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KEY MESSAGES
WHAT IS ALREADY KNOWN ABOUT THIS
SUBJECT?
⇒ Synovial fibroblasts (SF) are key drivers of
rheumatoid arthritis (RA) pathogenesis;
however, the SF lineages involved and the
molecular mechanisms underpinning their
pathogenic transformation are incompletely
understood.
WHAT DOES THIS STUDY ADD?
⇒ This study shows that Gdf5-lineage SF,

defined by their ontogenic derivation from
the joint interzone, are the key pathogenic
SF in inflammatory arthritis. Mechanistically,
interleukin (IL)-6 signals via Jak to activate
Yes-associated protein (Yap), which forms a
complex with Snail to drive the invasiveness
of SF, and selective targeting of Yap in Gdf5-
lineage SF ameliorates inflammatory arthritis.

HOW MIGHT THIS IMPACT ON CLINICAL
PRACTICE OR FUTURE DEVELOPMENTS?
⇒ This study supports the targeting of IL-6 and
Jak in RA, not only for immunosuppression but
also to directly control the Yap–Snail-mediated
pathogenic behaviour of SF.

A hallmark of RA pathology is synovitis, causing
the synovium to thicken and form a pannus that
invades cartilage and bone, driven by pathogenic
transformation and proliferation of fibroblasts
with infiltration of inflammatory/immune cells.
A recent study reported two distinct subsets of
synovial fibroblasts (SF), immune effector fibroblasts expressing podoplanin (Pdpn) and Thy-
1
cell surface antigen (Thy1) found in the sub-lining
synovial tissue and promoting inflammation, and
INTRODUCTION
destructive Pdpn+Thy1− fibroblasts in the lining
Rheumatoid arthritis (RA) is a common immune- layer mediating cartilage and bone damage.2
mediated chronic inflammatory disease causing joint
Cell lineage tracing studies have revealed that
damage and deformities. Current treatment consists the adult synovium consists of ontogenetically
of synthetic and biological disease-modifying anti- diverse fibroblast subsets. One subset, the Gdf5-
rheumatic drugs aimed at systemic immunosuppres- lineage cells, descend from the Gdf5-expressing
sion. Nonetheless, some patients fail to respond to joint interzone cells in the embryo.3–5 Previously,
treatments, and joint damage progression can still we have shown that these Gdf5-lineage cells
occur despite clinical remission.1
include the SF in the lining as well as a subset of
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SF in the sublining.5 6 The remaining SF are of unknown embryonic origin. It is not known how the ontogenetically defined
SF subsets relate to the subsets identified by Pdpn and Thy1
expression.
The synovial pannus is a tumour-like structure resulting in part
from uncontrolled fibroblast expansion. Increased activity of the
transcriptional cofactor Yes-associated protein (Yap) is known to
cause tissue overgrowth in multiple tissues and organs through
stimulating cell proliferation.7–13 In addition, Yap promotes cell
motility and invasion in cancer cells.14–16 We demonstrated that
Yap promotes proliferation of fibroblast-like mesenchymal cells17
and that increased Yap activity in Gdf5-lineage cells underpins
synovial lining hyperplasia following acute joint surface injury
in mice.5
The role of Yap in immune-mediated inflammatory arthritis
and the signalling mechanisms that link Yap activity to the
pathogenic transformation of SF await clarification. A reduced
severity in the K/BxN serum-transfer arthritis model in mice
was reported after treatment with the small molecule verteporfin,18 a non-specific inhibitor of Yap activity. Although the
mechanism was not investigated, it was suggested that the beneficial effect was through reduced Yap activity in SF.18 However,
it cannot be excluded that the effects of verteporfin were Yap-
independent.19 20 Furthermore, verteporfin was reported to
ameliorate antigen-induced arthritis (AIA) in rabbits by inducing
apoptosis of inflammatory cells.21
Here, we show that Yap is highly expressed by SF in both
human RA and mouse AIA and that conditional genetic ablation of Yap in SF ameliorates AIA. Mechanistically, Yap is Jak-
dependently activated by interleukin (IL)-6, a key inflammatory
cytokine in RA, and forms a complex with the transcription
factor Snail to drive the SF invasive phenotype. Our findings
identify the IL-6–Yap–Snail signalling axis as a fibroblast-specific
therapeutic target in RA synovitis.

METHODS
Materials and methods are available in the online supplemental
information file.

RESULTS
Yap is upregulated in human rheumatoid and mouse immunemediated synovitis
YAP was upregulated in the hyperplastic compared with quiescent lining of human RA synovium (p=0.0003, figure 1A),
and this was accompanied by upregulation of the transcription factor SNAIL (p=0.0003), and the YAP and SNAIL
downstream target gene connective tissue growth factor
(CTGF) (p=0.0078, figure 1A), a known pathogenic effector
in RA.22 YAP was expressed by CD55+ fibroblasts and not
by CD68+ macrophages (figure 1B). YAP mRNA expression levels correlated non-
significantly with the expression
of SNAIL (p=0.083) and significantly with the expression
of YAP downstream targets CTGF (p=0.024) and GP130
(p=0.001, figure 1C), a transmembrane protein required for
IL-6 signalling.23
Analysis of mouse AIA synovium confirmed the upregulation of Yap (p<0.0001, figure 2A), Snail (p=0.0022, figure 2B)
and Ctgf (p=0.0003, figure 2C) during synovitis. High Yap
expression was observed in fibroblast-like cells throughout the
synovium and along the periosteal surface, extending into the
underlying marrow space at sites of erosive damage (figure 2A
and online supplemental figure 1a).

Gdf5-lineage Yap-expressing SF are predominant in arthritis
Next, we used genetic cell-labelling and tracing models to map
fibroblast populations in synovitis. To trace individual fibroblasts, we used Pdgfrα-CreER;R26-Confetti mice (see online
supplemental table 1 for transgenic mouse lines used in the
study), in which tamoxifen administration activates CreER in
cells expressing the pan-fibroblast marker Pdgfrα, resulting in
stochastic expression of one of four fluorescent proteins.6 Analysis of cyan fluorescent protein (CFP), yellow fluorescent protein
(YFP) and red fluorescent protein (RFP) expression (green fluorescent protein (GFP) was rarely detected and was omitted from
analysis) 6 days after AIA induction revealed extensive expansion of Pdgfrα-
traced cells in synovium. Multiple small clusters of monochromatic cells were interspersed throughout the
synovium, indicating polyclonal cell expansion (figure 3A,B).
We previously showed that a subset of Pdgfrα-expressing
cells in the adult synovium originates from the Gdf5-
expressing embryonic joint interzone.5 6 These Gdf5-lineage
SF are mostly found in the synovial lining but also include a
subset of the SF in the sublining.5 To determine the involvement of the Gdf5-lineage SF in synovitis, we induced AIA in
Gdf5-Cre;Tom;Pdgfrα-H2BGFP mice and administered BrdU
to label proliferating cells. In these mice, Cre is expressed and
permanently switches on Tom expression in cells of the joint
interzone and all their progeny, while Cre is not active in
the adult knee.24–26 In addition, Pdgfrα-expressing fibroblasts
are identified by long-lived nuclear GFP. In control knees,
Gdf5-lineage SF (ie, Tom+GFP+ cells) were mostly quiescent and located predominantly in the synovial lining, while
other SF (ie, Tom-GFP+ cells) were found throughout the
synovium (figure 3C,D). In contrast, Gdf5-lineage SF extensively proliferated and infiltrated the entire synovium in the
AIA knee (figure 3C,D), increasing 4.2±0.6-fold (mean±SD,
n=5, p<0.001) and constituting the dominant SF lineage in
the inflamed synovium (figure 3E). A concomitant increase in
the unlabelled cell population (ie, Tom−GFP− cells) reflects
the infiltration and expansion of immune cells during synovitis (figure 3E). GFP and Yap co-detection confirmed Yap
expression by SF in both the synovial lining and along the
periosteal surface (figure 3F), and Yap expression along the
bone surface, including at sites of erosion, correlated with the
presence of Gdf5-lineage cells (online supplemental figure 1).
A recent study reported Pdpn+Thy1+ SF to be immunomodulatory and Pdpn+Thy1− SF to be erosive in inflammatory
arthritis.3 Hence, we investigated the expression of Pdpn and
Thy1 in the ontogenetically defined SF subsets. While Gdf5-
lineage SF included both Pdpn+Thy1+ and Pdpn+Thy1−
phenotypic subsets, we observed a striking increase in the
percentage of Gdf5-lineage SF with a Pdpn+Thy1− (erosive)
phenotype during AIA, as compared with control knees
(p=0.00005, figure 4A and online supplemental figure 2).
In contrast, the other SF adopted primarily a Pdpn+Thy1+
(immunomodulatory) phenotype in response to AIA (p=0.0014,
figure 4B and online supplemental figure 2).
To determine whether Yap controls the capacity of SF to
remodel and invade extracellular matrix, we used a matrigel-
coated Boyden transwell assay.27 DsiRNA-
mediated knockdown of Yap in SF from AIA mice reduced their invasive ability
(p=0.006, figure 4C). Notably, knockdown of the Yap paralog,
Taz, did not affect mouse SF invasiveness (online supplemental
figure 3). In human RA-SF, reduced invasiveness was observed
after simultaneous knockdown of YAP and TAZ (p=0.011,
figure 4D).
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Figure 1 YAP, SNAIL and CTGF are upregulated in hyperplastic rheumatoid arthritis synovium. (A) Immunohistochemical detection of YAP, SNAIL
and CTGF in quiescent and hyperplastic areas of human RA synovium (YAP n=7, SNAIL n=7, and CTGF n=6). Haematoxylin counterstain is shown in
blue. Scale bars: 20 µm. For isotype negative control stainings, see online supplemental figure 10a–c. Graphs indicate protein expression in quiescent
(Q) and hyperplastic (H) synovium based on immunohistochemistry (IHC) staining intensity, with lines and error bars indicating mean±SD (n=6–7).
P values indicate statistical significance using an unpaired two-tailed t-test. (B) Expression of YAP (magenta), the SF marker CD55 (cyan) and the
macrophage marker CD68 (yellow) in human RA synovium (n=4). DAPI (4′,6-diamidino-2-phenylindole) nuclear counterstain is shown in blue. The
same image is shown three times with different channels overlaid, for clarity. Scale bars: 20 µm. For isotype negative control stainings, see online
supplemental figure 10d. (C) Correlation between YAP gene expression and expression of SNAIL, CTGF or GP130 in RA synovial biopsies (n=10) as
determined by qRT-PCR. P values indicate results of Pearson’s correlation test and R2 values the square of the correlation coefficient. CTGF, connective
tissue growth factor; RA, rheumatoid arthritis; SF, synovial fibroblast; YAP, Yes-associated protein.
Altogether, these data show extensive proliferation and
expansion of Yap-expressing SF throughout the synovium in AIA
and reveal the Gdf5-lineage SF to be the predominant erosive SF
subset in immune-mediated synovitis, with Yap being required
for SF invasiveness in vitro.

