade <1) and highly degenerated (grade =3) tissue, it cannot be
completely excluded that the intact cartilage has been affected by OA on molecular level.
Nevertheless, we still could demonstrate significant differences regarding SA marker
expression in highly degenerated or impacted cartilage as compared to macroscopically intact
tissue.

In sum, our study provides first evidence of CSV as a novel surface marker of phenotypical
alteration and SIPS in hAC. Although we could not clarify the underlying mechanism of
vimentin translocation, the negative association between intracellular vimentin levels and CSV-
positivity implies that the externalization does not require additional vimentin but rather
represents a reallocation of existing filaments in response to cellular stress. Overall, our
findings suggest that presentation of CSV most likely results from vimentin network
disturbance and is associated with a dysfunctional phenotype in hAC.

Acknowledgments: The authors would like to thank Natalie Braun for excellent technical
assistance and Hartmut Geiger for his constructive input. This research study was supported
by the European Social Fund and by the Ministry of Science, Research and Arts Baden-
Wairttemberg as well as the University of UIm (Bausteinprogramm).

Conflict of Interest Statement: The authors declare that they have no competing interest.

Data Availability Statement: The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Author contribution: JR contributed to the study concept and design, performed experiments,
data acquisition, interpretation of data, and wrote the manuscript. RB contributed to data
interpretation and revision of the manuscript. Both authors approved the final version of the
manuscript and ensure that questions related to the accuracy or integrity of any part of the
work are appropriately investigated and resolved.

12


https://doi.org/10.1101/2023.05.08.539821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.08.539821; this version posted May 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

References

[1] Riegger J, Brenner RE. Pathomechanisms of Posttraumatic Osteoarthritis: Chondrocyte
Behavior and Fate in a Precarious Environment. Int J Mol Sci 2020;21:1560.
https://doi.org/10.3390/ijms21051560.

[2] Ji Q, Zheng Y, Zhang G, Hu Y, Fan X, Hou Y, et al. Single-cell RNA-seq analysis reveals
the progression of human osteoarthritis. Ann Rheum Dis 2019;78:100-10.
https://doi.org/10.1136/annrheumdis-2017-212863.

[3] Chou C-H, Jain V, Gibson J, Attarian DE, Haraden CA, Yohn CB, et al. Synovial cell
cross-talk with cartilage plays a major role in the pathogenesis of osteoarthritis. Sci Rep
2020;10:10868. https://doi.org/10.1038/s41598-020-67730-y.

[4] Jeon OH, David N, Campisi J, Elisseeff JH. Senescent cells and osteoarthritis: a painful
connection. J Clin Invest 2018;128:1229-37. https://doi.org/10.1172/JCI95147.

[5] Vinatier C, Dominguez E, Guicheux J, Caramés B. Role of the Inflammation-Autophagy-
Senescence Integrative Network in Osteoarthritis. Front Physiol 2018;9:706.
https://doi.org/10.3389/fphys.2018.00706.

[6] Jeon OH, Kim C, Laberge R-M, Demaria M, Rathod S, Vasserot AP, et al. Local
clearance of senescent cells attenuates the development of post-traumatic osteoarthritis
and creates a pro-regenerative environment. Nat Med 2017;23:775-81.
https://doi.org/10.1038/nm.4324.

[7] Kirschner K, Rattanavirotkul N, Quince MF, Chandra T. Functional heterogeneity in
senescence. Biochem Soc Trans 2020;48:765-73. https://doi.org/10.1042/BST20190109.

[8] Frescas D, Roux CM, Aygun-Sunar S, Gleiberman AS, Krasnov P, Kurnasov OV, et al.
Senescent cells expose and secrete an oxidized form of membrane-bound vimentin as
revealed by a natural polyreactive antibody. Proc Natl Acad Sci U S A 2017;114:E1668—
77. https://doi.org/10.1073/pnas.1614661114.

[9] Mitra A, Satelli A, Xia X, Cutrera J, Mishra L, Li S. Cell-surface Vimentin: A
mislocalized protein for isolating csVimentin(+) CD133(-) novel stem-like hepatocellular
carcinoma cells expressing EMT markers. Int J Cancer 2015;137:491-6.
https://doi.org/10.1002/ijc.29382.

