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Objective: To clarify the role of YAP in modulating cartilage inﬂammation and degradation and the
involvement of primary cilia and associated intraﬂagellar transport (IFT).
Methods: Isolated primary chondrocytes were cultured on substrates of different stiffness (6e1000 kPa)
or treated with YAP agonist lysophosphatidic acid (LPA) or YAP antagonist verteporﬁn (VP), or genetically
modiﬁed by YAP siRNA, all ± IL1b. Nitric oxide (NO) and prostaglandin E2 (PGE2) release were measured
to monitor IL1b response. YAP activity was quantiﬁed by YAP nuclear/cytoplasmic ratio and percentage of
YAP-positive cells. Mechanical properties of cartilage explants were tested to conﬁrm cartilage degradation. The involvement of primary cilia and IFT was analysed using IFT88 siRNA and ORPK cells with
hypomorphic mutation of IFT88.
Results: Treatment with LPA, or increasing polydimethylsiloxane (PDMS) substrate stiffness, activated
YAP nuclear expression and inhibited IL1b-induced release of NO and PGE2, in isolated chondrocytes.
Treatment with LPA also inhibited IL1b-mediated inﬂammatory signalling in cartilage explants and
prevented matrix degradation and the loss of cartilage biomechanics. YAP activation reduced expression
of primary cilia, knockdown of YAP in the absence of functional cilia/IFT failed to induce an inﬂammatory
response.
Conclusions: We demonstrate that both pharmaceutical and mechanical activation of YAP blocks proinﬂammatory signalling induced by IL1b and prevents cartilage breakdown and the loss of biomechanical
functionality. This is associated with reduced expression of primary cilia revealing a potential anti-inﬂammatory mechanism with novel therapeutic targets for treatment of osteoarthritis (OA).
Crown Copyright © 2022 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
In articular chondrocytes, the stiffness of the extracellular
environment modulates multiple aspects of cell behaviour,
including cell spreading and cytoskeletal organisation, cellular
mechanics, proliferation, extracellular matrix production, dedifferentiation, and chondrogenic phenotype1e4,5,6. However,
whether the substrate stiffness can regulate chondrocyte pro-
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inﬂammatory signalling and the underlying mechanism remains
unknown.
The ability of cells to sense and respond to extracellular stiffness
cues is thought to be mediated by the Yes-associated protein (YAP)/
TAZ signalling pathway7. YAP is found both in the cytoplasm and in
the nucleus with the latter being the key functional form such that
YAP nuclear translocation is widely used as a marker of pathway
activation7. Recent in vitro studies in macrophages8 and endothelial
cells9 and HeLa cells10 report conﬂicting data on YAP regulation of
inﬂammatory signalling. In articular cartilage, recent in vivo studies
have shown that YAP may play a role in OA progression. Study by
Deng et al.11 using a murine model of experimental OA showed that
YAP activation attenuates cartilage degradation. The authors suggest that this occurs due to inhibition of the pro-inﬂammatory
NF-kB pathway. However, conﬂicting in vivo studies in mice report
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that inhibition of YAP with Verteporﬁn (VP) reduced OA progression12. Consequently, whether YAP has a protective effect against
OA remains controversial and the cellular mechanism is unclear.
Primary cilia are specialised, slender microtubule organelles
that typically protrude from the cell membrane of most eukaryotic
cells. Primary cilia are involved in cell signalling pathways, most
notably Hedgehog, Wnt, and growth factor signalling13 and
mechanotransduction14,15. Recent studies suggest that primary cilia
and/or associated intraﬂagellar transport (IFT) also mediate inﬂammatory NF-kB signalling induced by the cytokine IL1b16e19.
Primary cilia expression is regulated by a number of interrelated
cellular processes. These include modulation of actin cytoskeletal
tension and polymerisation20, which reduces cilia prevalence and
length via YAP/TAZ21. Kim et al. showed that YAP activation and
associated translocation to the nucleus suppressed ciliogenesis21.
However, no studies have investigated whether YAP induced inhibition of ciliogenesis modulates pro-inﬂammatory signalling.
This study tests the hypothesis that activation of YAP suppresses
the inﬂammatory response to IL1b and that this involves a reduction in primary cilia expression. We examine this mechanism in
articular chondrocytes and show that mechanical or pharmaceutical activation of YAP inhibits chondrocyte inﬂammatory signalling
and prevents cartilage matrix breakdown and tissue softening. We
show the anti-inﬂammatory response to YAP activation is accompanied by a reduced expression of chondrocyte primary cilia, the
inﬂammatory response to IL1 and its regulation by YAP is dependent on cilia and IFT. These ﬁndings suggest a novel mechanistic
pathway and providing potential therapeutic targets for treatment
of inﬂammatory joint disease.
Method and materials
Cell and tissue culture
Our studies used isolated primary bovine articular chondrocytes, wild type and homozygous Tg737ORPK mutant mouse cell
line and full depth bovine cartilage explants (for details see SI).
