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Objective: Since the joint microenvironment and tissue homeostasis are highly dependent on synovial
fluid, we aimed to compare the essential chondrocyte signaling signatures of non-osteoarthritic vs end-
stage osteoarthritic knee synovial fluid. Moreover, we determined the phenotypic consequence of the
distinct signaling patterns on articular chondrocytes.
Methods: Protein profiling of synovial fluid was performed using antibody arrays. Chondrocyte signaling
and phenotypic changes induced by non-osteoarthritic and osteoarthritic synovial fluid were analyzed
using a phospho-kinase array, luciferase-based transcription factor activity assays, and RT-qPCR. The
origin of osteoarthritic synovial fluid signaling was evaluated by comparing the signaling responses of
conditioned media from cartilage, synovium, infrapatellar fat pad and meniscus. Osteoarthritic synovial
fluid induced pathway—phenotype relationships were evaluated using pharmacological inhibitors.
Results: Compared to non-osteoarthritic synovial fluid, osteoarthritic synovial fluid was enriched in
cytokines, chemokines and growth factors that provoked differential MAPK, AKT, NFkB and cell cycle
signaling in chondrocytes. Functional pathway analysis confirmed increased activity of these signaling
events upon osteoarthritic synovial fluid stimulation. Tissue secretomes of osteoarthritic cartilage,
synovium, infrapatellar fat pad and meniscus activated several inflammatory signaling routes. Further-
more, the distinct pathway signatures of osteoarthritic synovial fluid led to accelerated chondrocyte
dedifferentiation via MAPK/ERK signaling, increased chondrocyte fibrosis through MAPK/JNK and PIsK/
AKT activation, an elevated inflammatory response mediated by cPKC/NFkB, production of extracellular
matrix-degrading enzymes by MAPK/p38 and PI3K/AKT routes, and enabling of chondrocyte
proliferation.
Conclusion: This study provides the first mechanistic comparison between non-osteoarthritic and
osteoarthritic synovial fluid, highlighting MAPKs, cPKC/NFkB and PIsK/AKT as crucial OA-associated
intracellular signaling routes.
© 2022 The Author(s). Published by Elsevier Ltd on behalf of Osteoarthritis Research Society
International. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

Osteoarthritis (OA) is a debilitating disease with severe socio-
economic consequences'. OA has been described as a multifactorial
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obesity, genetic predispositions and mechanical stresses’. While
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the exact mechanism of OA initiation remains largely unknown, a
number of studies have explored the relationship between OA
progression and the joint microenvironment>*. A major determi-
nant of the joint microenvironment is the synovial fluid (SF), which
is present in the joint cavity>*. SF ensures joint lubrication and
delivery of nutrients and other essential molecules to articular
cartilage®S. A disturbance in SF composition might adversely affect
joint homeostasis and result in OA initiation or worsening>*”%. In
general, OA synovial fluid (OASF) contains increased levels of cy-
tokines, chemokines and damage-associated molecular patterns
(DAMPs)>. An inflammatory joint microenvironment can compro-
mise serum filtration by the synovium, thereby increasing plasma
protein influx®'°. In line with this, an increased synovial fluid level
of vascular endothelial growth factor (VEGF) in OA patients is
known to induce vascular hyperpermeability'. While the compo-
sitional change of SF is evident in OA'?, only a limited number of
studies investigated the direct effects of OASF on chondrocytes®'>.
Our recent work unraveled the first key underlying mechanisms by
which OASF induced chondrocyte dedifferentiation, fibrosis and
proliferation'. As a continuation of our previous work, we aimed to
compare the essential signaling and phenotypic differences of SF
from human end-stage knee OA patients vs non-OA subjects on
Human Articular Chondrocytes (HACs). Signaling proteins in SF
were profiled using an antibody array. Chondrocyte pathway acti-
vation provoked by the two distinct SF types was explored with a
phospho-kinase array. Differentially activated pathways were
validated with transcription factor reporter assays. Additionally, we
attempted to determine the origin of the OASF-induced signaling
by comparing pathway responses of OASF and conditioned media
(CM) of different OA knee joint tissues from the same patients.
Ultimately, we assessed the phenotypic response and the relative
importance of involved pathways for articular chondrocytes.

Materials and methods

Knee tissue collection, chondrocyte isolation, synovial fluid
processing and cell culture

Human articular cartilage (HACs source), synovium, infrapa-
tellar fat pad (IFP), meniscus and OASF were collected from total
knee replacement (OA) surgery at the department of orthopedic
surgery (Maastricht UMC) after written informed consent and
approval by the Local Ethical Committee (METC 2017-0183). OASF
was processed according to our previously published protocol®.
Postmortem collected pure non-OASF was purchased from Artic-
ular Engineering (Illinois, USA) (details; Supplementary Table 1).
OA HACs were isolated from cartilage according to a previously
described procedure and cultured until passage 2 for experi-
ments'®. SW1353 (HTB-94, ATCC) chondrosarcoma cells were
cultured in DMEM/F12 supplemented with 10% Fetal Calf Serum
(FCS) and 1% Antibiotic-Antimycotic (ThermoFisher). Stimulation
experiments were carried out with DMEM/F12 HEPES supple-
mented with either 10% (v/v) OASF or non-OASF. Pharmacological
inhibitors used: 1 pM SCH7 72984 (ERKi; Bioconnect), 10 uM
SB203580 (p38i; Bioconnect), 10 uM SP600125 (JNKi; Bioconnect),
10 uM Y27632 (ROCKi; Tebu-bio), 1 uM MBQ-167 (Rac/Cdc42i;
Bioconnect), 1 uM Afatinib (EGFRi; Bioconnect), 1 pM Imatinib
(PDGFRI; Bioconnect), 10 uM Go6976 (cPKCi; Bioconnect), 2 pM
Entospletinib (SYKi; Bioconnect), 10 uM LY294002 (PIsKi;
Bioconnect).

