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Abstract

Objective.—Yes-associated protein (YAP) has been widely studied as a mechanotransducer in 

many cell types, but its function in cartilage is controversial. The aim of this study was to identify 

the effect of YAP phosphorylation and nuclear translocation on the chondrocyte response to 

stimuli relevant to osteoarthritis (OA).

Design.—Cultured normal human articular chondrocytes from 81 donors were treated with 

increased osmolarity media as an in vitro model of mechanical stimulation, fibronectin fragments 
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(FN-f) or IL-1β as catabolic stimuli, and IGF-1 as an anabolic stimulus. YAP function was 

assessed with gene knockdown and inhibition by verteporfin. Nuclear translocation of YAP and 

its transcriptional co-activator TAZ and site-specific YAP phosphorylation were determined by 

immunoblotting. Immunohistochemistry and immunofluorescence to detect YAP were performed 

on normal and OA human cartilage with different degrees of damage.

Results.—Chondrocyte YAP/TAZ nuclear translocation increased under physiological 

osmolarity (400 mOsm) and IGF-1 stimulation, which was associated with YAP phosphorylation 

at Ser128. In contrast, catabolic stimulation decreased the levels of nuclear YAP/TAZ through 

YAP phosphorylation at Ser127. Following YAP inhibition, anabolic gene expression and 

transcriptional activity decreased. Additionally, YAP knockdown reduced proteoglycan staining 

and levels of type II collagen. Total YAP immunostaining was greater in OA cartilage, but YAP 

was sequestered in the cytosol in cartilage areas with more severe damage.

Conclusions.—YAP chondrocyte nuclear translocation is regulated by differential 

phosphorylation in response to anabolic and catabolic stimuli. Decreased nuclear YAP in OA 

chondrocytes may contribute to reduced anabolic activity and promotion of further cartilage loss.
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Introduction

Normal physiologic loading promotes joint tissue homeostasis while abnormal or excessive 

mechanical loading leads to increased catabolic activity and promotes the onset and 

progression of osteoarthritis (OA) 1–3. Articular chondrocytes translate external mechanical 

cues into signaling conduits that impact joint tissue homeostasis through a wide range 

of molecular pathways 4. Mechanical signaling often operates in conjunction with cues 

provided by soluble factors present in the pericellular matrix. To identify potential targets 

for the treatment of OA, it is important to characterize the interaction of mechanical 

and catabolic mediators at the molecular level. Among the molecules that are known to 

sense and mediate mechanical signals, Yes-associated protein (YAP) and its transcriptional 

coactivator with PDZ-binding motif (TAZ) are direct mechanotransducers 5. In addition to 

mechanical cues, YAP/TAZ pathway activation promotes YAP/TAZ nuclear translocation 

which can be modified by different stimuli including cell density, growth factors and 

cytokines 6,7. Translocation of YAP into the nucleus regulates gene expression by interacting 

with transcription factors to control proliferation, apoptosis, differentiation, and maturation 

in various tissues8,9. However, the mechanism by which nuclear translocation of YAP is 

regulated in articular cartilage remains unclear.

Studies of YAP in chondrocytes thus far have produced conflicting results. Pro-inflammatory 

cytokines induced YAP degradation in chondrocytes and promoted catabolic effects10. In 

contrast, increased extracellular matrix (ECM) stiffness, which is seen in OA cartilage, 

triggered YAP activation to worsen cartilage damage11,12. In OA cartilage samples, YAP 

levels were reduced in association with increased OA severity in one study10, whereas 
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two other studies reported higher levels of YAP in human OA cartilage compared to 

normal11,13. In terms of YAP activation, YAP nuclear localization was noted to be higher 

in OA than normal cartilage12. Furthermore, targeting YAP in preclinical OA models has 

also shown inconsistent outcomes. Conditional YAP knockout in cartilage using a Col2a1 
Cre driver either aggravated or ameliorated cartilage damage in the destabilized medial 

meniscus (DMM) model of OA in mice in two conflicting studies10,12. YAP overexpression 

using intra-articular (IA) injection of YAP-expressing lentivirus attenuated experimental OA 

induced by anterior cruciate ligament transection14 while a study that used IA lentivirus to 

express YAP siRNA for YAP knockdown reported alleviation of OA in the same mouse OA 

model11. Therefore, the effect of YAP on cartilage homeostasis under different cellular and 

environmental conditions and whether it promotes anabolic or catabolic activity is not clear 

and varies widely among studies.

The present study aimed to investigate the role of YAP in chondrocyte homeostasis in 

response to different physiologic and OA-related stimuli to gain a better understanding of 

the expression, regulation, and function of YAP in human cartilage. Joint loading during 

normal daily activities increases the osmolarity of the cartilage extracellular matrix by 

promoting water to be exuded from the tissue, retaining negatively charged proteoglycans 

and attracting positive counter-ions15,16. Hence, increased osmolarity was used as an in 
vitro model of joint loading in our study. Human articular chondrocytes were cultured in 

400 mOsm media which is within physiological osmolarity in cartilage, in conditions of 

pathological osmolarity (600 mOsm media) or in standard DMEM/F12 media (300 mOsm) 

as control15,17. We evaluated whether osmotic stimulation induced YAP and TAZ nuclear 

translocation and determined if this was accompanied by changes in anabolic effects. 