Preparation of polydimethylsiloxane (PDMS) substrates
According to the manufacturer's instructions and previous
studies22, PDMS substrates were prepared using 184 Silicone
Elastomer kit (1317318, SYLGARD) and 527 Silicone Dielectric kit
(1696742, SYLGARD) and functionalised with 10 mg/ml Fibronectin
(F0162, Sigma) before seeding with chondrocytes(for details see SI).
Characterization of cartilage mechanical properties and PDMS gels
Cartilage mechanical properties was quantiﬁed in uniaxial unconﬁned compressive using a universal mechanical testing machine with a 10 N load cell (Instron 3342, for details see SI).
Immunoﬂuorescent staining and confocal microscopy
Samples were ﬁxed for 10 min with 4% paraformaldehyde (PFA)
and permeabilised with 0.5% Triton-X/PBS. Samples were blocked
with 5% PBS for 1 h and incubated at 4 C overnight with primary
antibodies to Arl13b and YAP (SI Table 3), followed by secondary
ﬂuorescent conjugated secondary antibodies. Cell nuclei were
counterstained with DAPI (D9542, Sigma).
Primary cilia were visualised using a Zeiss LSM710 confocal microscope with x63/1,4 NA oil immersion objective. Additional imaging of YAP and actin was performed using a Leica DMi8
epiﬂuorescence microscopy with a 63/1.4 NA objective (for details
see SI).

Quantiﬁcation of YAP and primary cilia expression
Activities of YAP signalling was based on quantiﬁcation of YAP
immunoﬂuorescence to determine the YAP Nuclear/Cytoplasmic
ratio and percentage of YAP positive cells using Image J according to
previous studies21,23. Primary cilia length and prevalence were also
quantiﬁed using Image J as in previous studies (for details see SI).
Biochemical analysis of inﬂammatory signalling and matrix
degradation
Our studies used the Griess assay for Nitric oxide (NO) quantiﬁcation. Prostaglandin E2 (PGE2) was measured using an ELISA
standard kit (KGE004B, R&D Systems) and sulfated glycosaminoglycan (sGAG) was quantiﬁed by Dimethylmethylene Blue Assay
(DMMB, 341088 Sigma Aldrich) (for details see SI).
Atomic force microscopy
To measure cell stiffness as an indicator of actin tension,
forceeindentations curves were obtained on individual chondrocytes in monolayer culture using an atomic force microscopy
(AFM) (JPK NanoWizard 4). These studies adopted well-established
methodologies based on our previous studies24,25 (for details see SI).
Western blotting
Cells were lysed in RIPA buffer (R0278, Sigma Aldrich) and total
protein was quantiﬁed by bicinchoninic acid assay (BCA) assay.
After SDS-PAGE, protein was transferred to polyvinylidene
diﬂuoride (PVDF) membranes followed by blocking and primary
and secondary antibodies incubation. Blots were then imaged using
iBright imaging system (FL1500, ThermoFisher). For details see SI.
Statistical analysis
Data analysis was performed using GraphPad Prism 8 (GraphPad
Software Inc, CA). Parametric analyses were conducted based on
normality test of data sets. Experiments replicates were based on
cells isolated from at least two animals with more than three
technical replicates (for detail see SI). Detailed statistical analysis
methods and stats of each experiment were speciﬁed in ﬁgure
legends.
Results
Pharmaceutical activation of YAP blocks the IL1b response in
isolated chondrocytes
Recent studies showed that Lysophosphatidic acid (LPA) can
activate YAP through regulation of Rho GTPase activity and inhibition of LATS1/226. In addition, many studies have shown the
interaction between YAP activation and actin cytoskeletal tension21.
Therefore, we examined the effect of actin tension and LPA in
regulating chondrocyte YAP activity and the interaction between
the two pathways. The mean YAP intensities in the nucleus and the
cytoplasm were measured and YAP Nuclear/Cytoplasmic intensity
ratio (YAP N/C ratio) was calculated for individual cells (n ¼ 100).
Chondrocytes with YAP N/C ratio larger than 1.5 were deﬁned as
YAP-positive (YAPþ) similar to previous studies21,27 (see SI, Fig. S1
for further details).