Antibody arrays

Signaling proteins in non-OASF (pool, n = 7) and OASF (pool,
n = 7) were analyzed with the L-Series Human Antibody Array L-

507 (AAH-BLG-1, RayBiotech). To explore phospho-kinase profiles,
OA HACs (pool, n = 10, 60.000 cells/cm?) were serum-starved for
16 h in DMEM/F12 HEPES and then stimulated for 15 min with
either non-OASF (pool, n = 7) or OASF (pool, n = 7), followed by
lysis with RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, 5 mM EDTA,
0.5 mM DTT, 1% NP-40, 0.5% DOC, and 0.1% SDS) supplemented with
cOmplete Mini protease inhibitor cocktail (Roche) and PhosSTOP™
phosphatase inhibitor cocktail (Roche). Lysates were sonicated and
spun (21,380 g) for 10 min at 4°C and supernatants were stored
at —80°C. Samples were analyzed by Full Moon BioSystems Inc.
(Sunnyvale, CA, USA) using the phospho-explorer array (PEX100).
Both increased and decreased differential protein phospho-sites
with a >1.5-fold change were used for pathway mapping
(reactome.org), as phosphorylation regulates both protein activa-

tion and inactivation'”.

Construction of reporter plasmids

Binding sequences of 11 specific transcription factor complexes
(Supplementary Table 2) in front of a minimal promoter (sequence:
AGAGGGTATATAATGGAAGCTCGACTTCCAG) were custom synthe-
sized by Genecust (Boynes, France). The promoter sequences were
directionally cloned into the pNL1.2 vector (Promega) through
enzymatic restriction and ligation with T4 DNA Ligase (NEB). Sub-
sequently, lentiviral constructs were generated by re-cloning
pNL1.2 reporters with the In-Fusion HD Cloning Plus kit (TakaraBio)
into the Clal-linearized pLVX-EF1a-IRES-Puro transfer vector
(TakaraBio) according to the manufacturer's instructions (primers;
Supplementary Table 3). Plasmid isolation was performed with
Plasmid Maxi Kit (Qiagen).

Generation of stable reporter cell lines

Lentivirus was produced by polyethylenimine-based trans-
fection (2.5 mg/ug DNA) of pLVX-EF1a-IRES-Puro containing lucif-
erase reporter vectors into HEK293T cells (TakaraBio) using the 4™
generation lentiviral production system (TakaraBio). Viral super-
natants collected after 48 and 72 h were concentrated 10 times
with Lenti-X concentrator (TakaraBio) according to manufacturer's
protocol. Titers were determined by p24 ELISA (Fujirebio). SW1353
reporter cell lines were generated using lentiviral transduction
with 16 pg/mL DEAE-dextran (Sigma) for 8 h. Two days post-
transduction, cells were selected with 2 ug/mL puromycin (Sigma).
All 11 reporter cell lines were functionally validated with known
positive stimuli (Supplementary Fig. 1).

Reporter gene assays

Twenty-four hours prior to the assay, SW1353 reporter cells
were trypsinized (Trypsin; Thermofisher), re-seeded (60.000 cells/
cm?) into 384-well plates (Greiner Bio-One) and cultured in DMEM/
F12 with 0.5% FCS. Serum-starved cells were stimulated with either
10% non-OASF (pool, n = 7) or OASF (pool, n = 7) for 6 h. In addition,
10% OASF was co-incubated with single pharmacological inhibitors
or 0.1% (v/v) dimethylsulfoxide (vehicle). Lastly, cells were stimu-
lated with either 10% tissue-CM (n = 16) or 10% OASF (n = 12) from
the same donors (donor demographics; Supplementary Table 4).
CM was generated from cartilage, synovium, IFP and meniscus as
previously described'?. After stimulation, cells were lysed using
15 uL Milli-Q water. Following the addition of Nano-Glo® reagent
(1:1 ratio; Promega), luminescence was quantified using the Tris-
tar2 LB942 multi-mode plate reader (Berthold Technologies)'®.
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RNA isolation and RT-qPCR

HACs were lysed with TRIzol reagent (ThermoFisher). Total RNA
was extracted according to a previously described RNA isolation
procedure'®. Complementary DNA was generated from 500 ng RNA
using M-MLV reverse transcriptase (Promega) and random hex-
amer priming. Real-time quantitative polymerase chain reaction
(RT-gqPCR) was carried out using Takyon NO ROX SYBR MasterMix
dTTP blue (Eurogentec). cDNA samples (6 ng) were amplified (0.3
uM primers) and detected using a BioRad CFX96 Real-Time PCR
Detection System. Amplification protocol included: 10 min dena-
turation at 95°C, 50 cycles of amplification (15 s denaturation at
95°C, 1 min annealing at 60°C). A list of used primers is shown in
Supplementary Table 3. Data were analyzed using Biorad CFX
Maestro 1.1 Software (version 4.1) according to the relative stan-
dard curve method. Gene expression was normalized to the refer-
ence gene PPIA.