YAP/TAZ nuclear translocation in response to anabolic and catabolic stimuli and regulation 

by site-specific YAP phosphorylation were also studied as was the location and regulation 

of YAP in normal human and OA cartilage. Our overall findings support a positive role for 

YAP/TAZ in maintaining cartilage homeostasis.

Materials and Methods

Antibodies and Reagents

Antibodies against phospho-YAP (Ser127) (#13008), total-YAP (#14074), phospho-p65 

(Ser536) (#3033), total-P65 (#8242), phospho-IκBα (Ser32) (#2859), total-IκBα (#4812), 

TBP (#8515), and GAPDH (#2118) were from Cell Signaling Technology. Antibodies 

against phospho-YAP (Ser128) (#PA5–117264) and 14–3-3 (#51–0700) were from Thermo 

Fisher. The antibody against total TAZ (#HPA007415) was from EMD Millipore. 

The antibody against LDH (#20-LR22) was from Fitzgerald. Purified endotoxin-free 

recombinant 42 kDa FN-f was produced as previously described 18. IGF-1 was from 

AUSTRAL Biologicals (# GF-050–4), and IL-1β was purchased from R&D Systems (#201-

LB-005). The YAP inhibitor verteporfin was from Sigma (#SML0534), and an activator, 

lysophosphatidic acid, was from Santa Cruz (#sc-201053).
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Primary chondrocyte isolation, culture, and stimulation

Normal human cartilage was obtained from talocrural joints of tissue donors (n=81, mean 

age ±SD= 58.46±11.34, 17 females and 64 males) through the Gift of Hope Organ and 

Tissue Donor Network (Itasca, IL). The donors had no known history of joint disease. 

The tissue was graded as described 19 using the modified Collins grading system (details 

in Supplementary Methods). Only cartilage with Collin’s grade 0–1 or normal appearing 

cartilage from joints with Collins’s grade 2 was used. Osteoarthritic cartilage samples (n = 

32 donors, mean age 62.53±8.47, 20 females and 12 males) were obtained from patients 

undergoing total knee arthroplasty at the University of North Carolina Hospital Hillsborough 

Campus (Hillsborough, NC, USA). Chondrocytes were isolated and cultured in DMEM/F12 

media supplemented with 10% fetal bovine serum (FBS) (#97068–085; VWR Seradigm) as 

described20. Experiments were performed on unpassaged primary chondrocyte monolayers 

upon 80–90% confluency. For each experiment, chondrocytes isolated from the joints 

of one donor were treated with stimuli for different time points and regarded as one 

independent biological experiment. The experiments were repeated at least three times 

using chondrocytes from 3 different donors as biological repeats. For the experiments using 

chondrocytes from homozygous mice carrying the YAP1flox allele, femoral cap cartilage 

was pooled from one batch of mice (10 to 22 mice per batch), enzymatically digested, and 

cultured as described above. Experiments with cells from one batch of mice were regarded 

as one independent biological experiment and further biological repeats were done using 

chondrocytes from another two batches of different mice.

Osmotic stress

Media osmolarity was determined with a vapor pressure osmometer (VAPOR™ Model 5520; 

WESCOR) using 300 mOsm as the iso-osmotic point. DMEM/F12 media without FBS (300 

mOsm) was used as iso-osmotic media. Osmotic media (400 mOsm) and hyperosmotic 

media (600 mOsm) were prepared by adding sucrose or NaCl to iso-osmotic media to 

achieve the desired osmolarity.

Cell lysate preparation and immunoblotting

Chondrocytes were lysed, nuclear and cytosolic preparations prepared, and immunoblotting 

performed and analyzed as described in the Supplementary Methods.

Quantitative real-time PCR (RT–qPCR)

Total RNA was isolated from chondrocytes using an RNeasy Mini Kit (#74004; Qiagen) 

according to the manufacturer’s instructions. Details of RT-PCR and primers used are 

provided in the Supplementary Methods.

Nucleofection and adenoviral transduction

A luciferase reporter plasmid with SOX9-dependent COL2A1 enhancer elements (a kind 

gift from Veronique Lefebvre, University of Pennsylvania) was used to quantify the 

transcriptional activity of SOX9 and adenovirus expressing the NFκB luciferase reporter 

(Ad5 HSV-NFκB-luc) (#Ad4059; Gene Transfer Vector Core, U of Iowa) was used for 

NFκB. A TEA/ATTS domain (TEAD) promoter-luciferase reporter plasmid was from 

Cui et al. Page 4

Osteoarthritis Cartilage. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Addgene (#83467). Details of nucleofection and adenoviral transduction are provided in the 

Supplementary Methods. Luciferase activity was analyzed using a luciferase assay system 

(#E1500; Promega) according to the manufacturer’s instructions.