[10] Ise H, Matsunaga K, Shinohara M, Sakai Y. Improved Isolation of Mesenchymal Stem
Cells Based on Interactions between N-Acetylglucosamine-Bearing Polymers and Cell-
Surface Vimentin. Stem Cells Int 2019;2019:4341286.
https://doi.org/10.1155/2019/4341286.

[11] Moisan E, Girard D. Cell surface expression of intermediate filament proteins
vimentin and lamin B1 in human neutrophil spontaneous apoptosis. J Leukoc Biol
2006;79:489-98. https://doi.org/10.1189/j1b.0405190.

[12] Tolstonog GV, Shoeman RL, Traub U, Traub P. Role of the intermediate filament
protein vimentin in delaying senescence and in the spontaneous immortalization of mouse
embryo fibroblasts. DNA Cell Biol 2001;20:509-29.
https://doi.org/10.1089/104454901317094945.

[13] Blain EJ, Gilbert SJ, Hayes AJ, Duance VC. Disassembly of the vimentin cytoskeleton
disrupts articular cartilage chondrocyte homeostasis. Matrix Biol J Int Soc Matrix Biol
2006;25:398—408. https://doi.org/10.1016/j.matbio.2006.06.002.

[14] Lee S-H, Lee J-H, Lee H-Y, Min K-J. Sirtuin signaling in cellular senescence and
aging. BMB Rep 2019;52:24-34.

[15] Wang B, Sun W, Bi K, Li Y, Li F. Apremilast prevents IL-17-induced cellular
senescence in ATDC5 chondrocytes mediated by SIRT1. Int J Mol Med 2021;47:12.
https://doi.org/10.3892/ijmm.2021.4845.

13


https://doi.org/10.1101/2023.05.08.539821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.08.539821; this version posted May 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

[16] Riegger J, Brenner RE. Evidence of necroptosis in osteoarthritic disease: investigation
of blunt mechanical impact as possible trigger in regulated necrosis. Cell Death Dis
2019;10:683. https://doi.org/10.1038/s41419-019-1930-5.

[17] Riegger J, Joos H, Palm HG, Friemert B, Reichel H, Ignatius A, et al. Antioxidative
therapy in an ex vivo human cartilage trauma-model: attenuation of trauma-induced cell
loss and ECM-destructive enzymes by N-acetyl cysteine. Osteoarthritis Cartilage
2016;24:2171-80. https://doi.org/10.1016/j.joca.2016.07.019.

[18] Riegger J, Palm HG, Brenner RE. The functional role of chondrogenic stem/progenitor
cells: novel evidence for immunomodulatory properties and regenerative potential after
cartilage injury. Eur Cell Mater 2018;36:110-27. https://doi.org/10.22203/eCM.v036a09.

[19] Riegger J, Joos H, Palm H-G, Friemert B, Reichel H, Ignatius A, et al. Striking a new
path in reducing cartilage breakdown: combination of antioxidative therapy and
chondroanabolic stimulation after blunt cartilage trauma. J Cell Mol Med 2018;22:77—88.
https://doi.org/10.1111/jcmm.13295.

[20] Lotz MK, Otsuki S, Grogan SP, Sah R, Terkeltaub R, D’Lima D. Cartilage cell
clusters. Arthritis Rheum 2010;62:2206—18. https://doi.org/10.1002/art.27528.

[21] Kang D, Shin J, Cho Y, Kim H-S, Gu Y-R, Kim H, et al. Stress-activated miR-204
governs senescent phenotypes of chondrocytes to promote osteoarthritis development. Sci
Transl Med 2019;11:eaar6659. https://doi.org/10.1126/scitranslmed.aar6659.

[22] Kirsch V, Ramge J-M, Schoppa A, Ignatius A, Riegger J. In Vitro Characterization of
Doxorubicin-Mediated Stress-Induced Premature Senescence in Human Chondrocytes.
Cells 2022;11:1106. https://doi.org/10.3390/cells11071106.

[23] Hwang B, Ise H. Multimeric conformation of type III intermediate filaments but not
the filamentous conformation exhibits high affinity to lipid bilayers. Genes Cells
2020;25:413-26. https://doi.org/10.1111/gtc.12768.