Statistical analyses

This study used a pooled approach for both HACs (minimum of
5 donors) and SF (7 donors) to eliminate potential donor-specific
variation, similar as previously published work from our
group'*!°. Sample size was based on these previous studies'*!®
and no a priori sample size calculation was performed. The use of
non-OASF and OASF pools derived from seven different donors
increased the sample volume and allowed for consistent use
across variety of techniques for in-depth characterization. Data
normality was assessed with the Shapiro—Wilk test. Statistical
significance between two groups were calculated with unpaired
student’s t test (GraphPad Prism, version 8.0.1). As correction for
multiple testing, the Holm-Sidak's Adjusted P Value method was
applied. One-Way ANOVA followed by Dunnett's multiple com-
parison test was used when comparing multiple treatments to
control. Kruskal—Wallis test was used when data was not nor-
mally distributed. Data were presented with individual dot plots
with mean of at least three replicates +95% confidence interval,
which were considered statistically significant when p < 0.05.
Statistical method and number of replicates are further specified
in each figure legend.

Results

Elevated cytokine, chemokine, growth factor and DAMP levels in
OASF

Signaling proteins in non-OASF and OASF were profiled by a
protein-antibody array (501 proteins) and yielded 121 significantly
upregulated proteins in OASF [Fig. 1(A), Supplementary Table 5].
Twenty-four proteins had higher abundance in non-OASF, but this
was not significantly different. Top-ranked pathways included
signaling induced by cytokines (i.e. IL16/17B/17F/23A/24/25/26 and
TNF), chemokines (i.e. CCL11/24/26, CXCL1/10/12/13 and CX3CL1),
growth factors (i.e. VEGFB/D, FGF8/11/20, IGF2, EGF and EREG) and
DAMPs (i.e. SAA1 and S100A10/12) [Fig. 1(B), Supplementary Ta-
ble 5]. These upstream signaling activators were predominantly
associated with downstream MAPK, AKT and NFkB signaling
[Fig. 1(B)]. Most of the screened proteins were enriched in OASF as
compared to non-OASF, which is in line with an overall increased
protein content in OASF [Fig. 1(C), Supplementary Fig. 2(A)]. The top
20 of significantly upregulated proteins in OASF are shown in
Fig. 1(D).

Differential MAPK, RhoGTPase, AKT and NFkB signaling between
non-0ASF and OASF in primary chondrocytes

To explore the cellular signaling differences in HACs provoked
by OASF and non-OASF, we screened for 584 phosphorylation
events using a phospho-kinase array [Fig. 1(E), Supplementary Ta-
ble 6]. In accordance with the signaling protein array data, pathway
activity exploration revealed that OASF and non-OASF induced
differential signaling in HACs that was associated with upstream
activators, like tyrosine kinase-, interleukin- and toll-like receptors
[Fig. 1(F)]. We identified several mediators within downstream
pathways of tyrosine kinases, including MAPK (i.e. SRC, SHCI1,
ELK1), AKT (i.e. INSR, IRS1, AKT1, RPS6KA1) and RhoGTPase
signaling (i.e. PTK2, VAV1, PAK1, WASF1) (Table I). These pathways
are associated with cell cycle progression®’. This was in accordance
with the differential phosphorylation of several G1/S phase tran-
sition-associated proteins, such as CDC25A, CCND1/3, CCNB]1,
CDKN1B. Several signal transduction mediators downstream of
interleukin- and toll-like receptor signaling were differentially
regulated, including stress MAPKs (i.e. MAP2K3, MAP2K7, JUN) and
NFkB-related (i.e. CHUK, NFKBIA, RELA) signaling (Table I). Down-
stream of toll-like receptor 4 (TLR4) signaling, differential phos-
phorylation of PLCG2 was found, which is known to activate both
MAPK and NFkB signaling®!. Pathway mapping further revealed
AKT1 signaling downstream of tyrosine kinases- and interleukin
receptors, which affected several cell survival and cell death targets,
including BAD, FOXO1, and P53. In summary, differences in phos-
phorylation profiles in HACs provoked by non-OASF vs OASF
confirm the differential AKT, MAPK and NFkB signaling as predicted
by the signaling protein array. These pathways converge at the
transcriptional level by regulation of FOXO1, JUN, ELK1 and RELA
activity.