Live cell imaging

Human chondrocytes were transfected with YAP-EGFP plasmid (#17843; Addgene) and 

seeded into glass-bottom dishes (Cellvis, Cat. No. D35–20-1.5H). 48 hrs later, the cells were 

serum starved overnight before experiments. Imaging was done at 37°C using a confocal 

microscope system (Zeiss LSM 710) equipped with a temperature- and CO2 (5%)-controlled 

incubator (Pecon, Incubator PM 2000 RBT). Images were acquired each 2 min with sucrose 

or NaCl (400 mOsm) being added after the third scan and recorded for 1 hr. Nucleus was 

stained with Hoechst 33342 (#62249; Thermo Fisher).

Pellet culture and Safranin O staining

Mouse chondrocytes were washed with serum free DMEM-high glucose (DMEM-HG, 

#11995–065; Sigma) and seeded at 2×105 cells per well into polypropylene, v-bottom 

96-well plates (#249946; Thermo Fisher). Pellets were collected for histological analysis on 

day 14. Details for pellet cultures and Safranin O staining are provided in the Supplementary 

Methods.

Immunohistochemistry

Human cartilage and mouse chondrocyte pellets were embedded in paraffin, sectioned at 6 

μm thickness and processed for immunohistochemistry with primary antibodies against total 

(t)-YAP, phosphorylated (p)-YAP (Ser127) and 14–3-3 as detailed in the Supplementary 

Methods. Quantification was performed by counting the number of chondrocytes that 

stained positive and the total number of chondrocytes. For each donor, 9 fields (10X 

magnification) from at least 4 stained cartilage sections were examined by two independent 

readers. Final values were the average of the percentage of positive cells based on the nine 

fields.

Immunofluorescence staining and image analysis

Frozen sections of human cartilage (20 μm thick) were processed for immunofluorescence 

and image analysis using primary antibody for t-YAP as detailed in the Supplementary 

Methods. Images of human cartilage tissues were captured using a Zeiss LSM 700 confocal 

microscope system (Carl Zeiss).

Statistical analysis

The data were analyzed and graphed using GraphPad Prism version 8 (GraphPad Software, 

Inc.) with further analysis using R version 4.2.1. The results are presented graphically 

as mean values with standard deviations (SD). The means and 95% confidence intervals 

(CIs) are provided in the text for selected results. Exact biological replicates for each 

experiment are provided in the figure legends where each number (n) indicates the number 

of biologically independent donors. Details of the statistical analysis are provided in the 

Supplementary Methods.
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Results

Osmotic but not hyperosmotic stimulation induces YAP/TAZ nuclear translocation and 
promotes anabolic gene expression in human chondrocytes

We tested whether increased osmolarity, as a model for mechanotransduction, induces YAP 

nuclear translocation together with its transcriptional coactivator TAZ. Immunoblot analysis 

revealed that compared to standard media of 300 mOsm, 400 mOsm media produced using 

sucrose or NaCl increased YAP nuclear translocation (mean difference (95% CIs) at 1 hr, 

Sucrose: 0.89 (0.43, 1.35), NaCl: 0.89 (0.14, 1.63)). However, increasing osmolarity to 600 

mOsm using sucrose lowered nuclear YAP abundance at all time points. Similar trends were 

observed for nuclear TAZ (Fig. 1 A–D). In line with these observations, live-cell imaging by 

confocal microscopy of chondrocytes expressing YAP-EGFP also indicated that 400 mOsm 

sucrose or NaCl treatment induced YAP nuclear translocation (Fig. 1E, F).

To investigate if the 400 mOsm media that increased YAP/TAZ nuclear levels was associated 

with changes in anabolic gene expression, we used a SOX9-dependent COL2A1 enhancer-

luciferase reporter (Fig. 2 A). Compared to standard 300 mOsm media, 400 mOsm induced 

by either sucrose or NaCl increased the activity of this enhancer after 12 hr by 2.8-fold (95% 

CIs: 2.5–3.1) and 3.5-fold (95% CIs: 2.5–5.1), respectively (Fig. 2 B, C). We examined the 

expression of two YAP downstream target genes, CTGF and CYR61, and three anabolic 

genes, SOX9, ACAN and COL2A1, starting at 3 hrs after incubation in 300 mOsm and 400 

mOsm media. (Fig. 2 D, E). The 400 mOsm media produced using either sucrose or NaCl 

increased the expression of CTFG at 3, 6 or 18 hrs and increased CYR61 at 6 or 18 hrs. 

SOX9 was increased at 3, 6 or 18 hrs; ACAN was increased at 3 and 6 hrs in 400 mOsm 

media created using sucrose but not NaCl.

To examine the effect of YAP/TAZ nuclear translocation on catabolic signaling under 400 

mOsm conditions, we incubated chondrocytes in 300 mOsm control media or 400 mOsm 

media for 30 min and then added 10 ng/ml IL-1β. Medium (400 mOsm) produced using 

either sucrose or NaCl promoted YAP nuclear translocation and inhibited IL-1β-induced 

NFκB signaling, as indicated by decreased cytosolic p-P65, p-IκBα and nuclear t-P65 

levels as well as reduced NFκB luciferase activity (Supplementary Fig. S1). These findings, 

combined with the effects on anabolic gene expression, suggest that increased nuclear 

YAP/TAZ seen in cells incubated in 400 mOsm media is associated with increased anabolic 

and reduced catabolic activity.