For chondrocytes cultured on glass coverslips, both control
group and 100 mM LPA (ab146430, Abcam) treatment group
showed highly organised parallel F-actin ﬁlaments. By contrast,
treatment with 100 nM Cyto D (Cyto D, C8273, Sigma Aldrich),
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Lysophosphatidic acid (LPA) upregulates YAP nuclear expression on glass coverslips independent of actin. (A) Representative epiﬂuorescence
images of YAP (green) and Actin (red, Phalloidin) in untreated isolated chondrocytes (Ctrl) and following treatment with Lysophosphatidic acid
(LPA, 100 mM) and Cytochalasin D (Cyto D, 100 nM), both individually and combined. Scale bars ¼ 30 mm for ﬁelds of view and 10 mm for boxed
images. (B) Corresponding YAP nuclear/cytoplasmic intensity ratio and (C) percentage of nuclear YAP positive cells with a N/C ratio greater than
1.5 (both n ¼ 100 cells). Actin cytoskeletal tension is estimated by (D) nuclear projected area based on DAPI channel (n ¼ 100 cells) and (E) cell
Young's modulus measured by atomic force microscopy (n ¼ 10 cells). Statistical differences based on Two-way analysis of variance (ANOVA)
with Bonferroni's post hoc test (B, D and E) and Chi-square test (C). Bars represent mean values with error bars indicating standard error of the
mean (SEM) (cells pooled from N ¼ 2 donors). Statistically signiﬁcant differences indicated ±LPA (**P < 0.01, ***P < 0.001) and ±CytoD
(#P < 0.05, ##P < 0.01, ###P < 0.001).
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either alone or in combination with LPA, caused loss of polymerized
F-actin organisation [Fig. 1(A)].
Treatment with LPA produced a statistically signiﬁcant increase
in YAP N/C ratio [P < 0.001, Fig. 1(A) and (B)] and percentage of
YAPþ cells [P < 0.001, Fig. 1(C)]. By contrast, cytochalasin D treatment resulted in reduction of YAP N/C ratio [P < 0.001, Fig. 1(A) and
(B)] and percentage of YAPþ cells [P < 0.001, Fig. 1(C)]. Additionally,
Cyto D treatment caused a reduction in nucleus projected area
[P < 0.001, Fig. 1(C)] consistent with a rounding of the cells in
monolayer. Cyto D also induced a signiﬁcant reduction in cell
modulus measured by AFM [P < 0.001, Fig. 1(D)], associated with
depolymerisation and loss of actin tension.
In chondrocytes pre-treated with Cyto D, LPA signiﬁcantly
increased the YAP N/C ratio [P < 0.001, Fig. 1(B)] and percentage of
YAPþ cells [P < 0.001, Fig. 1(C)]. However, there was no signiﬁcant
recovery of the nuclear area [P ¼ 0.9821, Fig. 1(D)] or the cell
Young's modulus [P ¼ 0.8901, Fig. 1(E)]. Thus, the inhibitory effect
of Cyto D on YAP was successfully rescued by LPA treatment
despite no rescue of the actin associated changes in cell
morphology or biomechanics. These results conﬁrm that loss of
actin tension, in this case by Cyto D treatment, inhibits YAP and

Fig. 2

that LPA-induced upregulation of YAP occurs through an actinindependent pathway.
Having conﬁrmed the effect on the expression of YAP for the
pharmaceutical agonist, LPA, and the actin destabiliser, CytoD, we
further examined whether YAP activity manipulated by pharmaceutical stimulation had the potential to regulate inﬂammatory
signalling in isolated chondrocytes. We also introduced another
YAP antagonist verteporﬁn (VP) because previous studies have
shown that VP can bind with YAP and inhibit its reaction with
TEADs via up-regulating 14-3e3s sequestering YAP. Thus, VP provides a more speciﬁc long-term regulation of YAP than cyto D, and
without interfering with the actin cytoskeleton and disrupting cell
morphology28e30.
Treatment with IL1b (1 ng/ml, 24 h, 200-01B, PeproTech)
reduced YAP activation as shown by signiﬁcant differences in YAP
N/C ratio [P < 0.001, Fig. 2(A) and (B)] and the percentage of YAPþ
cells [P < 0.001, Fig. 2(C)]. This signiﬁcant reduction in YAP activation occurred within 30e60 min of IL1b exposure [P < 0.001,
Fig. S2]. In the presence of LPA, this inhibiting effect of IL1b on YAP
was blocked such that there was no statistically signiﬁcant difference in YAP N/C ratio or the percentage of YAPþ cells, ±IL1b.

Osteoarthritis and Cartilage

LPA, and associated activation of YAP, blocks the inﬂammatory response to IL1b (1 ng/ml) in isolated chondrocytes. (A) Representative epiﬂuorescence images showing expression of YAP (green) in untreated isolated chondrocytes (Ctrl) and following treatment with either lysophosphatidic acid (LPA, 100 mM) or verteporﬁn (VP, 10 mM), all ± IL1b (1 ng/ml 24 h). Scale bar ¼ 30 mm for ﬁelds of view and 10 mm for boxed
images. Corresponding (B) YAP nuclear/cytoplasmic intensity ratio and (C) percentage of nuclear YAP positive cells. (n ¼ 100 cells pooled from
N ¼ 2 donors). (D) Nitric oxide release quantiﬁed in terms of nitrite concentration in the cultured media associated with each group (n ¼ nine wells
with cells pooled from N ¼ two donors). Bars represent mean with error bars indicating SEM (B and D). Statistical differences based on Two-way
ANOVA with Bonferroni's post hoc test (B and D) or Chi-square test (C) are indicated ±IL1b (***P < 0.001) and relative to corresponding untreated Ctrl group (#P < 0.05, ###P < 0.001).