Conditional ablation of Yap in SF ameliorates inflammatory
arthritis

To determine the role of Yap in Gdf5-lineage SF in the pathophysiology of inflammatory arthritis, we conditionally ablated
Yap in Gdf5-lineage cells and induced AIA. A Cre-inducible Tom
reporter was crossed into the model, allowing detection of Yap
216

conditional KO (cKO) target cells. Immunostaining of synovium
showed a significant decrease in Yap expression in the cKO mice
(p<0.0001, figure 5A). The efficiency of Yap cKO was further
confirmed at mRNA level by qRT-PCR of sorted cells (p<0.001),
which moreover revealed a significantly higher expression of Yap
in the Gdf5-lineage SF compared with other SF after 7 days of
AIA (p=0.004; figure 5B and online supplemental figure 4),
further supporting a key role for Yap in the Gdf5-lineage AIA-SF.
Nine days after arthritis induction, we observed significant decreases in synovial lining hyperplasia (p<0.001),
immune infiltrates in synovium (p=0.026) and erosions at
the joint margins (p=0.002), and a non-
significant trend
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Figure 2 Yap, Snail and Ctgf are upregulated in inflammatory arthritis in mice. (A–C) Immunohistochemical detection of Yap (A), Snail (B) and
Ctgf (C) in mouse synovium 6 days after AIA induction (n=5; 2 male mice, 3 female mice, 11–13 weeks). Contralateral knee served as control.
Haematoxylin counterstain is shown in blue. Boxed areas on the left are shown at higher magnification on the right. Arrow (A) indicates Yap-
expressing cells penetrating through the bone into the underlying marrow space. Scale bars: 20 µm. For isotype negative control stainings, see online
supplemental figure 10f–h. Graphs indicate protein expression in synovium based on IHC staining intensity, with lines and error bars indicating
mean±SD (n=5). P values indicate statistical significance using an unpaired two-tailed t-test. AIA, antigen-induced arthritis; A, articular cartilage; B,
bone; Ctgf, connective tissue growth factor; S, synovium; Yap, Yes-associated protein.
towards decreased cellular exudate, resulting in an overall
arthritis score of 4.9 (95% CI 4.2 to 5.6, n=22) in the cKO
mice, compared with 6.5 (95% CI 5.9 to 7.0, n=24) in Yap
WT mice (p=0.002; figure 5C,D). Despite the decrease in
arthritis severity in vivo and diminished cell proliferation
after Yap KO in vitro (p=0.023) (online supplemental figure
5), extensive expansion of Gdf5-lineage cells in synovium
during AIA was observed in both Yap WT (p<0.001) and
Yap cKO mice (p<0.001, figure 5E). Accordingly, using BrdU
labelling, we detected proliferation of Gdf5-lineage cells
throughout the synovium in Yap cKO mice at 3 and 6 days
after AIA induction (figure 5F). These data indicate that Yap
is largely dispensable for SF proliferation but required for
SF-mediated disease activity in AIA.
Next, we investigated the effects of conditional Yap ablation
on the expression of key catabolic and inflammatory mediators by qRT-PCR analysis of Tom+ Gdf5-lineage SF purified from AIA mice. Compared with Gdf5-lineage SF of Yap
WT mice, the Gdf5-lineage SF from Yap cKO mice displayed
reduced expression levels of critical enzymes mediating SF
invasiveness, including Mmp9 (p=0.048), Mmp13 (p=0.044)
and Mmp14 (p=0.012),28–30 as well as the inflammatory cytokine IL-34 (p=0.011) (figure 5G). These data point to a role

for Yap in mediating critical arthritogenic effects of SF that
contribute to erosive damage and inflammation in AIA.
In RA, erosive damage to bone is caused by increased osteoclastic bone resorption, driven in part by pro-osteoclastogenic
factors produced by the SF.31 Staining for the osteoclast marker
TRAP revealed a decreased number of TRAP+ cells along the
femoral periosteal surface in female Yap cKO mice compared
with Yap WT controls after AIA (p=0.015; figure 5H and online
supplemental figure 6), while no significant difference was
observed in the number of TRAP+ cells at endosteal surfaces
of the femoral epiphysis (online supplemental figure 6). Accordingly, microCT analysis showed no difference in the trabecular
bone loss in the tibial epiphysis between Yap WT and Yap cKO
mice in response to AIA (online supplemental figure 7). Together,
these data suggest a role for Yap in SF in stimulating local osteoclast development in female mice.
Next, we sought to validate these data using a conditional
tamoxifen-inducible (ci) KO model in which Yap is ablated
in the SF of the adult knee, using Pdgfrα-CreER as driver.
Immunodetection of Yap in tissue sections confirmed Yap
ciKO (figure 6A,B), although with lower efficiency than
Gdf5-Cre-driven Yap cKO (figure 5A). Nonetheless, we again
observed a decrease in synovial lining hyperplasia (p=0.013)
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Figure 3 Pdgfrα-e xpressing Gdf5-lineage cells expand during inflammatory arthritis. (A,B) Detection of Pdgfrα-traced cells, marked by expression
of CFP, YFP or RFP, in synovium of Pdgfrα-CreER;Confetti mice induced with tamoxifen from 8 weeks of age prior to AIA induction and analysed after
6 days of AIA (n=3; 3 male mice, 14–15 weeks). Contralateral knee served as control. (A) Cells labelled by CFP (blue), YFP (yellow) and RFP (red) in
synovium. TO-PRO-3 (TP3) nuclear counterstain is shown in grey. (B) Numbers of CFP, YFP and RFP-labelled cells per mm length of synovium. P values
indicate statistical significance based on two-way ANOVA with Tukey’s post-test after log transformation (n=3). (C–F) Gdf5-C
 re;Tom;Pdgfrα-H2BGFP
mice 6 days after AIA induction (n=5; 2 male mice, 3 female mice, 11–13 weeks). Mice received bromodeoxyuridine (BrdU) to label proliferating cells
from arthritis induction until the end. (C,D) Expansion of Tom-labelled Gdf5-lineage cells (red) in synovium during AIA, co-staining for (C) GFP (green),
indicative of Pdgfrα expression (arrowheads indicate Tom+GFP+ cells; arrows indicate Tom-GFP+ cells), or (D) the BrdU proliferation label (green;
arrowheads indicate Tom+BrdU+ cells). Consecutive tissue sections are shown. For isotype negative control stainings, see online supplemental figure
10i,j. (E) Numbers of Tom-labelled and GFP-labelled cells per mm length of synovium. P values indicate statistical significance based on two-way
ANOVA with Tukey’s post-test after log-transformation (n=5). (F) Detection of Yap (red) in GFP-expressing cells (green) in synovial lining (arrowheads)
and along the periosteal surface (arrows). Scale bars: 20 µm. For isotype negative control stainings, see online supplemental figure 10k. Lines and
error bars on all graphs indicate mean±SD. AIA, antigen-induced arthritis; ANOVA, analysis of variance.
and arthritis score (p=0.0496) compared with Yap WT mice
(figure 6C,D).
Together, these findings indicate that Yap has crucial functions
in pathogenic SF to promote inflammation and joint destruction,
and demonstrate amelioration following its selective targeting in
SF in inflammatory arthritis.