Pharmacological inhibition and gene knockdown of YAP reduces chondrocyte anabolic 
activity

To determine if YAP nuclear translocation promotes chondrocyte anabolic activities, the 

YAP-specific inhibitor verteporfin (VP) was used. Treatment of chondrocytes with VP 

inhibited YAP nuclear translocation (Fig. 3 A, B) and the expression of the YAP target 

genes CTGF and CYR61 (Fig. 3 C), verifying the YAP inhibitory effect of VP. Inhibition 

of YAP with 1 μM VP also reduced the basal expression of SOX9, COL2A1 and ACAN 
(Fig. 3 D) and blocked the elevated activity of the SOX9-dependent COL2A1 enhancer 

induced by 400 mOsm media (Fig. 3 E). To further test the pro-anabolic effect of YAP, we 
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isolated chondrocytes from homozygous mice carrying the YAP1flox allele (YAP1flox/flox) 

and knocked down YAP expression by transduction with an adenovirus that expresses 

Cre recombinase with a GFP tag (Ad-Cre-GFP) or an EGFP-expressing adenovirus (Ad-

EGFP) as a control (Fig. 4 A). Adenoviral transduction was verified by fluorescence 

microscopy (Fig. 4 B), and YAP knockdown was verified by immunoblotting (Fig. 4 C, 

D). Pellet cultures generated from YAP knockdown and wild-type control chondrocytes 

were generated. YAP knockdown was confirmed by IHC and was associated with reduced 

proteoglycan staining using safranin-O as well as decreased levels of type II collagen via 

IHC (Fig. 4 E). We also tested a proposed YAP activator, lysophosphatidic acid (LPA) 
21, which can increase YAP nuclear translocation (Supplementary Fig. S2 A, B). LPA 

increased the activity of the SOX9-dependent COL2A1 enhancer-luciferase reporter by 

2.2-fold (95% CIs: 1.2–1.9) (Fig. S2 C) and the expression of the YAP target genes CTFG 
(mean difference (95% CIs): 1.56 (0.38, 2.75)) and CYR61 (mean difference (95% CIs): 

0.70 (0.29, 1.11)). LPA also increased the expression of COL2A1 (mean difference (95% 

CIs): 1.30 (0.08, 2.52)) but not SOX9 or ACAN (Fig. S2 D). Taken together these findings 

support an anabolic effect of YAP nuclear translocation.

YAP nuclear translocation mediated by differential phosphorylation is induced by an 
anabolic stimulus and inhibited by catabolic stimuli

We further investigated YAP/TAZ nuclear translocation in response to pro-anabolic and 

catabolic stimuli in human chondrocytes. Following treatment with IGF-1, a pro-anabolic 

factor, YAP nuclear translocation was induced starting at 1 hr (mean difference (95% CIs): 

0.65 (0.25, 1.05)) and decreased back to basal levels at 6 hrs (Fig. 5 A, D). A similar trend 

was observed for nuclear TAZ. On the other hand, fibronectin fragments (FN-F) that are 

found in OA cartilage and synovial fluid and activate chondrocyte catabolic signaling 22 

gradually decreased the levels of nuclear YAP and TAZ, as did IL-1β (Fig. 5 B, C, E, F). 

These results demonstrate differential YAP translocation in response to anabolic vs catabolic 

mediators.

YAP phosphorylation at Ser127 leads to its cytosolic retention, while phosphorylation at 

Ser128 blocks its sequestration in the cytosol and enhances nuclear translocation 23,24. To 

determine if differential chondrocyte YAP nuclear translocation in response to anabolic and 

catabolic stimuli was regulated by differential YAP phosphorylation, we treated human 

chondrocytes with two different anabolic stimuli (incubation in 400 mOsm media or 

stimulation with IGF-1) and two different catabolic stimuli (FN-f or IL-1β). Culture with 

both anabolic stimuli increased YAP phosphorylation at Ser128, while the level of YAP 

phosphorylated at Ser127 did not change, resulting in an increased ratio of p-YAP (Ser128) 

to p-YAP (Ser127) (Fig. 6 A–D). In contrast, FN-f and IL-1β induced YAP phosphorylation 

at Ser127. The Ser128 phosphorylation remained the same with FN-f and was slightly 

decreased with IL-1β (Fig. 6 E–H). As a result, the ratio of p-YAP (Ser128) to p-YAP 

(Ser127) decreased with the two catabolic stimuli.

To further investigate the effects of IGF-1 on YAP activity, we transfected chondrocytes 

with a TEA/ATTS domain (TEAD) promoter-luciferase reporter construct. YAP/TAZ are 

the primary co-activators of TEAD-mediated transcription and we noted increased TEAD 
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activity 3 hrs after IGF-1 treatment (Fig. S3) which matches the time when YAP and TAZ 

have translocated to the nucleus (Fig. 5). We investigated upstream kinases responsible 

for IGF-1 mediated YAP nuclear translocation by treating chondrocytes with inhibitors 

to nemo-like kinase (NLK), GSK-3β and PI-3 kinase, as detailed in the Supplementary 

Methods. We found that inhibition of NLK or PI-3 kinase but not GSK-3β reduced YAP 

nuclear translocation (Fig. S3) suggesting both kinases are involved.