[24] Zhou HW, Lou SQ, Zhang K. Recovery of function in osteoarthritic chondrocytes
induced by pl16INK4a-specific siRNA in vitro. Rheumatol Oxf Engl 2004;43:555—68.
https://doi.org/10.1093/rheumatology/keh127.

[25] Nishio K, Inoue A, Qiao S, Kondo H, Mimura A. Senescence and cytoskeleton:
overproduction of vimentin induces senescent-like morphology in human fibroblasts.
Histochem Cell Biol 2001;116:321-7. https://doi.org/10.1007/s004180100325.

[26] Trogden KP, Battaglia RA, Kabiraj P, Madden VJ, Herrmann H, Snider NT. An
image-based small-molecule screen identifies vimentin as a pharmacologically relevant
target of simvastatin in cancer cells. FASEB J Off Publ Fed Am Soc Exp Biol
2018;32:2841-54. https://doi.org/10.1096/17.201700663R.

[27] Mado K, Chekulayev V, Shevchuk I, Puurand M, Tepp K, Kaambre T. On the role of
tubulin, plectin, desmin, and vimentin in the regulation of mitochondrial energy fluxes in
muscle cells. Am J Physiol Cell Physiol 2019;316:C657—-67.
https://doi.org/10.1152/ajpcell.00303.2018.

[28]  Fickert S, Fiedler J, Brenner RE. Identification of subpopulations with characteristics
of mesenchymal progenitor cells from human osteoarthritic cartilage using triple staining
for cell surface markers. Arthritis Res Ther 2004;6:R422-432.
https://doi.org/10.1186/ar1210.

[29] Barbero A, Ploegert S, Heberer M, Martin I. Plasticity of clonal populations of
dedifferentiated adult human articular chondrocytes. Arthritis Rheum 2003;48:1315-25.
https://doi.org/10.1002/art.10950.

[30] Caron MMJ, Emans PJ, Coolsen MME, Voss L, Surtel D a. M, Cremers A, et al.
Redifferentiation of dedifferentiated human articular chondrocytes: comparison of 2D and
3D cultures. Osteoarthritis Cartilage 2012;20:1170-8.
https://doi.org/10.1016/j.joca.2012.06.016.

14


https://doi.org/10.1101/2023.05.08.539821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.08.539821; this version posted May 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

[31] Varela-Eirin M, Varela-Vazquez A, Guitidn-Caamano A, Paino CL, Mato V, Largo R,
et al. Targeting of chondrocyte plasticity via connexin43 modulation attenuates cellular
senescence and fosters a pro-regenerative environment in osteoarthritis. Cell Death Dis
2018;9:1166. https://doi.org/10.1038/s41419-018-1225-2.

[32] Bhattacharya R, Gonzalez AM, DeBiase PJ, Trejo HE, Goldman RD, Flitney FW, et
al. Recruitment of vimentin to the cell surface by B3 integrin and plectin mediates
adhesion strength. J Cell Sci 2009;122:1390—400. https://doi.org/10.1242/jcs.043042.

[33] Coryell PR, Diekman BO, Loeser RF. Mechanisms and therapeutic implications of
cellular senescence in osteoarthritis. Nat Rev Rheumatol 2021;17:47-57.
https://doi.org/10.1038/s41584-020-00533-7.

[34] Bobick BE, Tuan RS, Chen FH. The intermediate filament vimentin regulates
chondrogenesis of adult human bone marrow-derived multipotent progenitor cells. J Cell
Biochem 2010;109:265-76. https://doi.org/10.1002/jcb.22419.

[35] Ivaska J, Pallari H-M, Nevo J, Eriksson JE. Novel functions of vimentin in cell
adhesion, migration, and signaling. Exp Cell Res 2007;313:2050—-62.
https://doi.org/10.1016/j.yexcr.2007.03.040.

[36] Joos H, Albrecht W, Laufer S, Reichel H, Brenner RE. IL-1beta regulates FHL2 and
other cytoskeleton-related genes in human chondrocytes. Mol Med Camb Mass
2008;14:150-9. https://doi.org/10.2119/2007-00118.Joos.

[37] Ding L, Heying E, Nicholson N, Stroud NJ, Homandberg GA, Buckwalter JA, et al.
Mechanical impact induces cartilage degradation via mitogen activated protein kinases.
Osteoarthritis Cartilage 2010;18:1509-17. https://doi.org/10.1016/j.joca.2010.08.014.