218

IL-6 activates Yap through Jak and induces Yap–Snail
interaction in SF to drive their invasiveness
To assess the ability of key inflammatory cytokines to activate
Yap, we used a Yap–Tead reporter construct,32 modified to drive
GFP expression following stable lentiviral transduction (online
supplemental figure 8). We detected selective Yap activation
by IL-6/sIL6R (p<0.001), while TNF-α or IL-1β had no effect
(figure 7A). Baricitinib, a selective Jak1/2 inhibitor, prevented
the IL-6/sIL6R-induced activation of Yap (p<0.001, figure 7B),
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Figure 4 Phenotypic analysis of SF in inflammatory arthritis. (A,B) Freshly isolated cells from knees of adult Gdf5-Cre;Tom;Pdgfrα-H2BGFP mice
6 days after AIA induction (n=6; 5 male mice and one female mouse, 11–14 weeks, pooled data from two experiments) were analysed by flow
cytometry for the expression of Pdpn and Thy1 within (A) the Gdf5-lineage Pdgfrα-expressing cells (Tom+GFP+) and (B) the remaining Pdgfrα-
expressing cells (Tom-GFP+). The contralateral knees served as controls. Graphs show the percentage of cells expressing Pdpn with or without
coexpression of Thy1. P values indicate statistical significance based on unpaired two-tailed t-test after log transformation. For gating strategy and
staining controls, see online supplemental figure 2. (C) Yap KD decreased AIA-SF invasiveness through matrigel in a transwell assay. Dots are colour-
coded to indicate different experiments (n=5 for Yap expression, n=6 for cell invasion) using cells from three different mice for DsiRNA#1 (circles),
and from a fourth mouse for DsiRNA#2 (squares). P values indicate results of two-tailed paired Student’s t-test. (D) YAP/TAZ KD decreased human
RA-SF invasiveness through matrigel in a transwell assay. Dots are colour-coded to indicate independent experiments using cells from different donors
(n=3). P values indicate results of two-tailed paired Student’s t-test. AIA, antigen-induced arthritis; KD, knockdown; Pdpn, podoplanin; RA, rheumatoid
arthritis; SF, synovial fibroblast; Thy1, Thy-1 cell surface antigen.
as well as phosphorylation of Stat3 (figure 7C), indicating that
IL-6-induced Yap activation requires Jak signalling. IL-6/sIL6R
stimulation did not increase Yap mRNA expression at least after
24 hours (figure 7D), indicating that its effect may be mediated through post-transcriptional mechanisms. Yap knockdown
prevented IL-6/sIL6R-induced invasiveness of normal mouse SF
(figure 7E), showing that IL-6 signals via Yap to promote invasion. An IL-6/sIL6R complex was used in these experiments,
since SF do not express the IL-6R (online supplemental figure
9) and rely on sIL6R, normally produced by immune cells, to
activate IL-6 trans-signalling via gp130.33
Since the transcription factor Snail, previously reported to be
involved in TNF-α-mediated SF activation in RA,34 was upregulated alongside Yap during RA and AIA synovitis (figures 1A
and 2B), we investigated the functional relationship between
Snail and Yap. Snail overexpression increased SF invasiveness

(p=0.022), and this was prevented by simultaneous knockdown
of Yap (p=0.027, figure 7F), demonstrating that Snail requires
Yap to drive SF invasion. Using a proximity ligation assay, we
found that treatment of mouse SF or human RA-SF with IL-6/
sIL6R induced the formation of Yap–Snail complexes, similar to
what is seen after Yap overexpression in mouse SF (figure 7G,H).
Taken together, these data indicate that IL-6 trans-signalling in
SF activates Yap through Jak and increases Yap–Snail interaction
to promote invasiveness.

DISCUSSION
SF are key cells in RA that sustain inflammation and induce
tissue damage, but the molecular mechanisms underlying these
functional characteristics remain to be fully elucidated. Here, we
report that ablation of Yap in SF ameliorates immune-mediated
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Figure 5 Ablation of Yap in Gdf5-lineage cells reduces inflammatory arthritis severity. AIA was induced in one knee of Yap WT or Yap cKO mice,
with contralateral knee serving as control, and mice were analysed after 3 or 6 days (F), 7 days (B,G) or 9 days (A,C–E,H). See online supplemental
table 2 for mouse genotypes, sex, age and exclusions. (A) Yap expression in inflamed synovium detected by IHC. Images show mice with highest
arthritis score in their group. Scale bars: 50 µm. P value: unpaired two-tailed t-test after log transformation (WT: n=24; cKO: n=22; five experiments).
(B) Yap mRNA expression detected by qRT-PCR in fluorescence-activated cell sorting (FACS)-sorted SF from AIA knees of Yap WT (n=4) and Yap cKO
mice (n=3–4; 1 Yap cKO Tom-Pdgfrα+ sorted sample was excluded from analysis due to very low cell yield). P values indicate results of two-way
analysis of variance with Tukey’s post-test after log transformation. (C,D) H&E staining and histological scoring of arthritis severity. Images show
matched control and AIA knees from mice with arthritis scores (WT: 6.33; cKO: 4.66) close to their group average. Scale bars: 200 µm. P values: Mann-
Whitney U test (WT: n=24; cKO: n=22; five experiments). (E) Tom+ Gdf5-lineage cells in synovium detected by IHC. Images are from the same mice as
in (C). Scale bars: 50 µm. Graph shows Tom+ cells per millimetre length of synovium. P values: Kruskal-Wallis test with Dunn’s post-test (WT: n=18;
cKO: n=22; five experiments). (F) Immunofluorescent detection of BrdU (green) in Tom+ Gdf5-lineage cells (red) in the synovium of Yap cKO mice at 3
(n=5) or 6 days (n=3) after AIA induction. Scale bars: 20 µm. (G) Expression of Mmps and cytokines detected by qRT-PCR in Gdf5-lineage cells FACS-
sorted from knees of Yap WT (n=4) or Yap cKO (n=4) mice. P values: unpaired two-tailed t-test after log transformation. (H) TRAP+ cells along the
medial and lateral femoral periosteal surface of female mice. P value: unpaired two-tailed t-test (WT: n=15; cKO: n=14; five experiments). Boxed areas
in images on the left are shown at higher magnification on the right. For isotype negative control stainings, see online supplemental figure 10e,f,j. For
FACS strategy, see online supplemental figure 4. Data on graphs are shown as mean±95% CI (A, D, E, H) or mean±SD (B, G). AIA, antigen-induced
arthritis; S, synovium; SF, synovial fibroblast; WT, wild type; Yap, Yes-associated protein.
inflammatory arthritis in vivo and show that IL-6 increases Yap
activity through Jak signalling and promotes interaction of Yap
and Snail to drive the pathogenic behaviour of SF.
In a previous study using the K/BxN serum-transfer mouse
model of inflammatory arthritis and mice engrafted with cartilage and RA-SF, treatment with the non-specific Yap inhibitor
220