YAP cytosolic sequestration is associated with YAP Ser127 phosphorylation in human 
cartilage

To investigate the regulation of YAP in human OA cartilage, we isolated chondrocytes from 

less damaged and damaged regions of cartilage from knee arthroplasties from the same 

patients with OA. Immunoblotting of fractionated cell lysates was used to evaluate the levels 

of nuclear YAP and cytosolic YAP. Chondrocytes isolated from the damaged region of OA 

cartilage exhibited a lower level of nuclear YAP than cells from the less damaged regions 

(Fig. 7 A, D, E).

We analyzed the levels of YAP and YAP phosphorylated at Ser127 in normal human 

cartilage and OA cartilage by IHC. Levels of YAP were higher in both damaged and less 

damaged OA cartilage compared to normal (Fig. 7 B, F) while levels of p-YAP (Ser127) 

were higher in OA cartilage compared to normal and higher in the more damaged region 

of OA cartilage compared to the less damaged region (Fig. 7 C, G). These results were 

confirmed using immunofluorescence, which demonstrated higher nuclear YAP in less 

damaged regions compared with both damaged OA regions and normal cartilage. (Fig. 

7 H, J). Finally, we treated chondrocytes isolated from normal cartilage, less damaged, 

and damaged OA cartilage with IGF-1 for 2 hrs. There was no change of p-YAP 

(Ser128) in response to IGF-1 in chondrocytes from damaged regions, indicating a reduced 

responsiveness to IGF-1 in terms of YAP activation in OA chondrocytes (Fig. 7 I, K, 

Supplementary Table S1).

Discussion

The activation of YAP relies on translocation from the cytoplasm to the nucleus in response 

to diverse upstream stimuli 7,25. We found that differential YAP phosphorylation and nuclear 

translocation regulates anabolic activity in response to OA-relevant stimuli in primary 

human chondrocytes (summarized in Fig. 8). Catabolic stimuli (IL-1β and fibronectin 

fragments) resulted in phosphorylation of YAP at Ser127, leading to YAP cytosolic 

retention, while anabolic stimuli (physiologic osmotic stimulation and IGF-1) induced YAP 

phosphorylation at Ser128 with enhanced YAP nuclear translocation. The findings that YAP 

nuclear translocation increased chondrocyte anabolic activity and that YAP was retained 

in the cytosol in severely damaged regions of human OA cartilage are consistent with a 

role for YAP in maintaining cartilage homeostasis that is lost in advanced OA. Our results 

support previous studies suggesting a positive role for YAP in the joint 10,14 and indicate the 

importance of considering YAP phosphorylation and evaluating both cytosolic and nuclear 

levels of YAP and its co-regulator TAZ to determine YAP/TAZ activation status.
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Using increased osmolarity of the chondrocyte media as an in vitro model of joint loading, 

we found that YAP/TAZ nuclear translocation was induced by 400 mOsm media but 

blocked by higher osmolarity at 600 mOsm, compared with iso-osmotic media of 300 

mOsm. Importantly, 400 mOsm is within the physiological osmotic range of normal healthy 

cartilage which ranges from 350 mOsm to 480 mOsm 26,27. Previous studies have shown 

promotion of anabolic activity at physiological osmotic pressures 17,28,29 consistent with 

our finding that increased YAP/TAZ nuclear translocation at 400 mOsm was associated 

with enhanced SOX9-dependent COL2A1 transcriptional activity and promotion of anabolic 

genes (SOX9, ACAN and COL2A1)..

In chondrocytes, catabolic cytokines (such as IL-1β and TNFα) were previously found 

to promote the degradation of YAP through TAK1-mediated phosphorylation at multiple 

sites 10. We noted that catabolic stimuli, including IL-1β and fibronectin fragments, 

induced YAP/TAZ cytosolic retention associated with YAP phosphorylation at Ser127 

while anabolic stimuli, including IGF-1 and 400 mOsm media, promoted YAP/TAZ 

nuclear translocation associated with YAP phosphorylation at Ser128. In contrast, in a 2D 

chondrocyte culture model with increased ECM stiffness that exerted a catabolic effect, 

YAP nuclear translocation was induced rather than inhibited 12. Therefore, YAP nuclear 

translocation is a complex context-dependent process 30,31. Similarly, in the HEK293 cell 

line, hyperosmotic stress (800 mOsm) was found to phosphorylate YAP at Ser127 and 

lead to YAP cytosolic retention 32, while an osmotic stimulus, 500 mOsm, induced YAP 

nuclear translocation via Ser128 phosphorylation 24. A study in endothelial cells found 

that oscillatory shear stress enhanced the level of nuclear YAP via Tyr357 phosphorylation 
33. Taken together, the nuclear translocation of YAP depends on upstream stimulation and 

regulation by post-translational modifications that include specific sites of Ser and Tyr 

phosphorylation. Understanding the context-specific regulation of YAP activity is important 

for understanding its role in osteoarthritis.