OASF induces MAPK, RhoGTPase, AKT and NFkB signaling stronger
than non-OASF

To functionally validate the differentially regulated pathways
induced by non-OASF and OASF, we analyzed the activity of 11
transcription factor complexes representative of specific pathways
in SW1353 cells [Fig. 2(A)]. Both non-OASF and OASF demonstrated
strong activation of the NFkB-RE, SRF-RE, SRE, AP1-RE and CRE
response elements [Fig. 2(B)]. From these five response elements,
NFkB-RE (1.7-fold), SRF-RE (1.5-fold), serum response element
(SRE) (1.4-fold) and AP1-RE (1.3-fold) were significantly stronger
induced by OASF compared to non-OASF, indicating elevated NFkB,
RhoGTPase and MAPK pathway activities [Fig. 2(A) and (C)]. Addi-
tionally, small inductions were observed for non-OASF on the
response elements SBE, TCFLEF-RE, and SIE [Fig. 2(B)]. TCFLEF-RE
and SIE activity were significantly higher for non-OASF compared
to OASF [Fig. 2(C)]. As a measure of cell cycle progression and AKT
signaling, we assessed chondrocyte proliferation and protein
translation activity, respectively>>?>. OASF induced significantly
more proliferation and protein synthesis than non-OASF after
2 days of stimulation (Supplementary Fig. 2(B)—(D)). Collectively,
these results indicate that the pathways uncovered with both
phospho-kinase and signaling protein arrays (i.e. AKT, MAPK, NFkB,
RhoGTPase and cell cycle) were indeed more active upon OASF
stimulation.

Pathway characterization of OASF-induced signaling

We assessed the contribution of specific pathways on the ac-
tivity of the five highest activated transcription factor response
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elements [Fig. 2(B)] with 10 pharmacological inhibitors [Fig. 2(D)].
ERKi, p38i and JNKi greatly potentiated OASF-induced NFkB
signaling [Fig. 2(E)]. Similarly, blockage of EGFR, PDGFR and PI3K
significantly increased NFkB signaling. In contrast, cPKCi resulted in
an almost complete reduction (85%) of the NFkB response.

Additionally, ROCKi and Rac/Cdc42i signaling diminished NFkB
activity significantly. SRF transcriptional activity was diminished
through ROCKi by 90%, whereas Rac/Cdc42i reduced it only by 10%
[Fig. 2(B) and (E)]. Upstream mediators EGFR and SYK demon-
strated signaling via SRF, as their inhibition led to significantly

. _ B Top OA-upregulated pathways
Protein-antibody array Protein-antibody array
Sample m Signaling by Interleukins -]
preparation Significant hits Signaling by Receptor Tyrosine Kinases —{In]
. —_— ‘X Interleukin-4 and Interleukin-13 signaling —{I|
MAPK family signaling cascades
MAPK1/MAPKS3 signaling
RAF/MAP kinase cascade
Protein exploration Pathway Analysis - Reactome PIP3 activates AKT signaling
TNFR2 non-canonical NF-kB pathway
Interleukin-10 signaling —]
C Protein enrichment profile Chemokine receptors bind chemokines —{I]
" 6 Signaling by ERBB4 —{I]
[ 5 Signaling by ERBB2 1]
g l{;)’? 4] TNFs bind their physiological receptors —{0]
g g Signaling by Non-Receptor Tyrosine Kinases —{11]
2L 3 OA Signaling by PTK6
o 8 2| TP53 Regulates Transcrip_tion of
[*% Death Receptors and Ligands
|_|>j = 1| Interleukin-6 family signaling —[I]
.g §) 0 Signaling by FGFR1 —{I]
§ N Activation of Matrix Metalloproteinases - [ Upstream activators
£ 1 | ror-on e e o 1 Wl s
2 501 screened proteins 0 10 20 30 40 50
Number of Hits
D 20
1 non-OASF Top 20 upregulated proteins *

15— == OASF

* * * * * * *

Protein expression
(x non-OASF)
5

5
Omi@ﬂ& ol 811 &l o/l ol &

T T T T T T T @ @ T a T @ m T & T @ @ T &) T @ @ T
U BN R R RN . SV AR LI NN BN it B S )
> O < & v < < N O N NV N4 3 & &
X veéz &£ T E L & i I A A S
A\

Phospho-kinase array

Sample
preparation 69 hits

-

15 minutes stimulation
primary chondrocytes

Pathway exploration

X

Pathway Analysis - Reactome

Top differential pathways
F phospho-kinase array

1. Signaling by Receptor Tyrosine Kinases I
2. Signaling by Interleukins [T
3. PIP3 activates AKT signaling ]
4. MAPK family signaling cascades —[In]
5. Signaling by Nuclear Receptors ]
6. ESR-mediated signaling I
7. Mitotic G1 phase and G1/S transition ]
8. Extra-nuclear estrogen signaling I
9. Toll Like Recegtor 4 (TLR4) Cascade |
10. NFKk

and MAPK signaling _|
upon TLR7/8 or 9 activation —

I I T T
0 5 10 15 20 25
Number of Hits

e |

Top differential pathways between non-OASF and OASF. (A) A schematic representation of the experimental approach for protein profiling.
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normalized to non-OASF. (D) Top 20 upregulated proteins in OASF ranked on highest fold change. (E) A schematic representation of the
experimental approach for pathway exploration. Serum-starved OA HACs (pool, n = 10) were stimulated with either 10% non-OASF (pool, n = 7)
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reduced SRF activity. Activation of SRE exhibited clear dependency
on ERK and ROCK signaling, as their inhibition reduced the OASF-
induced response by at least 80% [Fig. 2(D) and (E)]. Furthermore,
JNKi, Rac/Cdc42i, EGFRi, cPKCi and SYKi resulted in a significantly
lower SRE response compared to OASF. On the other hand, p38i and
PIsKi led to clear potentiation of OASF-induced SRE activation.
Activation of AP1-RE depended predominantly on ERK, ROCK, Rac/

Gene Symbol Phospho site p-Ab/Ab

OA nonOA OA/nonOA Pathway Nr.