verteporfin was shown to reduce arthritis severity and cartilage invasion by RA-SF, respectively.18 However, verteporfin
exhibits Yap-
independent cytostatic and cytotoxic effects
and was previously shown to ameliorate AIA by inducing
immune cell apoptosis.19–21 Additionally, Yap is highly
expressed by endothelium and known to regulate endothelial
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Figure 6 Inducible ablation of Yap in Pdgfrα-expressing fibroblasts reduces inflammatory arthritis severity. Adult Yapfl/fl (Yap WT) or PdgfrαCreER;Yapfl/fl (Yap ciKO) mice received tamoxifen to activate Cre and KO Yap, prior to induction of AIA in one knee, with the contralateral knee serving
as control. Histological analysis was performed 9 days after arthritis induction. See online supplemental table 3 for mouse genotypes, sex and age.
(A) Yap expression in the inflamed synovium detected by IHC with haematoxylin counterstain. Histological images were selected from the same mice
as shown in panel (C). Boxed areas in images on the left are shown at higher magnification on the right. Scale bars: 50 µm. For isotype negative
control staining, see online supplemental figure 10f. (B) Yap expression in synovium, based on IHC staining intensity. P value indicates result of
two-tailed unpaired t-test (WT: n=9; ciKO n=6; pooled data from two experiments). (C) Synovitis and erosive damage in AIA knees detected by H&E
staining. Images show matched control and AIA knees from female mice in the same experiment with arthritis scores (WT: 5.00; ciKO: 2.99) close
to the average of their respective groups. Boxed areas in images on the left are shown at higher magnification on the right. Scale bars: 200 µm. (D)
Histological assessment of severity of synovial hyperplasia, immune infiltrates, cellular exudate and marginal erosions (all on scale 0–3), and overall
arthritis severity (scale 0–12). P values indicate results of Mann-Whitney U test (WT: n=9; ciKO: n=6, pooled data from two experiments). Lines and
error bars on all graphs indicate mean±95% CI. AIA, antigen-induced arthritis; S, synovium; WT, wild type; Yap, Yes-associated protein.
cell proliferation, migration and survival.35 Indeed, Yap was
recently reported to mediate synovial angiogenesis in AIA
mice, with verteporfin shown to reduce angiogenesis and
synovitis.35 Here, we unequivocally show, by conditional
ablation of Yap in SF using two different mouse models, a
specific role for Yap in driving the pathological behaviour of
SF in inflammatory arthritis. The recent demonstration of
additional roles for Yap in promoting synovial angiogenesis
further supports the possible therapeutic benefits of targeting
Yap in RA synovitis.35
We previously reported that increased Yap activity in Gdf5-
lineage SF drives synovial lining hyperplasia in a traumatic joint
surface injury model in mice.5 In the present study, we show
that ablation of Yap in Gdf5-lineage SF reduced not only synovial lining hyperplasia but also immune infiltration and erosive
damage in inflammatory arthritis. Decreased synovial lining
hyperplasia in AIA was also observed when Yap was knocked
out in fibroblasts in adult mice, showing this is not a result of
developmental defects resulting from Yap KO.
Although the upstream regulators of Yap activity are likely
to be context-dependent, we uncover a hitherto unappreciated
molecular link between Jak-mediated IL-6 signalling, pivotal in
RA pathogenesis, and the Yap-mediated invasive SF phenotype.
While IL-6 treatment of SF enhanced invasive behaviour, Yap
silencing completely prevented the IL-6-induced SF invasion.
JAK inhibition with baricitinib was shown to abrogate cytokine-
induced invasive behaviour of SF.36 Together, this suggests that

JAK inhibitors such as baricitinib could ameliorate RA disease in
part by modulating YAP activity in SF.
SF, which do not express the IL-6R, undergo pro-inflammatory
sIL6R-
mediated trans-
signalling, facilitated by cell surface
expression of GP130.33 We showed a strong correlation between
YAP and GP130 expression in human RA synovium, in accordance with evidence that YAP upregulates GP130 expression
in an autoregulatory loop,23 indicating that YAP plays a role
in amplifying IL-6 signalling and maintaining invasiveness in
RA-SF. YAP activation by IL-6 has also been reported in human
colorectal cancer cells.37 It is therefore plausible that the IL-6-
GP130-YAP pathway becomes activated in multiple disorders,
possibly as a general response to abnormal contexts jeopardising
organ/tissue homeostasis.
Snail was previously reported to be highly expressed in RA
synovium and SF, and its lentiviral vector-mediated silencing
in the joint ameliorated collagen-induced arthritis in rats.34 We
describe the formation of a complex between Yap and Snail in SF
from AIA mice and patients with RA. This complex was reported
to occur in skeletal stem cells to modulate their physiological
functions of self-renewal and lineage commitment,38 suggesting
cell-specific and context-dependent functions of the Yap–Snail
complex. Silencing of Yap was sufficient to prevent the invasive
phenotype induced by Snail overexpression, demonstrating a
requirement for active Yap to mediate SF invasiveness. Intriguingly, while Snail was reported to regulate the TNF-α-mediated activation of SF,34 in our study activation of Yap occurred
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Figure 7 IL-6 activates Yap through Jak and drives SF invasion by stimulating Yap–Snail interaction. (A) IL-6 activates Yap. Yap–Tead GFP reporter
cells were stimulated with 10 ng/mL TNF-α, 10 ng/mL IL-1β or 20 ng/mL IL-6/sIL6R, and GFP expression was quantified by flow cytometry (n=4–6
experiments). P value: one-way repeated measures ANOVA with Tukey’s post-test, performed on data before normalisation. (B) The Jak inhibitor
baricitinib prevents IL-6-induced Yap activation. Yap–Tead GFP reporter cells were treated with IL-6/sIL6R (20 ng/mL) and baricitinib (1 or 2 µM) for
48 hours under vehicle-controlled conditions, and GFP expression was quantified by flow cytometry (n=4 experiments). P values: one-way repeated
measures ANOVA with Tukey’s post-test, performed on data before normalisation. (C) Baricitinib prevents IL-6/sIL6R-induced Stat3 phosphorylation.
Yap–Tead GFP reporter cells were pretreated for 1 hour with baricitinib (10 µM) and then treated with IL-6/sIL6R (140 ng/mL) for 30 min, as indicated,
under vehicle-controlled conditions. Data are representative of n=3 experiments. See online supplemental figure 11 for uncropped Western blot
images. (D) IL-6/sIL6R treatment (10 ng/mL) does not affect Yap mRNA expression in AIA-SF after 24 hours. (E) Yap KD prevents the increased AIA-SF
invasiveness after IL-6/sIL6R treatment (10 ng/mL) for 48 hours. Dots are colour-coded to indicate five independent experiments using cells from four
different mice. P values: one-way repeated measures ANOVA with Tukey’s post-test. (F) Yap KD prevents the increased invasion of AIA-SF induced
by Snail overexpression. Dots are colour-coded to indicate four independent experiments using cells from three different mice. P values: one-way
repeated measures ANOVA with Tukey’s post-test. (G) Treatment with IL-6/sIL6R (5 ng/mL) for 4 hours increased Yap–Snail complex formation in
mouse SF, detected using proximity ligation assay. Transfection with constitutively active YAP-S127A was used as a positive control. Dots are colour-
coded to indicate independent experiments using cells from different mice (n=4). P values: repeated measures one-way ANOVA with Dunnet’s post-
test. Scale bars: 20 µm. (H) Treatment with IL-6/sIL6R (5 ng/mL) for 4 hours increased YAP–SNAIL complex formation in human SF, detected using
proximity ligation assay. Dots are colour-coded to indicate independent experiments using cells from different donors (n=3). P value: two-tailed paired
Student’s t-test. Scale bars: 20 µm. Lines and error bars on all graphs indicate mean±SD. ANOVA, analysis of variance; IL, interleukin; KD, knockdown;
OE, overexpression; SF, synovial fibroblast; Yap, Yes-associated protein.

downstream of IL-6 only, not TNF-α. Altogether, these findings
configure a synergistic cooperation of the inflammatory cytokine
network in RA to activate SF and transform them into destructive cells via inducing Yap–Snail interaction.
222