[38] Henson FMD, Vincent TA. Alterations in the vimentin cytoskeleton in response to
single impact load in an in vitro model of cartilage damage in the rat. BMC
Musculoskelet Disord 2008;9:94. https://doi.org/10.1186/1471-2474-9-94.

[39] Haudenschild DR, Chen J, Pang N, Steklov N, Grogan SP, Lotz MK, et al. Vimentin
contributes to changes in chondrocyte stiffness in osteoarthritis. J Orthop Res Off Publ
Orthop Res Soc 2011;29:20-5. https://doi.org/10.1002/jor.21198.

[40] Keeling MC, Flores LR, Dodhy AH, Murray ER, Gavara N. Actomyosin and vimentin
cytoskeletal networks regulate nuclear shape, mechanics and chromatin organization. Sci
Rep 2017;7:5219. https://doi.org/10.1038/s41598-017-05467-x.

[41] Matveeva EA, Venkova LS, Chernoivanenko IS, Minin AA. Vimentin is involved in
regulation of mitochondrial motility and membrane potential by Racl. Biol Open
2015;4:1290-7. https://doi.org/10.1242/bi0.011874.

[42] Grin B, Mahammad S, Wedig T, Cleland MM, Tsai L, Herrmann H, et al. Withaferin
A Alters Intermediate Filament Organization, Cell Shape and Behavior. PLoS ONE
2012;7:€39065. https://doi.org/10.1371/journal.pone.0039065.

[43] Lavenus SB, Tudor SM, Ullo MF, Vosatka KW, Logue JS. A flexible network of
vimentin intermediate filaments promotes migration of amoeboid cancer cells through
confined environments. J Biol Chem 2020;295:6700-9.
https://doi.org/10.1074/jbc.RA119.011537.

[44] Guterres FA de LB, Martinez GR, Rocha MEM, Winnischofer SMB. Simvastatin rises
reactive oxygen species levels and induces senescence in human melanoma cells by
activation of p53/p21 pathway. Exp Cell Res 2013;319:2977-88.
https://doi.org/10.1016/j.yexcr.2013.07.026.

[45] Riegger J, Maurer S, Pulasani S, Brenner RE. Simvastatin and fluvastatin attenuate
trauma-induced cell death and catabolism in human cartilage. Front Bioeng Biotechnol
2022;10:965302. https://doi.org/10.3389/tbioe.2022.965302.

[46] Schwab W, Schulze-Tanzil G, Mobasheri A, Dressler J, Kotzsch M, Shakibaei M.
Interleukin-1beta-induced expression of the urokinase-type plasminogen activator

15


https://doi.org/10.1101/2023.05.08.539821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.08.539821; this version posted May 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

receptor and its co-localization with MMPs in human articular chondrocytes. Histol
Histopathol 2004;19:105-12. https://doi.org/10.14670/HH-19.105.

[47] BilJ,Cai W,MaT, Deng A, Ma P, Han Y, et al. Protective effect of vildagliptin on
TNF-a-induced chondrocyte senescence. [UBMB Life 2019;71:978-85.
https://doi.org/10.1002/iub.2049.

[48] HaseiJ, Teramura T, Takehara T, Onodera Y, Horii T, Olmer M, et al. TWIST1
induces MMP3 expression through up-regulating DNA hydroxymethylation and promotes
catabolic responses in human chondrocytes. Sci Rep 2017;7:42990.
https://doi.org/10.1038/srep42990.

[49] Loeser RF. Integrins and chondrocyte—matrix interactions in articular cartilage. Matrix
Biol 2014;39:11-6. https://doi.org/10.1016/j.matbio.2014.08.007.

[50] Ostrowska-Podhorodecka Z, Ding I, Lee W, Tanic J, Abbasi S, Arora PD, et al.
Vimentin tunes cell migration on collagen by controlling 1 integrin activation and
clustering. J Cell Sci 2021;134:jcs254359. https://doi.org/10.1242/jcs.254359.

[51] Waldstein W, Perino G, Gilbert SL, Maher SA, Windhager R, Boettner F. OARSI
osteoarthritis cartilage histopathology assessment system: A biomechanical evaluation in
the human knee. J Orthop Res Off Publ Orthop Res Soc 2016;34:135—40.
https://doi.org/10.1002/jor.23010.