Fold change

Upregulated

ACTA1 Tyr>%>3 0.56  0.33 1.72

ARAF Tyr301/302 1.04 061 1.70 4

BAD Ser®!/128 144 059 2.46 3

BRCA1 Ser!457 079 034 235

CASP3 Ser!>0 1.96 1.01 1.94 2

CCNB1 Ser!26 093 0.0 1.87 7

CD5 Tyr*>3 024 0.14 1.70

CDC25A Ser”® 120 043 279 7

CHEK1 Ser286 039 022 1.81 1

ELK1 Ser>89 062 0.32 1.93 1,2,5,6,8,9,10
FOXO01 Ser329 0.83 051 1.65 234
HDAC1 Ser?! 0.13  0.03 4.41 3,5,6,7
IRS1 Ser323 083 0.36 231 1,2,3.4
KCNA3 Tyr!3® 165 092 1.80

LCK Tyr>%° 13.16 6.47 2.04 123

LYN Tyr>7 0.16 0.05 3.22 12,7
MAP2K3 Ser!89 073 045 1.63 2,9,10
MAPT Ser3% 029 0.13 227

PAK1 Ser!4! 093 043 217 14

PLCG2 Tyr’>3 0.79  0.40 2.01 9
RPS6KA1 Thr*>%/Ser®®* 023  0.08 2.88 1,2,9,10
SHC1 Tyr#?7 047 025 191 1,2,4,5,6,8
TP53 Ser® 232 0.89 2.61 23
WASF1 Tyr!?® 151 073 2.08 1
YWHAQ Ser?3? 188 1.13 1.67

Downregulated

ABL1 Tyr204 0.03  0.09 035 7

AKT1 Tyr474 061 1.12 0.55 1,2,3,5,6,7,8
AKT1 Thr#%0 053 1.00 0.53 1,2,3,5,6,7,8
CCND3 Thr?%3 028 049 0.58 4,7
CDKN1B Thr'87 0.65 1.81 0.36 3,5,6,7,8
CHUK Ser!80/181 0.55 094 0.58 2,3,9,10
ESR1 Ser!67 072 125 0.58 1,3,56,8
FOXO1 Thr?4/3? 044 0.78 0.56 23,4
HDAC5 Ser4%8 094 1.83 0.51 3

IL3RA Tyr>%3 061 1.07 0.57 24

JUN Tyr!70 070 1.19 0.58 23,4,5,69,10
MAPT Thr?!? 007 0.1 0.60

MAPT Ser3>6 002 0.04 0.47

MET Tyr!349 063 1.02 0.61 134

MYC Thr>® 051 0.87 0.59 2,4,5,6,7
NFKBIA Tyr#? 047 0.76 0.62 29,10
PTK2 Tyr>%7 045 0.78 0.58 1,4,5,6,8
PXN Tyr®! 049 122 0.40 1

RAF1 Ser?% 046 093 0.50 4

RELA Ser468 155 2.68 0.58 2,9,10
RPS6KB1 Sert!8 1.03 198 0.52

SRC Ser”® 048 0.79 0.61 1,3,4,5,6,7,8
TOP2A Ser!106 0.16 047 0.34 7

TP53 Ser33 031 0.0 0.63 23

VAV1 Tyr!74 024 0.56 0.43 12,3

Table | Osteoarthritisand Cartilage

Top differential phosphorylated proteins - OASF/nonOASF

Cdc42 and cPKC mediated signaling, as inhibition led to significant
reductions ranging from 7 to 34% [Fig. 2(D) and (E)]. By contrast,
p38i yielded a stronger OASF-induced AP1 response. To a smaller
extent JNKi, PDGFRi and PI3Ki significantly induced AP1 activity.
Most pathway inhibitors (i.e. ERKi, p38i, Rac/Cdc42i, EGFRi, PDGFRi,
SYKi and PI5Ki) demonstrated clear potentiation of CRE activation
compared to OASF alone, whereas JNKi reduced the OASF-induced
CRE response by 2-fold [Fig. 2(D) and (E)]. Both ROCKi and cPKCi
reduced the CRE response as well.

Knee joint tissues contribute to OASF-related NFkB, SIE and CRE
responses

The SF composition is a result of local tissue secretion and
serum-filtration'>?%, We aimed to determine the origin of the
OASF-induced signaling by investigating signaling patterns pro-
voked by CM from meniscus, IFP, synovium and cartilage tissue in
comparison to the corresponding knee SF from the same OA pa-
tients [Fig. 3(A) and (B)].

All four tissues contributed to NFkB-RE, CRE and SIE activation.
IFP and synovium CM clearly provoked the highest impact on these
responses [Fig. 3(A) and (B)]. Additionally, ISRE was activated by
OASF and all tested CMs, except for meniscus, and presented with a
relatively large donor variation in IFP and synovium CMs [Fig. 3(A)
and (B)]. Both cartilage and meniscus CM slightly induced SBE ac-
tivity to a similar extent as OASF, while synovium CM decreased SBE
signaling [Fig. 3(A) and (B)]. NFAT5-RE exhibited clear activation
upon stimulation with specific synovium and IFP CM donors
[Fig. 3(A) and (B)]. Minor, but significant responses were observed
for TCFLEF-RE and ARE by CM from any of the tissues and OASF,
with the exception of TCFLEF-RE and ARE responses by cartilage
and synovium CM, respectively [Fig. 3(A) and (B)]. While OASF
convincingly induced MAPK and RhoGTPase-associated pathways,
like AP1-RE, SRE and SRF-RE, none of the knee joint tissue CMs
provoked a response on these reporters [Fig. 3(A) and (B)].