A recent study reported functionally distinct fibroblast subsets
in RA synovium, with destructive fibroblasts restricted to the
synovial lining layer and immune effector fibroblasts located
in the synovial sub-lining.2 In our study, we show that while in
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normal knee joint synovium the Gdf5-lineage SF were largely
confined to the synovial lining, as previously reported,5 in AIA
synovitis the Gdf5-
lineage SF underwent extensive proliferation and expansion throughout the synovium, indicating a
derangement of the anatomical segregation of fibroblast lineages
lineage SF to
during synovitis. Our findings show the Gdf5-
become erosive and support a role for Yap in the destructive
SF, possibly through modulation of MMP expression.28–30 The
reduced immune cell infiltrates in the synovium of Yap cKO mice
with AIA suggests that the Gdf5-lineage also includes immune
effector SF and that Yap may be needed in these cells to sustain
inflammation. Indeed, Gdf5-lineage SF from Yap cKO AIA mice
displayed reduced expression levels of IL-34, an inflammatory
cytokine produced by RA-SF able to support osteoclastogenesis39
and reported to be associated with synovitis severity in patients
with RA.40
In summary, we report a novel IL-6-Jak-Yap–Snail signalling
axis linking immune-
mediated inflammation with pathogenic
SF in RA. Our findings position Yap in RA-SF at the crossroads
between the activated immune system and their destructive
phenotype, and suggest Yap for SF-targeted therapy in RA.
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METHODS

Human tissue collection
Human synovial tissue samples were obtained from patients with a clinical diagnosis of RA after
informed consent, under the auspices of the NHS Grampian Biorepository and IRCCS Policlinico San
Matteo Foundation, either via ultrasound-guided synovial biopsy or during knee arthroplasty. Full
patient information is provided in Supplementary Table 4.

Mice
Animal experimental protocols were approved by the UK Home Office and the Animal Welfare and
Ethical Review Committee of the University of Aberdeen. All animal experiments were performed at
the University of Aberdeen Medical Research Facility after a minimum acclimatisation period of 6 days.
Experiments were designed to ensure that minimum numbers of mice were used to obtain biologically
significant results. To study the effect of Yap ablation in SF on arthritis severity, we adopted a groupsequential design to minimise animal use. Pdgfrα-H2BGFP, Pdgfrα-CreER, Gdf5-Cre, Cre-inducible R26TdTomato (Tom), Cre-inducible R26-Confetti, and Yapfl mice (Supplementary Table 1) were crossed to
generate mice for experiments. Genotyping was performed by PCR using DNA extracted from earclips,
or from post-mortem tissue biopsies. For Yap KO experiments, genotypes are indicated in
Supplementary Tables 2 and 3. All other transgenic mice were hemi/heterozygous for their respective
transgenes. Genotypes were confirmed at the analysis stage by PCR using DNA extracted from tissue
sections, detection of Yap by IHC, or detection of fluorescent protein expression. Mice whose
genotype at the time of analysis did not correspond with the genotype determined a priori were either
reassigned or excluded. Gdf5-Cre;Tom mice showing widespread (leaky) Cre-mediated
recombination[1] were excluded a priori via detection of Tom expression in peripheral blood,[2] or at
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the analysis stage. Mice were maintained on a 12:12 light-dark cycle with water and standard chow
provided ad libitum. To induce Cre-mediated recombination, starting at 8-9 weeks of age, PdgfrαCreER;Confetti mice, or Pdgfrα-CreER;Yapfl/fl and genotype control mice, received 200 mg/kg
tamoxifen dissolved in corn oil daily via oral gavage for 5 days, and 9 days later for a further 5 days.
Fluorescent protein expression was negligible in the absence of tamoxifen treatment. The arthritis
induction protocol was started 11-12 days after the last tamoxifen dose.

Antigen-induced arthritis (AIA)
Male and female mice, aged 8-14 weeks, were immunised with 200 µg methylated bovine serum
albumin (mBSA, Sigma) in 200 µl Complete Freund’s Adjuvant (Sigma) injected intradermally at 4 sites
under isoflurane anaesthesia. Seven days later, arthritis was induced by intra-articular injection of 100
µg mBSA in 10 µl phosphate-buffered saline (PBS) into the right knee under isoflurane anaesthesia.
The left knee (control) was injected with PBS only (Figs. 2-3) or not injected (Figs. 4-6). Paracetamol
(200 mg/kg) mixed with soft food was provided for 3 days following arthritis induction (Figs. 4, 5). Mice
were humanely killed between 3 and 9 days after AIA induction, and knees were collected for analysis.
For Yap KO experiments, mice were age- and sex-matched to their genotype controls (Supplementary
Tables 2 and 3). Arthritis induction was performed in no particular order by researchers blinded to
genotypes, and mice were maintained in the same room. Randomisation was not applicable to this
study since contralateral limbs served as controls, or group allocation was based on genotypes. For
BrdU-labelling of proliferating cells, 2 mg BrdU was either injected intraperitoneally on day 2 after AIA
induction and mice were killed 3 days post-AIA, or injected subcutaneously at the time of AIA induction
followed by 1 mg/ml BrdU in drinking water until mice were killed at 6 days post-AIA.
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Histological analyses
Mouse knees or human synovial tissue samples were fixed in paraformaldehyde, EDTA-decalcified as
needed, and paraffin- or cryo-sectioned, as described.[2] For Yap KO experiments, DNA was extracted
from paraffin tissue sections to confirm mouse genotypes by PCR. Immunohistochemistry (IHC) and
immunofluorescence (IF) stainings were performed as described[3] using antibodies listed in
Supplementary Table 5. To validate antibody stainings, donor-matched sections were stained, in
parallel, with isotype negative control antibodies that were species-matched, concentration-matched,
and matched for clonality to the antibody of interest. TRAP staining was performed using an Acid
Phosphatase, Leukocyte (TRAP) kit (Sigma-Aldrich) according to manufacturer’s protocol. Images were
acquired on a Zeiss Axioscan Z1, Olympus upright microscope, or Zeiss LSM710 confocal microscope
with ZEN software.

Image analysis
Zen 2.1 Lite software was used to visualise slide scanned images of 6 H&E-stained sections from each
knee, ≥75 µm apart, and arthritis severity scores were assigned at 0.25 increments to indicate the
observed extent of synovial lining hyperplasia (0-3), immune cell infiltration (0-3), cellular exudate (03), and erosions at the patellofemoral joint margins (0-3). To determine the erosion score, separate
scores were assigned to medial and lateral sides of the patella and femoral condyles, and the average
erosion score was calculated for each section. For each parameter, the average score per knee was
calculated, and scores of the 4 parameters were then summed to give an overall arthritis score (0-12).
For TRAP+ cell quantification, cells were counted along the medial and lateral femoral periosteum, or
endosteum of the femoral epiphysis, and the average per knee was calculated. Cell counting was
performed using ImageJ 1.47v, QuPath 0.1.2 or Zen 2.1 Lite software and normalised to length of
synovium analysed. For mouse IHC analysis, the average DAB intensity of 2 or 3 sections per mouse
was calculated in a 600 µm-length area along the medial patellofemoral synovium using QuPath 0.2.0
4
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software.[4] Replicate sections were stained on separate occasions, and within each staining
experiment, data were normalised to the average DAB intensity of the control group. For human IHC
analysis, the average DAB intensity of 1-5 sections per donor was measured in 200-400 µm-length
areas of quiescent and hyperplastic synovium using QuPath 0.2.0 software.[4] Hyperplastic areas were
recognised by the more roundish shape and large nuclei of RA-SF, as previously described.[5] Sections
were stained in two separate batches and data were normalised to the average DAB intensity of
quiescent areas. For the Yap KO experiments, researchers were fully blinded to genotypes throughout
all experiments, outcome assessments, and data analyses.

Micro-CT analysis
4% PFA-fixed mouse knee joints were scanned using a Skyscan 1072 micro-CT system (Bruker) with
the following settings: 40x magnification, 50 kV, 0.5 mm Al filter, 200 μA source current, 6.3 sec
exposure time, 0.68° rotation step over 180 degrees. Images were reconstructed using Nrecon 2.0.4.0
and visualised using Dataviewer 1.5.6.2, CtVol 2.0 and CtVox 3.3 (Bruker). Analysis was carried out
using Ctan v1.13. To accurately segment the bone structures across the whole dataset, a threshold
was set at 85-255 for the attenuation histogram and regions of interest (ROIs) were drawn around the
trabecular bone of the tibial epiphysis every 5 sections over a range of 105 sections to define the
volume of interest (VOI) for each limb.