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We next examined the effect of the YAP agonist and antagonist
on IL1b induced inﬂammatory signalling in isolated chondrocytes cultured in monolayer cells. Incubation with IL1b (1 ng/
ml, 24 h) caused a 25% increase of NO production [P < 0.001,
Fig. 2(D)]. This effect was completely inhibited by treatment with
the YAP agonist, LPA, such that there was no signiﬁcant
difference ±IL1b. Conversely, treatment with YAP antagonist, VP,
increased nitrite levels in both the presence and absence of IL1b.
In this case, IL1b continued to induce a pro-inﬂammatory
response with a statistically signiﬁcant increase in nitrite levels
[P < 0.001, Fig. 2(D)].
Together these results conﬁrmed the role of LPA and CytoD in
manipulating YAP activity and demonstrated that YAP expression
activated by pharmaceutical manipulation of LPA blocks the proinﬂammatory response to IL1b in isolated chondrocytes.
Mechanical activation of YAP blocks the IL1b response in isolated
chondrocytes
YAP plays an important role in mechanotransduction with
previous studies showing that YAP can be regulated by a range of
mechanical cues30.Thus, we next examined whether YAP activity
and pro-inﬂammatory IL1b response can be regulated by substrate
stiffness.

Fig. 3
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Isolated chondrocytes were cultured on PDMS substrates with
modulus of 6, 20, 130 and 400 kPa conﬁrmed by mechanical
characterisation mentioned above (see SI, Fig. S3). Cells cultured on
stiffer substrates had a greater level of YAP activation shown by
higher YAP N/C ratios with statistically signiﬁcant differences
[P < 0.001, Fig. 3AeB] and higher percentage of YAPþ cells
[P < 0.001, Fig. 3(C)]. Cells on stiffer substrates had signiﬁcantly
larger projected nuclear area compared to cells on softer substrates
indicative of the cells becoming ﬂatter [P < 0.001, Fig. 3(D)].
These data conﬁrm biomechanical regulation of chondrocyte
YAP expression with increased YAP activation on stiffer PDMS
substrates over the range of 6e400 kPa.
We next examined whether substrate stiffness alteration regulates the response to IL1b and the potential role of YAP in this proinﬂammatory pathway. We cultured chondrocytes on the softest
(6 kPa) and stiffest (400 kPa) of the PDMS substrates analysed for
YAP activation in Fig. 3. In addition, we also introduced a stiffer
PDMS substrate with a modulus of 1000 kPa.
For isolated cells on all three substrates, incubation with IL1b
(10 ng/ml, 24 h) caused release of the inﬂammatory mediator NO,
resulting in signiﬁcantly greater nitrite levels for IL1b treated cells
compared to untreated controls [P < 0.001 in all cases, Fig. 4(A)].
Similarly, there was negligible release of PGE2 in untreated samples
with IL1b inducing a signiﬁcant increase on all three substrates

Osteoarthritis and Cartilage

Increasing stiffness of PDMS substrates increases YAP nuclear expression in isolated chondrocytes. (A) Representative epiﬂuorescence images
of YAP (green) immunolabelled in isolated chondrocytes cultured on 6, 20, 130 and 400 kPa PDMS substrates. Scale bars ¼ 30 mm for original
images and 10 mm for boxed images. (B) Corresponding YAP nuclear/cytoplasmic intensity ratio, (C) percentage of nuclear YAP positive cells and
(D) nuclear projected area based on DAPI channel for cells on each substrate. For YAP N/C ratio and nuclear area, bars represent mean values
with error bars indicating SEM (n ¼ 100 cells pooled from N ¼ 2 donors). Statistical differences based on One-way ANOVA with Bonferroni's post
hoc test (B and D) and Chi-square test (C). Statistically signiﬁcant differences indicated from neighbouring substrate stiffness (***, P < 0.001).
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Fig. 4
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Increasing PDMS substrate stiffness reduces the inﬂammatory response to IL1b via activation of YAP in isolated chondrocytes. Release into the
cultured media of (A) nitric oxide quantiﬁed in terms of NO concentration and (B) PGE2, associated with chondrocytes cultured on 6, 400 and
1000 kPa PDMS substrates ± IL1b (10 ng/ml, 24 h). In further studies, cells on 6 kPa substrates were treated with LPA (100 mM) to increase YAP whilst
those on 1000 kPa were treated with CytoD (100 mM) to reduce YAP expression. Corresponding changes in (C and E) nitrite and (D and F) PGE2 ± IL1b
(10 ng/ml, 24 h). Conﬁrmation of YAP knockdown by Western blot (G). Corresponding NO level of cells treated with control siRNA and YAP siRNA on
6 kPa or 1000 KPa PDMS substrates (H). Bars represent mean values with error bars indicating SEM (n ¼ 9 wells with cells pooled from N ¼ 2 donors).