[52] Kuwahara M, Kadoya K, Kondo S, Fu S, Miyake Y, Ogo A, et al. CCN3 (NOV)
Drives Degradative Changes in Aging Articular Cartilage. Int J Mol Sci 2020;21:E7556.
https://doi.org/10.3390/ijms21207556.

16


https://doi.org/10.1101/2023.05.08.539821
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.05.08.539821; this version posted May 9, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Figure Legends

Figure 1: Association between chondrosenescence and the OARSI grade as well as
mechanical injury. Safranin-O staining of (a) macroscopic intact (OARSI grade <1) and (b) highly
degenerated (OARSI grade =3) cartilage tissue; scale bar: 200 um. Cell clusters are indicated by
black arrows. (c) Gene expression of CDKN1A, CDKN2A and SIRT1 in highly degenerated
cartilage (grade =3) relative to macroscopic intact (grade <1) tissue (n 2 5). (d-g) hAC were isolated
from macroscopic intact (grade <1) and highly degenerated (grade =3) cartilage tissue of same
donors (matched pairs). (d) SA-R-gal activity assay and (e) flow cytometric analysis of CSV (f)
including an exemplary histogram demonstrating the shift between cells derived from grade <1
(green curve) and grade =3 (red curve) tissue. (g) Exemplary images of anti-CSV staining
(immunocytochemistry) on isolated hAC derived from grade <1 and grade = 3 tissue; scale bar: 50
pm. (h) Corresponding Pearson correlation analysis between percentage of CSV-positive cells and
SA-R-gal activity. (i) Safranin-O staining of macroscopic intact (OARSI grade <1) cartilage seven
days after ex vivo traumatization. (j-1) Gene expression of (j) CDKN1A, (k) CDKN2A and (I) SIRT1
in cartilage tissue (OARSI grade <1) 24 h, 7 d, and 14 d after impact (n = 6); normalized to
unimpacted cartilage. (m) CSV-positivity of hAC isolated from impacted (Trauma) or unimpacted
(Ctrl) cartilage explants from the same donor at day seven and analyzed after short in vitro
cultivation (7 d, passage 0). Data are presented as box plots with median, whiskers min to max
or scatter plots; or column bars with mean, SEM. Statistics: (c) was analyzed by a multiple t
test; (d), (e) and (m) were analyzed by means of paired two-tailed t test; in case of (j-1) Kruskal-
Wallis with a Dunn’s post-hoc test was used and (h) was analysed by means of a Pearson
correlation analysis. Each data point represents an independent biological replicate (n).

Figure 2: Doxo stimulation leads to SIPS and enhanced CSV-positivity in hAC. hAC were
stimulated with 0.1 uM Doxo for 10 days. (a) mRNA levels of SA markers, including CDKN1A,
CDKN2A, CXCL1, IGFBP7, IL1B, IL6, IL8 and MMP13 (n = 5). (b) Activity of SA-R-gal in
untreated and Doxo-stimulated hAC (n = 5). (c) Presence of CSV was determined by means
of cytometric analysis; (d) exemplary histograms of untreated (green) and Doxo-stimulated
(red) hAC. Exemplary distribution of (e) untreated (green) and (f) Doxo-stimulated (red) hAC
during cytometric analysis and (g) corresponding statistical analysis (n = 4). (h)
Immunofluorescence staining of CSV [84-1] and Vimentin [EPR3776] on the surface of
unpermeabilized untreated and Doxo-stimulated hAC; white arrow tips indicate double-positive
regions (appearing yellow); scale bar: 50 um. (i) Exemplary SEM image of doxo-treated hAC;
positive immunostaining of CSV appears in red. (j) Correlation analysis of VIM mRNA levels
and CSV-positivity in hAC from the Doxo experiment, including untreated and Doxo-treated
cells. (k) Immunofluorescence staining of the intracellular vimentin network in hAC 10d after
Doxo stimulation; yellow arrow tips indicate vimentin bundles; white arrow tips indicate (nearly)
complete loss of vimentin); scale bar: 25 ym. Data are presented as scatter plot; box plots,
median, whiskers min to max; or column bars with mean, SEM. Statistics: (a) and (g) were
analyzed by a multiple t test; (b) and (c) were analyzed by means of paired two-tailed t test; (j)
was analysed by a Pearson correlation analysis. Each data point represents an independent
biological replicate (n).