Cell isolation, sorting, and culture
Cells were isolated from mouse knee joints by digestion with 1 mg/ml collagenase type IV (Sigma) as
described,[2] according to a protocol optimised for synovial cell isolation.[6] Cells were left unsorted,
or were sorted according to Tom fluorescence in conjunction with CD45-APC and Pdgfrα-BV421
immunostaining (Supplementary Table 6), using an Influx Cell Sorter (BD Biosciences) as previously

5
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described.[2] For in vitro experiments, cells were expanded in high-glucose Dulbecco's Modified Eagle
Medium (DMEM; Lonza) supplemented with 10% foetal bovine serum (FBS; ThermoFisher Scientific),
100 units ml-1 of penicillin and 0.1 mg ml-1 streptomycin (Sigma). C3H10T1/2 clone 8 mouse embryonic
fibroblasts and RAW264.7 mouse macrophages were purchased from the American Type Culture
Collection. C3H10T1/2 cells were maintained in alpha Minimum Essential Medium (αMEM)
supplemented with 4 mM L-glutamine and 10% FBS. RAW264.7 cells were cultured in low-glucose
DMEM with 2mM L-glutamine and 10% FBS.

Immunophenotyping of cells
Cells were stained with antibodies listed in Supplementary Table 6 and analysed by flow cytometry.
Data were acquired on a BD LSRII or Fortessa flow cytometer and analysed using FlowJo v10 software.
Unstained and single-labelled cells or antibody-labelled CompBeads (BD Biosciences) were used to set
compensation, and gating was informed by Fluorescence-Minus-One (FMO) controls and cells stained
with isotype negative control antibodies, as appropriate. Staining with Fixable Viability Dye eFluor
455UV (eBioscience, cat. no. 65-0868-18) or eFluor 780 (eBioscience, cat. no. 65-0865-14) was used
to exclude dead cells as indicated.

Gene overexpression, silencing and KO in vitro
p2xFLAG-hYAP1-S127A

was

a

gift

from

Marius

Sudol

(Addgene

plasmid

#17790;

http://n2t.net/addgene:17790; RRID:Addgene_17790).[7] p3xFLAG-mSnail was a gift from Celeste
Nelson (Addgene plasmid #34583; http://n2t.net/addgene:34583; RRID:Addgene_34583).[8] pCMVTag2A plasmid (Stratagene) was used as negative control. DsiRNA sequences (Supplementary Table 8)
were obtained from IDT (Integrated DNA Technologies). The universal negative control 1 (NC1) from
IDT was used. Transient transfections were performed using TransIT-X2 (Mirusbio) on cells plated at a

6
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density of 10,000 cells/cm2 and left to adhere for 24 h prior to transfection according to
manufacturer’s protocol. Medium was replaced 24 h after transfection, and cells were used for assays
after a further 24 h. For Yap KO in vitro, cells isolated from Yapfl/fl;Tom mice, or Tom mice as controls,
were plated at a density of 1,600 cells/cm2 and transduced with lentivirus encoding Cre recombinase.
The

LV-Cre

plasmid

was

a

gift

from

Inder

Verma

(Addgene

plasmid

#

12106;

http://n2t.net/addgene:12106; RRID:Addgene_12016) and lentivirus was produced as described
above. After 9 days, lentivirally-transduced cells were used to assess the effect of Yap KO on
proliferation.

RNA extraction, cDNA synthesis, and quantitative PCR
RNA was extracted using TRIZOL reagent (Invitrogen), miRNEasy/RNEasy Micro kits (Qiagen) or
PicoPure RNA Isolation Kit (ThermoFisher) using standard protocols, and quantified using a NanoDrop
ND-1000 spectrophotometer (Labtech). cDNA was synthesised from up to 1 µg of total RNA using
random hexamer primers and SuperScript IV Reverse Transcriptase (Invitrogen), according to the
manufacturer’s instructions. Quantitative PCR (qPCR) was performed with a Roche LightCycler 480
using SYBR Green Master (Roche). Primers were designed using Primer-BLAST (NCBI) and are listed in
Supplementary Table 9. Amplification of a single product of correct size was confirmed by agarose gel
electrophoresis and/or melting curve analysis. Relative concentrations were quantified by ΔΔCt or
standard curve method, and normalised to expression of HPRT or GAPDH.

Cell invasion
Cells were serum-starved overnight and seeded at 20,000 cells/well in the upper chamber of a 6.5 mm
diameter, 8 µm pore, transwell plate (Corning) pre-coated with Matrigel Growth Factor Reduced
Basement Membrane Matrix (Corning) at a concentration of 0.4 mg/ml. The upper and lower
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compartments were filled with serum-free DMEM and DMEM containing 20% FBS, respectively. Cells
were incubated for 24 h, fixed with 4% PFA, and stained with 0.5% crystal violet solution. Cotton swabs
were used to remove non-invasive cells from the upper chambers. Image tiling on a Zeiss LSM710
inverted confocal microscope was used to scan each transwell, and invasive cells were counted in 5
standard pre-determined regions and the average was calculated.

Cell proliferation
Cre-transduced Yapfl/fl;Tom or Tom SF were plated at a density of 4,200 cells/cm2, left to adhere
overnight, and then incubated with EdU (10 μM) for 16 hours. EdU incorporation into replicating DNA
was detected using an Alexa Fluor 647 Click-iT EdU detection kit (ThermoFisher Scientific). Flow
cytometry analysis was performed on a BD LSRII flow cytometer (BD Biosciences) and the percentage
of EdU-positive cells quantified using FlowJo v10 software (Tree Star).

Yap-Tead GFP reporter assay
The 8xGTIIC-luciferase vector was a gift from Stefano Piccolo (Addgene plasmid #34615;
http://n2t.net/addgene:34615; RRID:Addgene_34615).[9] To generate stable fluorescent Yap
reporter cells, Tead DNA-binding sequences were sub-cloned from the 8xGTIIC-luciferase vector into
the XbaI/ClaI site of a pGreenFire lentiviral reporter vector (System Biosciences). The strategy allows
control of copGFP expression by Yap-Tead binding upstream of an mCMV promoter. Lentivirus was
produced in HEK293T cells using jetPRIME (Polyplus-transfection), and packaging plasmids
pMDLg/pRRE (Addgene plasmid #12251; http://n2t.net/addgene:12251; RRID:Addgene_12251) and
pRSV-Rev (Addgene plasmid #12253; http://n2t.net/addgene:12253; RRID:Addgene_12253), and
envelope

plasmid

pMD2.G

(Addgene

plasmid

#12259;

http://n2t.net/addgene:12259;

RRID:Addgene_12259), all a gift from Didier Trono. C3H10T1/2 cells were transduced with the
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pGreenFire Yap reporter lentivirus or pGreenFire empty vector lentivirus. Monoclonal Yap reporter
cell lines were isolated using cloning cylinders. Stable Yap reporter cell lines were validated by
transient

transfection

with

the

p2xFLAGhYAP1

plasmid

(Addgene

plasmid

#17791;

http://n2t.net/addgene:17791; RRID:Addgene_17791) to overexpress Yap using jetPRIME (Polyplustransfection), according to manufacturer’s protocol. One Yap reporter cell line was selected for further
experiments. Yap reporter and empty vector control cells were seeded at 2,000 cells/cm2 in normal
growth media and allowed to attach for 24 h before overnight serum starvation followed by 48 h of
stimulation under serum-free conditions, as indicated. GFP fluorescence was detected using a BD
Fortessa flow cytometer and analysed using FlowJo v10. GFP fluorescence was normalised to the
empty vector control cells for each condition.