Statistical differences based on Two-way ANOVA with Bonferroni's post hoc test are indicated ±IL1b (***P < 0.001) and relative to corresponding
values for different stiffness substrates (###P < 0.001 in A and B) and relative to corresponding control (###P < 0.001 in CeF).
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[P < 0.001 in all cases, Fig. 4(B)]. These pro-inﬂammatory responses
were signiﬁcantly greater on softer substrates, such that cells
cultured on the stiffer substrates produced 22% (400 kPa) and 34%
(1000 kPa) less nitrite compared to those on the softest 6 kPa
substrates [P < 0.001 in both cases, Fig. 4(A)]. Similarly, PGE2
release was 73% less on 400 kPa substrates and 92% less on the
stiffest 1000 kPa substrates, compared to that on the softest 6 kPa
substrates [P < 0.001 in both cases, Fig. 4(B)]. These ﬁndings
demonstrate a signiﬁcant reduction in the pro-inﬂammatory
response to IL1b with increasing substrate stiffness (Fig. 4) associated with greater YAP activation (Fig. 1).
We then investigated whether the increased inﬂammatory
response on the softest 6 kPa substrate could be reversed by the
YAP agonist, LPA. Conversely, we tested whether the reduction of
the inﬂammatory response on the stiffest 1000 kPa substrate could
be rescued by inhibition of YAP with cytochalasin D.
Treatment with LPA (100 mM) produced a 24% reduction in IL1bmediated nitrite levels [P < 0.001, Fig. 4(C)] and a 90% reduction in
PGE2 levels [P < 0.001, Fig. 4(D)] for chondrocytes cultured on 6 kPa
substrates. Thus, YAP activation with LPA on soft substrates was
able to reduce pro-inﬂammatory signalling mimicking the effects of
increased substrate stiffness.
Treatment with cytochalasin D (100 nM) of cells on stiff,
1000 kPa, substrates increased IL1b-mediated levels of nitrite [97%,
P < 0.001, Fig. 4(E)] and PGE2 [75%, P < 0.001, Fig. 4(F)]. Thus,
cytochalasin D and associated inhibition of YAP, reversed the antiinﬂammatory effects of the stiff 1000 kPa substrate, producing a
response to IL1b which was even greater than that on the softest
6 kPa substrates.
To further investigate the role of YAP in these substrate stiffness-regulated inﬂammatory response alterations, we then
introduced small interfering ribonucleic acid (siRNA) experiments
to knockdown YAP in chondrocytes cultured on soft (6 kPa) and
stiff (1000 kPa) substrates. Knockdown of YAP was conﬁrmed by
Western blot [Fig. 4(G)]. YAP knockdown increased IL1b-mediated
nitride release of cells on soft (6 kPa) [301%, P < 0.001, Fig. 4(H)]
and stiff (1000 kPa) [439%, P < 0.001, Fig. 4(H)] substrates. In
addition, knockdown of YAP lead to no statistical signiﬁcance in
IL1b-mediated nitride level between cells cultured on soft substrate (6 kPa) and stiff substrate (1000 kPa) [P ¼ 0.966, Fig. 4(H)],
indicating that substrate stiffness lost the ability of regulating
inﬂammatory response when YAP was knocked down. Thus, YAP
is required in the changes of inﬂammatory response regulated by
substrate stiffness.
Our previous study has shown that cyclic mechanical loading
can suppress inﬂammatory response induced by IL1b in chondrocytes31. Thus, to strengthen the evidence that mechanical activation of YAP is anti-inﬂammatory, we introduced another
mechanical stimulation in the form of cyclic tensile strain (CTS).
Results showed that YAP was activated when 10% CTS was applied
for 24 h [P < 0.001, Fig. S4], indicating that YAP might be involved in
CTS induced inﬂammatory alteration.
Together, these ﬁndings suggest that mechanical activation of
YAP blocks chondrocyte pro-inﬂammatory response to IL1b.
Activation of YAP by LPA reduces inﬂammatory signalling and
matrix degradation in response to IL1b in cartilage explants
Having shown that activation of YAP by LPA inhibited inﬂammatory signalling in response to IL1b in isolated chondrocytes, we next
examined whether this also occurred in cartilage explants over a 12
day culture period. Cell viability within the explants was conﬁrmed
for all treatment groups based on Calcein-AM and Ethidium Homodimer staining (Fig. S5). Cartilage explants treated with IL1b (10 ng/
ml) for 12 days produced an inﬂammatory response, similar to that
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observed in isolated cells, with a sustained release of the inﬂammatory marker, nitric oxide [Fig. 5(A) and (B)]. As in isolated cells, this
response was signiﬁcantly inhibited in the presence of LPA at the
second day of culture (Fig. S6) and the cumulative NO release caused
by IL1b was reduced by 48% [P < 0.001, Fig. 5(B)].
We next measured matrix degradation by the release of sGAG
and associated changed in tissue mechanical properties, as used in
previous studies32. Treatment with IL1b increased the release of
sGAG from the extracellular matrix into the culture media with
differences detectable after 2 days in culture [Fig. S7 and Fig. 5(C)].