Figure 3: Influence of CDKN2A knockdown on SA markers and CSV. (a) Outline of the
transfection regime. (b-d) siRNA-mediated Knockdown of CDKN2A was confirmed by means
of (b) gRT-PCR (n = 8) and (c) by means of immunofluorescence; scale bar: 25 ym, (d)
including quantification of the corrected total cell fluorescence (CTCF) values relative to siNC
(n= 4). (e) mRNA levels of SA markers, including CDKN1A, CXCL1, MMP13, IL6 and IL8
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normalized on untransfected controls (n = 5). (f) Mitotic activity and proliferation, respectively,
was determined by means of an alamarBlue assay performed at different time points (3d, 5d,
7d). (g) Exemplary SA-R-gal staining and (h) corresponding quantification of the SA-R-gal
activity in hAC after transfection (n = 6); scale bar: 50 ym. (i) CSV-positivity of hAC was
assessed by means of cytometric analysis (n = 8). (j) Correlation analysis of CDKN2A mRNA
levels and CSV-positivity in hAC from different experiments. Data are presented as box plots
with median, whiskers min to max; or column bars with mean, SEM. Statistics: (b), (d), (h) and
(i) were analysed by a paired two-tailed t test; (e) and (f) were analysed by means of a multiple
t test; (j) was analysed by a Pearson correlation analysis. Each data point represents an
independent biological replicate (n).

Figure 4: Cellular consequences of siRNA-mediated knockdown of vimentin in hAC. (a-
c) siRNA-mediated Knockdown of VIM was confirmed by means of (a) qRT-PCR (n = 8), (b)
flow cytometry (n= 4), and (d) exemplary co-staining of vimentin and actin cytoskeleton; white
arrow tips indicate aberrant nuclei (smaller size and elliptical shape); scale bar: 50 ym. (d)
Exemplary images of DCFDA assay and (e) corresponding quantification of the corrected total
cell fluorescence (CTCF); scale bar: 50 um. Senescent phenotype of hAC after knockdown of
VIM was determined by (f) exemplary SA-R-gal staining and (g) quantification of the SA-R-gal
activity, (h) mRNA levels of SA markers, including CDKN1A, CDKN2A, CXCL1, MMP13, IL6
and /L8, (all n = 5) and (i) exemplary staining of p53. Mitotic activity and proliferation,
respectively, were determined by means of (j) an alamarBlue assay performed at different time
points (3d, 5d, 7d; n = 5) as well as (k) a flow cytometry-based cell cycle assay. (I) Flow
cytometric analysis of CSV-positivity on transfected hAC; (m) exemplary histograms of hAC
transfected with siNC (black) or siVIM (red); (n = 5). (n) Correlation analysis of VIM mRNA
levels and CSV-positivity in hAC from the transfection experiment, including untransfected,
siNC, and siVim cells. Data are presented as box plots with median, whiskers min to max;
column bars with mean and SEM; or points and connecting line with mean and SEM. Statistics:
(@), (b), (e), (g), and (I) were analysed by a paired two-tailed t test; (h), (j), and (k) were analysed
by means of a multiple t test; (n) was analysed by a Pearson correlation analysis. Each data
point represents an independent biological replicate (n). Each data point represents an
independent biological replicate (n). Abbreviations: siNC= cells transfected with scrambled
siRNA; siVim= cells transfected with vimentin-targeting siRNA.