Protein expression and western blotting
C3H10T1/2 Yap-Tead reporter cells were seeded at 20,000 cells/cm2 in high-glucose DMEM (10% FBS,
4 mM L-glutamine) and allowed to attach for 24 h, before serum starvation for 2 h and stimulation
under serum-free conditions as indicated. Cells were lysed in PBS containing 0.1% sodium dodecyl
sulphate (w/v), 0.5% sodium deoxycholate (w/v), 1% Igepal, 2% (v/v) protease inhibitor cocktail
(Sigma, P8340) and 1% (v/v) each of phosphatase inhibitor cocktails (Sigma, P0044 and P5726). Protein
was quantified via bicinchoninic acid (BCA) assay (ThermoScientific), and equal amounts of total
protein were separated by SDS-PAGE. After semi-dry transfer to FL-PVDF membrane (Merck), blots
were probed with antibodies listed in Supplementary Table 7, and antibody binding was detected
using a LiCor Odyssey Imaging System.
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Proximity ligation assay
Cells were fixed in 4% PFA for 10 min, washed 3 times in PBS and incubated in 1% BSA in TBS-T for 45
mins, before incubation with antibodies against Yap (0.07 µg/ml) and Snail (5 µg/ml) (Supplementary
Table 5) overnight at 4°C. Yap-Snail complexes were detected by proximity ligation assay using the
Duolink In Situ PLA Probe Anti-Goat PLUS (Sigma), Duolink In Situ PLA Probe Anti-Rabbit MINUS
(Sigma) and Duolink In Situ Detection Reagents FarRed (Sigma), according to the manufacturer’s
instructions, followed by staining and mounting with Duolink In Situ Mounting Medium with DAPI
(Sigma). For each well, 10 images from random areas were acquired on a Zeiss LSM710 confocal
microscope, and the number of Yap-Snail complexes per cell was counted (average of 8 cells per image
counted).

Statistical analysis
All data points on graphs, and n-numbers in text, indicate individual human donors or mice, or
independent experiments. SigmaPlot v13 or v14 and GraphPad Prism v5 software were used for
statistical analysis. Tests used to determine statistical significance (p<0.05) are indicated in figure
legends. Normality and equal variances were tested in Sigmaplot using the Shapiro-Wilk and BrownForsythe tests, respectively. Ordinal data were analysed using a non-parametric Mann-Whitney U test.
Log-transformation was used to equalise variance prior to statistical testing as indicated. One Yap WT
AIA knee was accidentally damaged during sample processing, and another showed patellar
dislocation upon histological examination. These two mice were excluded. A Grubb’s outlier test was
used to identify and exclude 1 major outlier from the WT group of the Yap cKO experiments, with an
arthritis score of 1.108 and a z-value of 3.137 (p<0.05). The Pearson’s test was used for correlation
analysis.
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Supplementary Figure 2. Extended data Figure 4a,b. Freshly isolated cells from knees of adult Gdf5Cre;Tom;Pdgfrα-H2BGFP mice 6 days after AIA induction were analysed by flow cytometry (n=6; 5
males, 1 female, 11-14 weeks, pooled data from 2 experiments). (a) Gating strategy to identify single
live cells. Erythrocytes and debris were gated out based on Forward and Side Scatter profile. Doublets
and aggregates were excluded based on Forward Scatter parameters. Dead cells were excluded based
on viability dye staining. (b) Gating strategy to identify, within single live cells, the GFP+Tom+ and
GFP+Tom- cells. Gates were set using fluorescence-minus-one (FMO) controls, namely cells from a
Gdf5-Cre;Tom mouse (FMO GFP) or Pdgfrα-H2BGFP mouse (FMO Tom). (c) Representative flow
cytometry plots for the analysis of Podoplanin and Thy1 expression within the GFP+Tom+ and
GFP+Tom- cell populations. AIA: Cells isolated from AIA knee; Control: Cells isolated from contralateral
control knee. Gates were set using cells stained with isotype negative control antibodies (isotype), and
cells not stained with the respective antibody, which served as fluorescence-minus-one (FMO)
controls.
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Supplementary Figure 3. Lack of effect of Taz knockdown (KD) on AIA-SF invasiveness through
matrigel in a transwell assay. Taz expression was analysed by qRT-PCR to confirm efficient Taz KD.
Dots are colour-coded to indicate 3 experiments using independent SF cultures from 3 AIA mice. Pvalue indicates significance based on two-tailed paired Student’s t–test.
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Supplementary Figure 4. Freshly isolated cells from knees of adult Gdf5-Cre;Tom;YapWT/WT (Yap WT,
n=4) and Gdf5-Cre;Tom;Yapfl/fl mice (Yap cKO, n=4), 7 days after AIA induction, were sorted on a BD
Influx cell sorter. (a) Gating strategy for FACS performed on a BD Influx cell sorter. Debris was gated
out based on Forward (FSc) and Side Scatter (SSc) profile. Doublets and aggregates were excluded
based on FSc parameters. Gdf5-lineage cells were identified by Tom fluorescence and haematopoietic
cells by CD45-APC immunostaining. Non-Gdf5-lineage fibroblasts were identified from within the TomCD45- population by Pdgfrα-BV421 immunostaining. Gates are drawn for illustration purposes. (b,c)
Flow cytometry analysis of aliquots of sorted cells on an LSRII flow cytometer to determine purity.
Lines and error bars indicate mean ± SD (n=3-4; 1 Yap cKO Tom-Pdgfrα+ sorted sample was excluded
from analysis due to very low cell yield). See Supplementary Table 2 for mouse genotypes, sex and
age.
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Supplementary Figure 5. Effect of Yap KO on mouse SF proliferation in vitro. Cultured cells from
knees of adult YapWT/WT;Tom (Tom) or Yapfl/fl;Tom mice, transduced to express Cre, were incubated
with EdU and then analysed by flow cytometry. (a) Representative flow cytometry plots showing EdU
incorporation indicative of proliferation. (b) Percentage of EdU+ cells. (c) Confirmation of Yap KO by
qRT-PCR. Colour-coding indicates 3 experiments using SF cultures from different mice. P-values
indicate results of two-way ANOVA with Tukey’s post-hoc test.
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Supplementary Figure 9. Gdf5-lineage SF express the Gp130 subunit, but not the IL6Rα subunit, of
the IL6 receptor. Cell surface expression of Gp130 and IL6Rα in cultured Gdf5-lineage SF isolated from
knees of adult Gdf5-Cre;Tom;Pdgfrα-H2BGFP mice was detected by flow cytometry, with RAW264.7
macrophages analysed as a positive control. Representative histograms show fluorescence intensity
of IL6Rα-BV421 and Gp130-APC stained (red) and unstained (blue) cells. Representative of cells from
n = 3 mice.
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Supplementary Table 1. Transgenic mouse lines.
Short name
Gdf5-Cre
TdTomato
Pdgfrα-H2BGFP
Pdgfrα-CreER
Confetti
Yap1-flox

Full name
Tg(Gdf5-cre-ALPP)1Kng
B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J
B6.129S4-Pdgfratm11(EGFP)Sor/J
B6N.Cg-Tg(Pdgfra-cre/ERT)467Dbe/J
STOCK Gt(ROSA)26Sortm1(CAG-Brainbow2.1)Cle/J
Yap1tm1.1Fcam

Source
D Kingsley (Stanford)
JAX, stock no. 6774
JAX, stock no. 7669
JAX, stock no. 18280
JAX, stock no. 13731
F Camargo (Harvard)

Ref.
[1]
[10]
[11]
[12]
[13]
[14]

Supplementary Table 2. Yap cKO mice.
Figure

5a,c-e,h,
Suppl. Fig
6,7

Mice

Genotype [n]

Sex [n]

Age at end
in weeks
[range]

Yap WT

Gdf5-Cre;YapWT/WT;Tom [21]
Gdf5-Cre;YapWT/WT [1]
Yapfl/fl;Tom [2]

M [9];
F [15]

14.1
[11.4-15.9]

Yap cKO

Gdf5-Cre;Yapfl/fl;Tom [22]

Yap WT

Gdf5-Cre;YapWT/WT;Tom [4]

M [8];
F [14]
M [2];
F [2]

14.3
[11.6-16.0]
14.3
[13.3-16.1]

5b,g
Suppl. Fig
4

Yap cKO

Gdf5-Cre;Yapfl/fl;Tom [4]

M [2];
F [2]

13.9
[11.6-15.7]

5f

Yap cKO

Gdf5-Cre;Yapfl/fl;Tom [8]

M [7];
F [1]

13.1
[9.9-14.6]

Notes [n]

Leaky mice [3] and mice
without Tom [1] or Gdf5Cre [2] were excluded
from Tom analysis.

Tom-Pdgfrα+ sorted
sample [1] had low cell
yield and was excluded
from analysis (Fig. 5b,
Suppl. Fig 4).