This degradation was signiﬁcantly inhibited by LPA treatment, with
7% reduction in sGAG release [P < 0.001, Fig. 5(D)].
Inhibition of cartilage matrix degradation was further conﬁrmed
by analysis of tissue mechanics after the 12-day culture period. The
IL1b treatment resulted in signiﬁcant reductions in tangent
modulus (53%), relaxation modulus (64%), relaxation half-life (54%)
and an increase in percentage relaxation (9%) [P < 0.001 in all cases,
Fig. 6(C)e(F)]. Treatment with LPA completely blocked these
changes in cartilage mechanical properties such that IL1b had no
signiﬁcant effect on cartilage mechanics in the presence of LPA.
In summary, the YAP agonist, LPA, signiﬁcantly inhibited IL1binduced inﬂammatory signalling in cartilage tissue and prevented
the associated mechanical breakdown of the extracellular matrix.
YAP activation reduces primary cilia expression as a potential
mechanism mediating the anti-inﬂammatory response
We have previously shown that primary cilia and/or associated
IFT proteins play an important role in regulating chondrocyte inﬂammatory signalling. Hypermorphic mutation of IFT88 and
associated reduction in cilia expression, inhibited the pro-inﬂammatory response to IL1b16,17. Other studies have reported that primary cilia expression may be regulated by YAP activation21. Thus,
we examined whether YAP activation could supress chondrocyte
primary cilia expression as a potential mechanism inhibiting inﬂammatory signalling.
Based on confocal immunoﬂuorescence [Fig. 7(A)], activation of
YAP, by both increasing substrate stiffness and treatment with
100 mM LPA, decreased cilia prevalence [Fig. 7(B)e(D)] and cilia
length [Fig. 7(E)e(G)]. Treatment with LPA induced a 13% reduction
in cilia prevalence [P ¼ 0.0313, Fig. 7(B)] and an 11% reduction in
median cilia length [P < 0.001, Fig. 7(E)]. Similarly, an increase of
substrate stiffness from 6 to 400 kPa reduced cilia prevalence by
16% [P ¼ 0.0336, Fig. 7(C)] and length by 21% [P < 0.001, Fig. 7(F)]. In
addition to this behaviour on PDMS gels, we found the same
response on polyacrylamide gels with signiﬁcant reductions in cilia
length and prevalence with increasing substrate stiffness (see SI,
Table S2 and Fig. S8 for further details). On all four PDMS substrates
YAP negative cells had 12% more ciliated cells [P ¼ 0.0230, Fig. 7(D)]
with cilia that were 11% longer [P < 0.001, Fig. 7(G)] compared to
the YAPþ group. We then performed YAP siRNA experiments to
further test the relationship between YAP and cilia (see Fig. S9 or
details). Here we show that knockdown of YAP by siRNA increased
inﬂammatory response to IL1b with nitride release increased by
300% [P < 0.05, Fig. 8(C)]. Knockdown of YAP increased cilia length
[þ17%, P < 0.01, Fig. 8(A)] and prevalence [þ19%, P < 0.05, Fig. 8(B)].
Treatment with IL1b further elongated cilia [þ18%, P < 0.01, Fig. 8(B)
and Fig. S10] in the presence of YAP siRNA.
Having shown that primary cilia expression is correlated with
YAP activity, we then examined the involvement of cilia and associated IFT in YAP-induced suppression of inﬂammatory responses.
Here we introduced IFT88 siRNA to genetically knockdown cilia/
IFT88 in primary chondrocytes and homozygous Tg737ORPK mutant
mouse cell line to disrupt cilia/IFT (see SI, Fig. S11 for details). Cilia
disruption by both IFT88 siRNA [Fig. 8(D)] and IFT88 hypermorphic
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Fig. 5
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Activation of YAP by LPA reduces the inﬂammatory response to IL1b in cartilage explants. Cumulative release of (A and B) NO and (C and D)
sGAG from cartilage explants over time with 100 mM LPA in the presence or absence of 5 ng/ml IL1b. Data represents the temporal response over
the 12 day period (A and C) and the corresponding total release after 12 days (n ¼ 10 samples). Bars represent mean values with error bars
showing SEM (n ¼ 10 explants). Statistical differences based on Two-way ANOVA with Bonferroni's post hoc test indicated ±IL1b (***P < 0.001)
and relative to the corresponding no LPA control (Ctrl) group (###P < 0.001).

mutation [Fig. 8(E)e(G) and Fig. S12], inhibited inﬂammatory signalling in response to IL1b. Treatment with IFT88 siRNA also
inhibited restoration of inﬂammatory signalling by YAP siRNA,
although there was still a signiﬁcant difference in IL1b induced NO
release [P ¼ 0.036, Fig. 8(D)]. This possibly reﬂects that IFT88
knockdown was only partial using siRNA [Fig. S11(A)]. In ORPK cells
with complete disruption of IFT88 and cilia expression, YAP modiﬁcation by either YAP siRNA, agonist or antagonist resulted in no
signiﬁcant differences in NO release from IL1b compared to scrambled siRNA [Fig. 8(E)e(G) and Fig. S12(B)e(C)]. Taken together, these
data show that YAP regulation of inﬂammatory signalling is dependent on the presence of primary cilia and/or IFT88.