Our study showed that YAP promotes anabolic activity in normal human primary 

chondrocytes, as indicated by the observations that a YAP specific inhibitor reduced, while 

a YAP activator enhanced anabolic gene expression. The promotion of anabolic activity was 

also verified in pellet cultures generated from YAP knockdown chondrocytes. In addition 

to anabolic activity, YAP has been found to impact other OA-associated phenotypes. 

Chondrocyte hypertrophy is a feature of OA, and chondrocyte hypertrophy-like changes play 

a role in the development of OA 34,35. Runx2 and its target gene collagen X are essential 

for chondrocyte hypertrophy 36. YAP has been shown to inhibit chondrocyte hypertrophy 

by directly interacting with Runx2 37,38. Cellular senescence in joint tissues is associated 

with OA 39,40 and declining YAP activity was proposed to drive senescence in stromal cells 
41. YAP was shown to safeguard mesenchymal stem cells (MSCs) from senescence and 

thus, play a protective role in cartilage degradation14. As to cartilage repair, Patel et al. 42 

designed a hyaluronic acid (HA) hydrogel system and found HA therapy of degenerated 

cartilage improved MSC mechanosensation, indicated by YAP nuclear translocation. As 

a result, it enhanced fortification and reestablished a superficial zone of the degenerate 

cartilage 42, which also supports a protective role of YAP in cartilage.
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We noted that total YAP levels were increased in OA cartilage, which was similar 

to previous studies 11,12,43. We also found increased YAP nuclear localization in less 

damaged OA cartilage, compared with normal. However, in the same OA cartilage, the 

level of nuclear YAP was lower in severely damaged regions than in less damaged areas, 

accompanied by a higher level of YAP phosphorylation at Ser127. Furthermore, unlike 

normal chondrocytes, chondrocytes isolated from severely damaged areas did not show an 

increase of YAP phosphorylation at Ser128 in response to IGF-1 stimulation. Since we 

found that YAP Ser128 phosphorylation and nuclear translocation promotes anabolic activity 

in chondrocytes, taken together, our findings implicated that in less damaged OA cartilage, 

the nuclear translocation of YAP could be needed to help maintain cartilage homeostasis. 

In areas with more severe damage, YAP is sequestered in the cytosol due to increased YAP 

phosphorylation at Ser127 and chondrocytes from damaged areas have lost the ability to 

respond to stimuli such as IGF-1 that promote YAP Ser128 phosphorylation.

There are some potential limitations to this study. We only used the method of modifying 

osmolarity to simulate the effects of joint loading. Further studies should investigate other 

methods of stimulating mechanotransduction. Although LPA is a proposed YAP activator 
44, it is not specific to YAP activation and may have other effects on cells. Hence, we 

used YAP knockdown in mouse chondrocytes to verify our results. Further studies with 

YAP knockout or overexpression in chondrocytes are warranted. Additionally, we mainly 

used human primary articular chondrocytes in this study. The variability among primary 

cells isolated from different human donors can reduce the chances of detecting significant 

results when differences are small, but the advantage of using human cells over cell lines 

or cells from other species counters this limitation. In this study, phosphorylation of YAP 

at Ser127 and Ser128 were identified to regulate subcellular localization of YAP. Future 

studies could also evaluate the contribution of Tyr357 phosphorylation to YAP nuclear 

translocation in response to 400 mOsm media and IGF-1. Further studies are also needed to 

determine if YAP binding to the 14–3-3 protein sequesters YAP in the cytoplasm when it is 

phosphorylated at Ser12745.

In conclusion, YAP nuclear translocation is mediated by site-specific YAP phosphorylation 

in response to OA-related stimuli in human chondrocytes. Increased YAP activity was found 

to be associated with anabolic effects consistent with studies showing a positive role of 

YAP/TAZ in maintaining cartilage homeostasis. Decreased nuclear YAP in OA chondrocytes 

may contribute to reduced anabolic activity and promotion of further cartilage loss. Further 

studies are needed to determine how to best maintain the proper level of YAP activity in the 

joint by promoting YAP Ser128 phosphorylation or inhibiting phosphorylation at Ser127.
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Fig. 1. YAP/TAZ nuclear translocation in response to osmotic stimulation.
(A, B) Human chondrocytes were incubated for 1–4 hrs in standard iso-osmotic 300 

milliosmole (mOsm) media, 400 mOsm media, or 600 mOsm media produced using sucrose 

or NaCl. Cytosolic and nuclear fractions were prepared from cell lysates and immunoblotted 

for total YAP and TAZ. LDH and TBP served as loading controls for cytosolic and nuclear 

fractions, respectively. (A) Representative immunoblots from n = 5 independent donors 

under sucrose-induced osmotic stimulation and (B) representative immunoblots from n = 4 

independent donors under NaCl-induced osmotic stimulation (t, total; SE, short exposure; 

LE, long exposure). (C, D) Densitometric analysis of immunoblots. The relative band 
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intensities of nuclear YAP (n =5 independent donors) and TAZ (n = 4 independent donors) 

were normalized to the loading control TBP and are presented as the mean ± standard 

deviation; indicated p-values were determined by paired t-tests used to compare different 

conditions to 300 mOsm controls. The values for Figure 1C (YAP) were logarithmically 

transformed to achieve normality. (E, F) Human chondrocytes expressing YAP-EGFP were 

incubated in 400 mOsm media produced using sucrose or NaCl and subjected to live-cell 

imaging using confocal microscopy over 1hr. Nuclei were detected with Hoechst 33342 

(blue staining). The top row shows representative images of YAP-EGFP, and white dotted 

lines indicate the contour of the nucleus. The middle row shows representative images of 

the nucleus, and white dotted lines indicate the contour of corresponding chondrocytes. 