Figure 5: Consequences of Simvastatin-mediated collapse of the vimentin network in
hAC. (a) Immunofluorescence staining of the intracellular vimentin and actin network in hAC
20 h after Sim treatment (10 uM). (b) Assessment of CSV on hAC treated with Sim by means
of immunofluorescence staining and (c) corresponding quantification of CSV-positivity using
flow cytometry; white arrow tips indicate aberrant nuclei (smaller size and elliptical shape);
scale bar: 50 um. (d) Fluorescence-based analysis of cytoplasmatic (DCFDA) and
mitochondrial (MitoSOX) ROS in hAC; (e+f) including corresponding quantification of the
corrected total cell fluorescence (CTCF). (g) SA-R-gal staining and (h) activity assay in Sim-
treated hAC. Data are presented as box plots with median, whiskers min to max; n = 4 each.
Statistics: (c), (e), (f), and (h) were analysed by a paired two-tailed t test. Each data point
represents an independent biological replicate (n).
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Figure 6: Association between CSV and chondrocyte plasticity. (a) Correlation analysis
between passage number and percentage of CSV-positive cells (determined by means of flow
cytometry). Analysis includes n= 18 different donors, some donors were measured at various
passages. (b) Exemplary images of immunocytochemistry staining against CSV on hAC at low
(P1) and high (P4) passage. (c) Correlation analysis between percentage of CSV-positive and
CD105 (green; n= 26) or CD166-positive (purple; n= 16) hAC; surface markers were
determined by means of flow cytometry. (d) hAC were cultured in basal, osteogenic (ODM;
turquoise), or chondrogenic (CDM; pink) medium for 28 d. Afterwards, one half off the cells
were further cultured for 14 d in basal medium at sub-confluence (= ex-ODM and ex-CDM).
Percentage of CSV-positive cells was determined via flow cytometry before differentiation (to),
directly after differentiation at day 28 d (basal, ODM, CDM), or after further expansion at basal
conditions at day 42 (ex-ODM, ex-CDM); nz 5. (e) Percentage of CSV-positive cells in isolated
hAC (n=3 and n=6), bm-MSC (n= 3), and CSPC (n=6) was determined by flow cytometry; bm-
MSC and CSPC, respectively, were compared to passage-matching hAC. (f) Matrix
calcification (Ca®" deposition) was quantified via Alizarin red staining 28 d after osteogenic
differentiation of hAC (n= 7). Alizarin red concentrations were correlated with the percentage
of CSV-positive cells in the corresponding donor, which was determined by flow cytometry. (g)
Exemplary images of safranin-O stained hAC pellets after chondrogenic differentiation for 28
d; images of three independent donors with increasing CSV-positivity (from left to right) are
shown. Glycosaminoglycans appear in red and imply production of hyaline cartilage. Size of
the pellet is considered as indicator of matrix production and successful chondrogenesis.
Statistics: (a,c,f) were analysed by a Pearson correlation analysis; (d,e) were analysed by
means of a one-way ANOVA, including a Sidak post-hoc test.

Figure 7: Potential role of CSV in cell adhesion and outline of hypothesis. (a) Relative
amount of CSV-positivity in hAC detached after 20 min of EDTA exposure (referred to as “early
detached cells” = early) and hAC from the same culture plate, which required mechanically
detachment using a cell scraper (referred to as “late detached cells” = late); n= 4. (b) Adhesion
strength in hAC with a relatively low percentage of CSV-positive cells (< 14%; range: 3.5 -
13.7%) was compared to hAC with a relatively high percentage of CSV-positive cells (> 16%;
range: 16.2 - 35.4%) by means of a cell adhesion assay (each group n= 4). (c) Correlation
analysis between the percentage of CSV-positive cells and the percentage of remaining
(adherent) cells on the culture plate after exposure to EDTA for 9 min of the corresponding
donor (n= 11). (d,e) Correlation analysis between the percentage of CSV-positive cells and the
adherence capacity to different ECM components of the corresponding donor (n= 7);
attachment of cells on different substrates was determined by means of a commercial ECM
cell adhesion array and given as “absorbance at OD560”. (f) mRNA levels of integrin subunits,
including ITGAV (aV), ITGAT (a1), ITGA2 (a2), ITGA3 (a3), ITGA4 (a4), ITGAS5 (a5), ITGB1
(B1) and ITGB2 (B2) (all n = 5). (g) Outline of our hypothesis: Loss of the chondrogenic
phenotype is associated with alterations of the intracellular vimentin network and consequent
expression of CSV. While mild stress or in vitro passaging promotes chondrocyte
dedifferentiation, excessive stress and irreversible damage eventually results in cellular
senescence and enhanced CSV levels.

Statistics: (a) was analysed by a paired two-tailed t test; (b,f) was analysed by means of a
multiple t test; (c,d,e) were analysed by a Pearson correlation analysis.
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