Discussion
Recent in vivo studies on the effect of YAP on osteoarthritis are
contradictory with one study reporting that YAP activation inhibits cartilage degradation11, whilst a separate study reports the
same effect with YAP inhibition12. Both these previous studies
injected alginate beads loaded with either YAP agonist (LPA) or
YAP antagonist (VP), into OA mice, and measured YAP activity and
Osteoarthritis Research Society International (OARSI) score
against vehicle controls. Deng et al.11 showed LPA attenuates OA
progression while Zhang et al.12 found VP prevented OA. However,

these in vivo studies have potential limitations in that it is difﬁcult
to estimate the effective intra-articular concentration and how
this changes with time. Furthermore, cartilage degradation and
OA progression are likely to be inﬂuenced by the complex in vivo
environment and the presence of other cell types within the joint
including macrophages and synoviocytes8.
We therefore used isolated cartilage cells and tissue explants to
determine the direct effect of YAP regulation on the response to the
inﬂammatory cytokine, IL1b. The use of these carefully controlled in
vitro models enabled us to decouple some of the complex interactions within the in vivo joint environment. For these studies,
we regulated YAP through pharmaceutical modulation and through
changes in the mechanical environment achieved through alternations in substrate stiffness and CTS.
Within articular cartilage tissue, chondrocytes interact with
their surrounding pericellular matrix which is known to regulate
various aspects of cell behaviour (for review see Ref. 33). The
Young's modulus of pericellular matrix is 40e100 kPa which is
substantially lower than tissue level modulus values at
0.5e10 MPa34. Consequently, we developed PDMS gels with
modulus values in the range 6e1000 kPa to reﬂect the range of
matrix stiffness experienced by cells in situ.
We ﬁrst conﬁrmed the effect of pharmaceutical agonist (LPA)
and antagonists (CytoD and VP) in regulating YAP and
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Fig. 6
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Activation of YAP by LPA blocks mechanical degradation of cartilage explants caused by IL1b. Representative (A) Stressestrain and (B) stress
erelaxation plots from cartilage explants subjected to 20% uniaxial unconﬁned compression after 12 days of culture ±LPA (100 mM) and ±IL1b
(10 ng/ml). Corresponding measurements of (C) Tangent modulus, (D) relaxation modulus, (E) percentage relaxation and (F) relaxation half-life.
Bars represent mean values with error bars showing SEM (n ¼ 10 explants). Statistical differences based on Two-way ANOVA with Bonferroni's
post hoc test indicated ±IL1b (***P < 0.001) and relative to the corresponding no LPA control (Ctrl) group (#P < 0.05, ##P < 0.01).

inﬂammatory response for chondrocytes on relatively stiff glass or
tissue culture plastic. We conﬁrmed that LPA activates YAP with
increasing YAP nuclear expression whilst Cyto D inhibits YAP by
disrupting F-actin polymerisation. Activation of YAP by LPA was
found to be independent of disruption of actin tension induced by
Cyto D (Fig. 2). We then found that LPA can inhibit nitride release
induced by IL1b associated with YAP activation. Further results
showed that NF-kB P65 nuclear translocation is inversely correlated
with YAP expression when treated with IL1b (Fig. S12). Together,
these results suggest that YAP activation suppresses inﬂammatory
signalling induced by IL1b.
We next found that an increase in substrate stiffness upregulates
chondrocyte YAP activation quantiﬁed by increases in relative nuclear

expression (Fig. 3). This is in agreement with studies in a variety of
other cell types27,30. Activation of YAP by substrate stiffness was
associated with ﬂattening of the cells and changes in actin organisation consistent with increased intracellular tension which has previously been reported to regulate YAP21,35. We showed that increased
YAP activation on stiffer substrates, reduced the inﬂammatory
response to IL1b, quantiﬁed by the release of the pro-inﬂammatory
markers, NO and PGE2, similar to that seen with YAP agonist, LPA
(Fig. 4). This anti-inﬂammatory effect of stiffer substrates was reversed
by disruption of actin with Cyto D. Conversely the increased inﬂammatory response of softer substrates was reversed by treatment with
LPA. The anti-inﬂammatory effect of YAP activation was further
conﬁrmed by knock down of YAP expression with siRNA which
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Fig. 7
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Activation of YAP by LPA treatment and increased substrate stiffness reduced ciliogenesis. (A) Representative confocal (Control and LPA) and
epiﬂuorescence (6 kPa~400 kPa) images of chondrocytes labelled for primary cilia (red, Arl13b) and DAPI (blue). Cells were cultured on glass
coverslips with 100 mM LPA (LPA) or as untreated group (Ctrl). Separate cells were cultured on PDMS substrates prepared at 6, 20, 130 and
400 kPa. Scale bars ¼ 30 mm for original images and 10 mm for boxed images. Corresponding cilia prevalence (BeD) and cilia length (EeG) for
chondrocytes ±LPA (B and E, n ¼ 150 cilia, N ¼ 2 donors) and on PDMS substrated (C and F, n ¼ 100 cilia, N ¼ 2 donors). Cilia prevalence (D)
and length (G) for YAP- and YAPþ cells was measured. Bars represent median values with error bars showing range. Statistical difference based
on Chi-square test for cilia prevalence and Whitney U test for cilia length (*P < 0.05, **P < 0.01, ***P < 0.001).