OASF provokes dedifferentiation, fibrosis, inflammation, catabolism
and proliferation of chondrocytes

Next, we investigated the impact of the signaling differences
between non-OASF and OASF on the HAC phenotype after a 24-
h stimulation [Fig. 4(A)]. Cartilage-specific genes, COL2A1 and
ACAN, were equally expressed by both conditions, whereas other
chondrogenic genes, like COMP (2.5-fold) and SOX9 (4.5-fold), were
strongly downregulated by OASF [Fig. 4(B)]>>~?". No differences
were found between non-OASF and OASF for the expression of
chondrocyte hypertrophy genes, COL10A1 and RUNX2 [Fig. 4(B)]".
Expression of fibrotic collagens, such as COL1A1and COL3A1, was
significantly higher in OASF-treated cells, compared to non-OASF-
treated cells [Fig. 4(B)]*%. Fibrosis-associated genes, like CEMIP and
SRPX, displayed lower expression in response to OASF than non-
OASF, whereas S100A4 was clearly upregulated by OASF*%%°.
Typical inflammatory genes, COX2 and IL6'%, were not differentially
expressed between both SF origins, while a specific OASF-depen-
dent upregulation was detected for the expression of chemokines,
including CCL2 (4.8-fold), CXCL1 (1.5-fold), CXCL2 (1.4-fold), CXCL8
(1.9-fold) and CXCL12 (3.9-fold) [Fig. 4(B)]. In contrast, CXCL6 (2.8-
fold) was higher expressed after non-OASF stimulation. Genes
encoding ECM-degrading enzymes, including MMP1 (1.5-fold),
MMP13 (3-fold) and ADAMTSS5 (1.5-fold), were significantly higher
expressed in OASF-treated chondrocytes [Fig. 4(B)]°. In contrast,
MMP2 expression was decreased by OASF compared to non-OASF>'.
OASF specifically induced the expression of proliferation-associated
genes such as, IQGAP3 (5.3-fold), CDK1 (4.8-fold) and CDKN3 (1.7-
fold) [Fig. 4(B)]*°.
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Characterization of OASF-induced pathway—phenotype relationship

The pathway dependency of the observed chondrocyte pheno-
typic responses was evaluated by pharmacological pathway inhi-
bition [Fig. 4(A)]. ERKi significantly increased expression of COL2A1
(1.6-fold), ACAN (3.2-fold) and SOX9 (2.4-fold) [Fig. 4(C)]. ROCKi had
a similar but smaller effect. JNKi resulted in the strongest upregu-
lation (2.9-fold) of SOX9. Blockage of upstream kinases, EGFR and
SYK, upregulated ACAN (1.5-fold) and SOX9 (1.6-fold), respectively.
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p38i or PIsKi upregulated COL10A1 by at least 2.3-fold [Fig. 4(C)].
JNK, cPKC and PI3K pathways were uncovered as important drivers
of the fibrosis-associated gene expression, since pharmacological
inhibition led to significant reductions of COL1A1, COL1A2, COL3A1,
S100A4 and CEMIP [Fig. 4(C)]. Additionally, SYKi downregulated
CEMIP by 1.8-fold [Fig. 4(C)]. Expression of inflammatory genes was
heavily dependent on cPKC signaling, since cPKCi led to transcrip-
tional repression of all measured inflammatory genes [Fig. 4(C)]. In
addition, ERKi and p38i significantly decreased IL6, CXCL1, CXCL2,
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Phenotypical consequence of signaling differences between non-OASF and OASF. (A) OA HACs (pool, n = 5) were stimulated with either
10% non-OASF (pool, n = 7) or OASF (pool, n = 7) for 24 h. (B) Expression of phenotypic marker genes normalized to non-OASF. Statistics,
multiple unpaired t-test (Adjusted P value, Holm-Sidak method), *p < 0.05 (mean + 95% CI, six technical replicates). (C) OA HACs were
stimulated with OASF (pool, n = 7) + inhibitor (ERKi = 1 uM SCH7 72984, p38i = 10 pM SB203580, JNKi = 10 uM SP600125, ROCKi = 10 uM
Y27632, Rac/Cdc42i = 1 uM MBQ-167, EGFRi = 1 uM Afatinib, PDGFRi = 1 pM Imatinib, cPKCi = 10 pM G66976, SYKi = 2 uM Entospletinib,
PlzKi = 10 pM LY294002) for 24 h. Expression normalized to OASF. Statistics, One-way ANOVA (Dunnett's multiple comparison test), p < 0.05

(mean + 95% Cl, four technical replicates).