Representative live-cell imaging for merged images (Hoechst 33342 and YAP-EGFP) are 

presented in the bottom row. White dotted lines indicate the contour of the nucleus. Scale 

bar, 5 μm.
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Fig. 2. Anabolic gene expression in response to osmotic stimulation.
(A) Schematic of the SOX9-dependent COL2A1 enhancer-luciferase reporter construct. The 

5 tandem copies of 48 bp enhancer elements (blue box) and the COL2A1 promoter (red box) 

are indicated. (B, C) Chondrocytes were transiently transfected with the SOX9-dependent 

COL2A1 reporter construct for 48 hr, followed by incubation in standard 300 mOsm media 

or 400 mOsm media produced using sucrose or NaCl for the indicated times, and then 

the luciferase activity was measured. The data are expressed as fold changes relative to 

300 mOsm controls. (n = 4 independent donors). For each condition, one-sample t-test was 

applied to compare logged 2 transformed fold change to zero, which corresponds to the fold 

change of 1 indicating no difference. (D, E) Chondrocytes were incubated in 300 mOsm or 

400 mOsm media for 3 hr, 6 hr and 18 hr. Expression of CTGF, CYR61, SOX9, ACAN 
and COL2A1 mRNA was normalized to TBP. Data are presented as the mean ± standard 

deviation. (n = 4 independent donors); indicated p-values were determined by paired t-tests 

used to compare different conditions to 300 mOsm controls. The values for Figure 2D 

(CTGF, ACAN), 2E (CTFF, SOX9, COL2A1) were logarithmically transformed to achieve 

normality.
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Fig. 3. Effects of YAP inhibition on chondrocyte anabolic activity.
(A) Chondrocytes incubated in standard 300 mOsm media were treated for 6 hr with 

the indicated concentration of the YAP inhibitor verteporfin (VP). Protein levels of YAP 

and TAZ in cytosolic and nuclear fractions were determined by immunoblotting. The 

immunoblots shown are representative of three independent donors (t, total; SE, short 

exposure; LE, long exposure). (B) Densitometry analysis of YAP/TAZ nuclear abundance. 

Band intensities of nuclear YAP (n=3 independent donors) and TAZ (n=3 independent 

donors) were normalized to the loading control TBP and are presented as the mean ± 

standard deviation; indicated p-values were determined by paired t-tests used to compare 

different conditions to vehicle controls. (C, D) Quantification of the expression of the 

indicated genes in response to 6 hr of 1 μM VP treatment. Data are presented as the 

mean with 95% confidence interval (CI). Differences from vehicle controls are indicated 

(n = 5 independent donors). (E) Chondrocytes were transiently transfected with the SOX9-

dependent COL2A1 luciferase reporter construct for 48 hr, followed by incubation in 300 

mOsm media or 400 mOsm media produced using sucrose for 12 h after pretreatment with 

VP at 1 μM for 6 h and measurement of luciferase activity. The data are expressed as fold 

changes relative to 300 mOsm controls (n = 3 independent donors). For each condition, 

one-sample t-test was applied to compare logged 2 transformed fold change to zero, which 

corresponds to the fold change of 1 indicating no difference.
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Fig. 4. Effects of YAP knockdown on chondrocyte anabolic activity.
(A) Experimental design. Articular chondrocytes isolated from 22 homozygous mice 

carrying the YAP1flox allele (YAP1flox/flox) were pooled and transduced with an adenovirus 

that expresses Cre recombinase with a GFP tag (Ad-Cre) to knockdown YAP expression 

or Ad-EGFP as a control. After 48 hr, the chondrocytes were centrifuged to form 

pellets and cultured in chondrogenic media for 14 days. (B) Light and fluorescence 

microscopy demonstrating Ad-Cre-GFP transduction in YAP1flox/flox mouse chondrocytes. 

Scale bar, 100 μm. (C) YAP1flox/flox mouse chondrocytes were transduced with the indicated 

adenovirus and immunoblotted for YAP. (D) Densitometric analysis showing the levels of 

YAP in total lysates. The relative band intensity of YAP was calculated by normalizing 

to the loading control GAPDH and is presented as the mean ± standard deviation (n = 3 

independent experiments from 3 batches of mice each); indicated p-values were determined 

by paired t-tests. (E) Sections comparing WT and YAP knockdown mouse chondrocyte 

pellets with safranin-O staining and IHC staining of YAP and type II collagen.
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Fig. 5. Regulation of YAP/TAZ nuclear translocation by anabolic and catabolic stimuli.
(A - C) Chondrocytes were treated with IGF-1 (100 ng/ml), FN-f (1 μM), or IL-1β (10 

ng/ml) for the indicated times, and then cell lysates were prepared. Protein levels of 