Supplementary Table 3. Yap ciKO mice.
Figure

Mice

Genotype [n]

Sex [n]

Yap WT

Yapfl/fl [9]

M [4]; F [5]

Yap ciKO

Pdgfrα-CreER;Yapfl/fl [6]

M [3]; F [3]

6

Age at end in
weeks [range]
15.2
[15.0-15.4]
15.2
[15.0-15.3]
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Supplementary Table 4. RA patient information.
Patient

Age

Sex

Procedure

Joint

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

68
58
56
57
57
55
61
54
60
60
63
62
52
83
69
54
66

M
F
M
F
F
F
F
F
F
F
F
F
F
M
F
M
F

US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
US-guided biopsy
Arthroplasty
Arthroplasty
Arthroplasty
Arthroplasty
Arthroplasty

Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee
Knee

Disease
duration
16 months
24 months
90 months
6 months
48 months
6 months
55 months
11 months
120 months
9 months
120 months
12 months
9 years
18 years
6 years
12 years
16 years

ACPA

RF

Usage

Positive
Positive
Negative
Positive
Negative
Negative
Negative
Negative
Negative
Positive
Positive
Negative
Negative
n/a
Negative
n/a
n/a

Positive
Positive
Negative
Positive
Negative
Positive
Positive
Negative
Negative
Positive
Positive
Negative
Negative
Positive
Positive
n/a
Positive

qPCR
qPCR
qPCR
qPCR
qPCR
qPCR
qPCR
qPCR
qPCR
qPCR, IHC
IHC
IHC
IHC, IF, CC
IF
IHC, IF
IHC, CC
IHC, IF, CC

ACPA: anti-citrullinated protein antibodies; RF: Rheumatoid Factor; US: ultrasound; n/a: information
not available; qPCR: quantitative RT-PCR; IHC: immunohistochemistry; IF: immunofluorescence
staining; CC: cell culture.
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Supplementary Table 5. Antibodies for immunohistochemistry and immunofluorescence staining.
Antibody
Yap
Snail
Ctgf
mCherry (detects Tom)
mCherry (detects Tom)
RFP (detects Tom)
GFP
GFP
BrdU
CD55
CD68
Rabbit IgG isotype control
Rabbit IgG isotype control
Goat IgG isotype control
Mouse IgG1 isotype control
Rat IgG1 isotype control
Chicken IgY isotype control
Donkey anti-goat IgG
Donkey anti-rabbit IgG
Donkey anti-rat IgG
Horse anti-goat
Goat anti-rabbit

Clone
D8H1X
polyclonal
polyclonal
polyclonal
polyclonal
polyclonal
polyclonal
polyclonal
BU1/75 (ICR1)
polyclonal
KP1
DA1E
polyclonal
polyclonal
G3A1
43414
polyclonal
polyclonal
polyclonal
polyclonal
polyclonal
polyclonal

Manufacturer
Cell Signaling
Abcam
Abcam
Sicgen
Novus Biologicals
Rockland
Abcam
Abcam
Abcam
R&D Systems
eBioscience
Cell Signaling
R&D Systems
R&D Systems
Cell Signaling
R&D Systems
R&D Systems
Abcam
Abcam
Abcam
Vector
Vector

Cat. No.
14074
ab53519
ab6992
ab0081
NBP2-25158SS
600-401-379
ab6556
ab13970
ab6326
AF2009
14-0688-82
3900
AB-105-C
AB-108-C
5415
MAB005
AB-101-C
ab150129
ab150068
ab150156
BA-9500
BA-1000

Conjugation
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
unconjugated
Alexa Fluor 488
Alexa Fluor 594
Alexa Fluor 594
biotinylated
biotinylated

Supplementary Table 6. Antibodies for flow cytometry.
Antibody
CD90
Podoplanin
Pdgfrα
CD45
IL-6Rα
Gp130

Clone
OX-7
8.1.1
APA5
30-F11
D7715A7
KPG130

Manufacturer
BD Biosciences
Biolegend
BD Horizon
BD Pharmingen
BD Biosciences
eBioscience

Cat. No.
563770
127410
562774
559865
740038
17-1302-82

Conjugation
BV421
APC
BV421
APC
BV421
APC

Cat. No.
#9145
#9139
ab8245
926-68072
926-32211

Conjugation
unconjugated
unconjugated
unconjugated
IRDye 680RD
IRDye 800CW

Supplementary Table 7. Antibodies for western blotting.
Antibody
pStat3
Stat3
Gapdh
Donkey anti-mouse
Goat anti-rabbit

Clone
D3A7
124H6
6C5
polyclonal
polyclonal

Manufacturer
Cell Signaling
Cell Signaling
Abcam
LI-COR
LI-COR
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Supplementary Table 8. DsiRNA sequences.
Name
Mouse Yap DsiRNA #1 sense
Mouse Yap DsiRNA #1 antisense
Mouse Yap DsiRNA #2 sense
Mouse Yap DsiRNA #2 antisense
Mouse Taz DsiRNA sense
Mouse Taz DsiRNA antisense
Human YAP DsiRNA sense
Human YAP DsiRNA antisense
Human TAZ DsiRNA sense
Human TAZ DsiRNA antisense
Negative control 1 DsiRNA sense
Negative control 1 DsiRNA antisense

Sequence 5’-3’
rArUrCrUrUrCrUrGrGrUrCrArArArGrArUrArCrUrUrCrUTA
rUrArArGrArArGrUrArUrCrUrUrUrGrArCrCrArGrArArGrArUrGrU
rCrCrArCrCrArArGrCrUrArGrArUrArArArGrArArArGrCTT
rArArGrCrUrUrUrCrUrUrUrArUrCrUrArGrCrUrUrGrGrUrGrGrCrA
rGrArUrArCrUrUrCrCrUrUrArArUrCrArCrArUrArGrArGAA
rUrUrCrUrCrUrArUrGrUrGrArUrUrArArGrGrArArGrUrArUrCrUrC
rGrGrUrCrArGrArGrArUrArCrUrUrCrUrUrArArArUrCrACA
rUrGrUrGrArUrUrUrArArGrArArGrUrArUrCrUrCrUrGrArCrCrArG
rGrGrUrArCrUrUrCrCrUrCrArArUrCrArCrArUrArGrArAAA
rUrUrUrUrCrUrArUrGrUrGrArUrUrGrArGrGrArArGrUrArCrCrUrC
rCrGrUrUrArArUrCrGrCrGrUrArUrArArUrArCrGrCrGrUAT
rArUrArCrGrCrGrUrArUrUrArUrArCrGrCrGrArUrUrArArCrGrArC

Supplementary Table 9. qPCR primer sequences.
Gene
Mouse Yap
Mouse Taz
Mouse Gapdh
Mouse Hprt
Mouse Mmp3
Mouse Mmp9
Mouse Mmp12
Mouse Mmp13
Mouse Mmp14
Mouse IL6
Mouse IL33
Mouse IL34
Human YAP
Human TAZ
Human SNAIL
Human CTGF
Human GP130
Human GAPDH

Forward primer
GCCCGACTCCTTCTTCAAG
AGCTCAGATCCTTTCCTCAATG
TGGATTTGGACGCATTGGTC
CAAACTTTGCTTTCCCTGGT
TCTGGGCTATACGAGGGCACGAGG
CCATGCACTGGGCTTAGATCAT
GGAGCTCACGGAGACTTCAACT
AAGATGTGGAGTGCCTGATG
TAAGCACTGGGTGTTTGACGAA
GAGGATACCACTCCCAACAGACC
TCCTTGCTTGGCAGTATCCA
ACTCAGAGTGGCCAACATCACAAG
CGCTCTTCAACGCCGTCA
TATCCCAGCCAAATCTCGTG
AATCGGAAGCCTAACTACAGCG
GTTTGGCCCAGACCCAACT
AGGACCAAAGATGCCTCAAC
AACAGCGACACCCACTCCTC

Sequence 5’-3’
Reverse primer
GAGTGAGCTCGAACATGCT
ACCTGTATCCATCTCGTCCAT
TTTGCACTGGTACGTGTTGAT
CAACAAAGTCTGGCCTGTATC
TGGCAGCATCGATCTTCTTCACGG
CAGATACTGGATGCCGTCTATGTC
CCTTGAATACCAGGTCCAGGATA
AAGGCCTTCTCCACTTCAGA
CCCTCGGCCAAGCTCCT
AAGTGCATCATCGTTGTTCATACA
TGCTCAATGTGTCAACAGACG
ATTGAGACTCACCAAGACCCACAG
AGTACTGGCCTGTCGGGAGT
TTCTGCTGGCTCAGGGTACT
GTCCCAGATGAGCATTGGCA
GGAACAGGCGCTCCACTCT
GAATGAAGATCGGGTGGATG
CATACCAGGAAATGAGCTTGACAA
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