CXCL6 and CXCL8, whereas JNKi demonstrated opposing effects.
Most of the tested pathways (i.e. ERK, p38, JNK, EGFR, cPKC, SYK and
PI3K) demonstrated clear involvement in the regulation of MMP1
and MMP13 expression. p38i, cPKCi and PI3K had the largest impact
on MMP1 and MMP13 with downregulations ranging from 2.0 to
10.8-fold [Fig. 4(C)]. MMP2 was not affected by any of the pathway
inhibitions, whereas ADAMTS5 was clearly diminished by cPKCi
(1.8-fold), ROCK:i (1.6-fold) and EGFRIi (1.5-fold). To a certain degree
all of the studied pathways (i.e. ERK, p38, JNK, ROCK, Rac/Cdc42,
EGFR, PDGFR, cPKC, SYK and PI5K) regulated proliferation-associ-
ated genes [Fig. 4(C)]. In particular, ERKi and PIsKi downregulated
IQGAP3 by 17.1- and 9.4-fold, respectively. CDK1 was greatly
affected by PI3Ki as well (11.3-fold reduction). Lastly, both ERKi and
cPKCi diminished CDKN3 by 4.5-fold.

Discussion
The microenvironment of articular cartilage is highly dependent

on the composition of the SF>*. Here, we compared articular
chondrocyte-integrated signaling differences provoked by OASF

and non-OASF, thereby focusing on the effect of SF as whole com-
plex fluid. Our signaling protein profiling revealed a high degree of
OA-specific enrichment in cytokines, chemokines, growth factors
and DAMPs. Downstream of these OASF-enriched signaling pro-
teins, differential AKT, MAPK, RhoGTPase, NFkB and cell cycle
signaling events were identified by a phospho-kinase array. Tran-
scription factor activity analysis confirmed increased activation of
NFkB, MAPK (i.e. ELK1/SRF, FOS/JUN) and RhoGTPase (i.e. SRF)
signaling in OASF-treated cells. Moreover, OASF induced prolifera-
tion (i.e. cell cycle signaling) and protein translation (i.e. AKT
signaling) in HACs to a larger extent than non-OASF*>?>, Secre-
tomes of osteoarthritic cartilage, synovium, IFP and meniscus
revealed clear activation of inflammatory signaling (i.e. NFkB, SIE
and CRE). Furthermore, we demonstrated that OASF-induced
pathways supported chondrocyte dedifferentiation, chondrocyte
fibrosis, chemokine response, production of ECM-degrading en-
zymes, and proliferation. In summary, our data provide new insight
into the essential molecular mechanisms that drive chondrocyte
phenotypic alterations mediated by the changing joint microenvi-
ronment in OA.
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The composition of SF is determined by secretomes of tissues
adjacent to the joint cavity and serum filtration in the syno-
vium'>?%, Recently, we characterized the knee joint tissue type-
dependent origin of proteins in OASF'?. Here, we compared chon-
drocyte signaling induced by knee OASF and secretomes of sur-
rounding knee joint tissues. Interestingly, signaling induced by the
OA tissue secretomes was restricted to inflammation-associated
transcriptional activation, of which synovium and the IFP contrib-
uted the most>> 3%, Interferon-¢/B (ISRE) signaling was most pro-
nounced in synovium CM. Cartilage and meniscus secretomes
activated TGFp-related SBE signaling, which agrees with the pre-
viously reported cartilage-dependent release of TGFP2'2. Thus,
tested joint tissues are mainly involved in the release of inflam-
matory mediators, which could account for the corresponding in-
flammatory signaling observed with OASF. A discrepancy was
clearly present between OASF and the tissue secretomes regarding
the MAPK and RhoGTPase signaling. AP1-RE, SRE and SRF-RE were
convincingly induced by OASF, but hardly by the tissue secretomes.
Since OASF is also a serum-filtrate, we speculate that the MAPK and
RhoGTPase signaling by OASF originates from serum-derived mol-
ecules®. Indeed, increased levels of plasma proteins have been
observed in OA patients as a consequence of a compromised sy-
novial filtration™'°. This disease mechanism might explain the
global enrichment of signaling proteins in OASF in our study.

Next, we characterized the underlying pathways and gene
expression regulation of OASF-induced chondrocyte responses
through pharmacological pathway inhibition. OASF-induced MAPK,
AKT, RhoGTPase and NFkB signaling provoked OA-related processes
(Fig. 5). In comparison with non-OASF, OASF induced a rapid loss of
chondrogenic phenotype, as evidenced by dramatic SOX9 and
COMP downregulation. Upstream kinases, EGFR and SYK, are
known to activate downstream MAPK, AKT and RhoGTPase
signaling>>6. Suppression of the cartilage-specific phenotype was
mainly mediated via ERK signaling [Fig. 5(A)], since its inhibition
led to increased expression of COL2A1, ACAN and SOX9. ROCK
signaling had resembling effects on dedifferentiation. ERK and
ROCK pathways converge at the transcriptional level by activating
ELK1/SRF complexes. In vitro chondrocyte re-differentiation was
previously reported upon ERK or ROCK inhibition?®?”. The signifi-
cance of ERK signaling in OA development is further confirmed by
two in vivo OA studies that demonstrated reduced cartilage
degeneration through pharmacological inhibition of MEK-ERK
signaling®”%.