YAP and TAZ were measured in cytosolic and nuclear fractions by immunoblotting. The 

immunoblots shown are representative of three independent donors of IGF-1 and IL-1β 
treatment and of five independent donors of FN-f treatment (t, total; SE, short exposure; 

LE, long exposure). (D - F) Densitometric analysis of YAP/TAZ nuclear abundance. Band 

intensities of nuclear YAP and TAZ were normalized to the loading control TBP and are 

presented as the mean ± standard deviation; indicated p-values were determined by paired 

t-tests used to compare different conditions to vehicle controls.
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Fig. 6. YAP phosphorylation in response to changes in osmolarity, IGF-1, FN-f, and IL-1β.
(A) Chondrocytes were incubated in 300 mOsm media or 400 mOsm media generated 

using sucrose for the indicated times. (B, E, F) Chondrocytes incubated in 300 mOsm 

media were treated with IGF-1 (100 ng/ml), FN-f (1 μM) or IL-1β (10 ng/ml) for the 

indicated times. Cell lysates were prepared and subjected to immunoblot analysis for p-YAP 

(Ser127), p-YAP (Ser128) and t-YAP. The immunoblots shown are representative of four 

independent donors (p, phospho-; t, total). (C, D, G, H) Densitometric analysis showing 

YAP phosphorylation at Ser127 (red column) and Ser128 (blue column). Phosphorylated 

bands were normalized to total protein as loading controls. The ratio of p-YAP (Ser128) 

to p-YAP (Ser127) was also analyzed (gray column). Data are presented as the mean ± 

standard deviation; indicated p-values were determined by paired t-tests used to compare 

different conditions either to 300 mOsm controls or vehicle controls.
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Fig. 7. YAP cytosolic sequestration is associated with YAP Ser127 phosphorylation in human 
cartilage.
(A) Representative immunoblots of nuclear and cytosolic t-YAP in cultured chondrocytes 

from less damaged (LD) and damaged (D) areas of the same knee OA donor (t, total; SE, 

short exposure; LE, long exposure). (B, C) IHC staining for t-YAP and p-YAP (Ser127) in 

normal femoral cartilage and less damaged and damaged areas from the same OA donor’s 

femoral cartilage. Representative images from four different donors for each group are 

shown. Magnified images of regions are marked by black boxes. Scale bar, 100 μm. (D, 
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E) Densitometric analysis of immunoblots of nuclear and cytosolic YAP. The relative band 

intensity of nuclear and cytosolic YAP was calculated by normalizing to the loading control 

TBP and LDH, respectively. Data are presented as the mean values ± standard deviation; 

indicated p-values were determined by paired t-tests used to compare LD to D areas. (n 

= 24 independent samples from 24 donors). (F, G) The percentages of t-YAP- and p-YAP 

(Ser127)-positive cells in IHC staining are shown. Data are presented as the mean values 

± standard deviation; indicated p-values were determined by paired t-tests used to compare 

LD to D areas and Welch’s t-tests used to compare normal cartilage to less damaged or 

more damaged areas in OA donor’s cartilage. (H) Immunofluorescence staining for YAP 

cellular localization in normal femoral cartilage and less damaged and damaged areas from 

the same OA donor’s femoral cartilage. Representative images from four normal and four 

OA donors are shown. Scale bars, 100 μm for low and 20 μm for high magnification (red 

box). (J) The statistical analysis for YAP cellular distribution (% percentage) (n = 4 for both 

normal and OA donors). Data are presented as proportion of distribution in the nucleus (N) 

and cytosol (C) in normal and less damaged and damaged OA cartilage; indicated p-values 

were determined by Fisher’s exact t-tests used to compare normal cartilage to less damaged 

or more damaged areas in OA donor’s cartilage. McNemar’s tests were used to compare 

less damaged to more damaged areas in OA donor’s cartilage. (I) Chondrocytes from normal 

donors and less damaged (DL) and damaged (D) areas of the same OA donors were treated 

with IGF-1 (100 ng/ml) for 1 h and 2 h. Representative immunoblots of p-YAP (Ser127), 

p-YAP (Ser128) and t-YAP are shown (p, phospho-; t, total). (K) Densitometric analysis 

of p-YAP (Ser128). Data are presented as the mean values with 95% confidence intervals 

(CIs) (n = 4 independent donors). P-values and confidence intervals were determined by 

linear mixed effect model. Linear mixed effects model was fit with unstructured covariance 

structure to account for repeated measures over time. Fixed-effect terms included indicators 

for group (normal, less damaged and damaged), time in hours and their interaction. To 

account for more and less damaged regions being collected from a same donor, donor 

random effect was included in the model.
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Fig. 8. Schematic model of the regulation of YAP nuclear translocation in response to different 
stimuli and the downstream effects on chondrocyte gene expression.
The catabolic stimuli FN-f and IL-1β result in phosphorylation of YAP at Ser127, leading to 

YAP cytosolic retention. In contrast, anabolic stimuli, including an osmotic stimulus using 

400 mOsm media and IGF-1, result in YAP phosphorylation at Ser128, which enhances YAP 

nuclear translocation and subsequent binding to transcription factors (TFs), e.g., TEAD, to 

promote downstream anabolic gene expression.
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