prevented modulation of inﬂammatory signalling by changes in substrate stiffness. These results conﬁrm that YAP activation directly
disrupts pro-inﬂammatory NF-kB signalling in isolated chondrocytes.
We next examined the response in intact cartilage tissue. Here
we also found that LPA treatment completely blocked the inﬂammatory response to IL1b (Fig. 5) and effectively protected cartilage
against extracellular matrix degradation and associated loss of
mechanical integrity (Fig. 6). These ﬁndings are consistent with the
in vivo studies of Deng et al. and indicate that the anti-inﬂammatory
effects of LPA are mediated via direct modulation of YAP11.
We show that primary cilia/IFT are required for pro-inﬂammatory NF-kB signalling, in agreement with previous studies16,18,31.
Consistent with this, activation of YAP through either increased
substrate stiffness or LPA, inhibits inﬂammatory signalling associated with reduced chondrocyte primary cilia expression (Fig. 7).
Conversely, the exacerbated inﬂammatory response induced by YAP
knockdown with siRNA was accompanied by an increased ciliogenesis. These results are supported by previous ﬁndings that

demonstrate that YAP activation suppresses ciliogenesis in epithelial cells21. In addition, inhibition of YAP with siRNA or VP treatment
was unable to restore the inﬂammatory response in the absence of
functional cilia/IFT. Thus our studies suggest that YAP regulates proinﬂammation NF-kB signalling through inhibition of primary cilia
expression.
In summary, this study reveals an anti-inﬂammatory pathway
activated by YAP signalling which blocks IL1b-induced cartilage
matrix degradation and is associated with suppression of primary
cilia. Consequently, this study provides new mechanistic understanding of how the stiffness of the extracellular environment regulates cartilage inﬂammation and degradation, which are key
factors in OA progression. The ﬁndings also suggest the possibility of
novel pharmacological therapeutic strategies using YAP activation
and/or cilia modulation, to reduce cartilage degradation in inﬂammatory joint disease such as OA. Indeed, the anti-inﬂammatory effects of YAP activation and reduced ciliogenesis may also have
application in treating inﬂammation in other tissues and diseases.
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Primary cilia and associated IFT88 are required in the suppression of the inﬂammatory response induced by YAP activation. (A) Cilia prevalence,
(B) cilia length and (C) release of nitric oxide quantiﬁed in terms of NO concentration of primary chondrocytes treated with YAP siRNA and
scrambled control siRNA (Ctrl siRNA), both ± IL1b (10 ng/ml, 24 h) (A and B, n ¼ 100 cilia, N ¼ 2 donors; C, n ¼ 9 wells with cells pooled from
N ¼ 2 donors). Fold change of NO release (þIL1b relative to IL1b) of (D) primary chondrocytes treated with scrambled control siRNA (Ctrl siRNA)
or ITF88 siRNA, both ± YAP siRNA, of (E) wild type chondrocytes (WT) or Tg737ORPK mutant cells (ORPK), both ± YAP siRNA; of (F) WT or ORPK
cells, both ± VP; of (G) WT or ORPK cells, both ± LPA (G) (DeG, n ¼ 9 wells with cells pooled from N ¼ 2 donors). Bars represent median values
with error bars showing range in (B). Statistical differences based on Chi-square test for cilia prevalence (A) and ManneWhitney U test for cilia
length (B) indicated ±IL1b (**P < 0.01) and Ctrl siRNA vs YAP siRNA (#P < 0.05, ##P < 0.01). Bars represent mean values with error bars showing
SEM in CeG. Statistically signiﬁcant differences based on Two-way ANOVA with Bonferroni's post hoc test indicated ±IL1b (***P < 0.001) and
Ctrl siRNA vs YAP siRNA (#P < 0.05, ##P < 0.01) in C; ±YAP siRNA (*P < 0.05, ***P < 0.001) and Ctrl siRNA vs IFT88 siRNA (###P < 0.01) in D;
±YAP siRNA (***P < 0.001) and WT vs ORPK (###P < 0.01) in E; ±VP (***P < 0.001) and WT vs ORPK (###P < 0.01) in F; ±LPA (**P < 0.01) and
WT vs ORPK (##P < 0.01, ###P < 0.001) in G.
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