While OASF-treatment suppressed the cartilage-specific
phenotype, it also promoted chondrocyte fibrosis as evidenced by
upregulation of fibrotic collagen expression, when compared to
non-OASF. Other fibrosis-associated genes were higher expressed
by non-OASF-treated cells, whereas S100A4 was induced by OASF.
Pathway characterization unveiled JNK, cPKC and PI5K as the main
signaling routes for fibrotic gene expression [Fig. 5(B)]. Both
pathway mapping and literature suggests TLR4 as potential up-
stream activator of cPKC and JNK signaling”'*°. TLR4 activation
often occurs in tissue fibrosis*’. Many DAMPs associated with
cartilage destruction released in OASF are known to activate TLR4%..
This includes S100A10/12 and SAA1, which we found in higher

abundance in OASF, and might promote fibrotic signaling*?. In an
ovine study, fibrocartilage formation coincided with increased
expression of TLR4-agonists™>.

Cytokines, chemokines and DAMPs enriched in OASF provoked
an overall increased inflammatory signaling response compared to
non-OASF, which led to elevated expression of several chemokine
genes. In contrast, non-OASF promoted CXCL6 expression, sup-
porting a homeostatic role for CXCL6 and loss of expression during
OA progression*’. Generally, chemokines have been associated
with fibrosis in numerous tissues, and therefore might aggravate
the OASF-induced fibrotic response®. On the other hand, chemo-
kines play roles in the homing of mesenchymal stem cells, thereby
potentially promoting cartilage repair®®. Here, cPKC signaling was
critical for activation of inflammatory NFkB-RE [Fig. 5(C)]. Addi-
tionally, ERK as target of cPKC?' was also clearly involved in the
expression of the inflammatory genes. Interestingly, JNKi potenti-
ated OASF-induced NFkB signaling and inflammatory gene
expression. One study in primary macrophages supported an anti-
inflammatory role of JNK signaling via a TLR/JNK/ATF3 axis®’.

ECM-remodeling responses provoked by OASF occurred through
upregulation of cartilage ECM-degenerative genes. Interestingly,
MMP2 was higher expressed by non-OASF-treated cells. While most
catabolic enzymes degrade cartilage-specific ECM>®, MMP2 has
been strongly associated with anti-fibrotic actions, by regulating
collagen type I turnover>'. Hence, reduced MMP2 expression by
OASF may enhance fibrosis. Pathway inhibition further revealed
p38, cPKC and PI3K as dominant signaling mediators involved in the
expression ECM-degrading genes [Fig. 5(D)]. This agrees with OA
studies in rodents that demonstrated attenuated cartilage degen-
eration through pharmacological inhibition of p38 (SB203580) or
PI3K (LY294002)*8:49,

Proliferation of articular chondrocytes was enabled by OASEF,
which might be caused by overall enrichment in growth factors in
OASF compared to non-OASF. This could be mediated by differential
phosphorylation of cell cycle proteins and upregulation of prolif-
eration-associated genes. To some extent, all tested pathways (i.e.
MAPK, RhoGTPase, cPKC, SYK and AKT) contributed to the expres-
sion of proliferation-associated genes. Proliferation coincides with
loss of chondrocyte phenotype and this might function to re-
populate damaged cartilage in vivo>. Recently, a proliferative po-
tential was described as a characteristic of chondroprogenitor cells
in situ?® and we speculate that OASF triggers a chondroprogenitor
state of the articular chondrocyte.

In conclusion, our comprehensive pathway analysis unraveled
the critical difference in molecular signaling and corresponding
chondrocyte phenotypic consequences between non-OASF and
OASF. The scope of this study was limited to the signaling molecules
present in SF, thereby eliminating the potential effects of infiltrated
immune cells on chondrocyte phenotype behavior.

Our findings shed new light on the molecular signaling routes
by which end-stage OASF adversely affects the chondrocyte
phenotype and which may contribute to OA progression.
Notwithstanding off-target effects that are inherent to pharmaco-
logical inhibitors, this in vitro study offers valuable insight into the
OASF-induced molecular signaling routes that alter the articular

Proposed molecular mechanism of OASF-induced phenotypic processes. (A) Chondrocyte dedifferentiation predominantly driven by ERK
signaling (red box) via serum response element (SRE). PlsK, ROCK and JNK promote loss of phenotype via activation of SRF-RE and CRE. (B)
Chondrocyte fibrosis mainly directed via Pl3K, JNK and cPKC signaling routes (red boxes). cPKC signaling involved via NFkB-RE activation. (C)
Inflammatory response characterized by transcription of chemokine genes strongly dependent on cPKC (red box) signaling through activation of
SRE, AP1-RE and NFkB-RE. ERK activation contributes to inflammatory response via SRE and AP1-RE. JNK signaling suppresses NFkB-RE
activation. (D) ECM-degradation mediated primarily via PlgK, p38 and cPKC signaling (red boxes). ERK implicated in driving ECM-degradation

gene expression.
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chondrocyte phenotype in OA. Most significant implications were
found for ERK and cPKC signaling. While ERK signaling has been
well-described to negatively affect articular cartilage, cPKC has
been poorly studied in this context. This study highlights a major
role of cPKC for OASF-induced inflammatory responses, where
previous research primarily focused on cPKC-independent inflam-
matory signaling, such as interleukins®*®. Future work should
identify the dominant chondrocyte pathway involved in OASF-
induced cPKC activation, which could be extended with in vivo
studies to evaluate cPKC as a therapeutic target. This offers new
opportunities for therapeutic strategies to counteract destructive
molecular signaling in the articular joint induced by OASF.
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