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Abstract: Arthritis is the most prevalent joint disease and is characterized by articular cartilage degradation, synovial inflammation,
and changes in periarticular and subchondral bone. Recent studies have reported that Yes-associated protein (YAP) and the transcrip-
tional coactivator with PDZ-binding motif (TAZ) have significant effects on the proliferation, migration, and survival of chondrocytes
and fibroblast-like synovial cells (FLSs). YAP/TAZ signaling pathway, as well as the related Hippo—YAP signaling pathway, are
responsible for the condition of cells and articular cartilage in joints. They are tightly regulated to maintain metabolism in
chondrocytes and FLSs because abnormal expression may result in cartilage damage. However, the roles and mechanisms of the
Hippo—YAP pathway in arthritis remain largely unknown. This review summarizes the roles and key functions of YAP/TAZ and the
Hippo—YAP signaling pathway in FLSs and chondrocytes for the induction of proliferation, migration, survival, and differentiation in
rheumatoid arthritis (RA) and osteoarthritis (OA) research. We also discuss the therapeutic strategies involving YAP/TAZ and the
related Hippo-YAP signaling pathway involved in OA.
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Introduction

Arthritis is the most common musculoskeletal disease in the world. Approximately 9% of the world’s adult population is
affected by osteoarthritis (OA), which mainly causes joint disability and predominantly affects the joints of the knee, hip
and hand.' Radiographic evidence indicates that OA usually occurs in elderly individuals older than 65 years, while
most of them are aged older than 75 years.>* Although OA is often defined as a joint disease characterized by low-grade
inflammation and cartilage destruction, its pathogenesis is complex and needs to be fully investigated.

OA is a complex joint disorder in which a variety of pathogenic factors contribute to the pathological process. The
common factors that induce the initiation and aggravation of OA include chronic mechanical stress, trauma and obesity,
which lead to cartilage degeneration, synovial and joint inflammation, subchondral bone sclerosis, and osteophyte
formation.”™’ The extracellular matrix (ECM) and chondrocytes are the main components of articular cartilage, and their
functional status is important for joints. Since articular cartilage has a limited capacity for intrinsic repair due to a lack of
blood vessels and nerves, chondrocytes exiting only in the ECM are essential for joint health.*'° The morphology and
function of chondrocytes are altered after receiving external or internal physical or chemical stimulation, leading to
increased secretion of enzymes that promote the degradation of the cartilage matrix, such as matrix metalloproteinases
(MMPs) and a disintegrin and metalloproteinase with thrombospondin motifs (ADAMTSs).!' ™ These enzymes mainly
accelerated the degradation of OA and resulted in catabolic-degrading effects that overwhelm the anabolic-protective
function of OA chondrocytes. A large number of proinflammatory cytokines, such as interleukin-1f (IL-1f), tumor necrosis
factor (TNF-a) and IL-6, stimulate chondrocytes, and synovial cells secrete inflammatory factors to aggravate articular
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cartilage and synovial inflammatory responses and promote the progression of OA.'*'" Yes-associated protein (YAP) and
transcriptional coactivator with PDZ-binding motif (TAZ) activated by these inflammatory cytokines not only induce
catabolic gene transcription but also stimulate inflammatory mediators such as TNF-a, IL-1f, and IL-6 to accelerate OA via
feedback.'®

Recent studies have shown that synovial inflammation is also an important factor in the pathogenesis of rheumatoid
arthritis (RA).">'”'® The synovial membrane is composed of fibroblast-like synovial cells (FLSs) that line the space
between the joint cavity and the joint capsule. The synovial membrane not only protects the articular cavity and the
articular cartilage inside it but also secretes synovial fluid, which lubricates and provides essential nutrients to the
articular cartilage. FLSs play an important role in synovitis by producing inflammatory cytokines in OA and RA, and
these cytokines mainly include TNF-a, IL-1p, and IL-6, which are present at higher levels in the synovium in RA patients
than in the synovium in normal individuals.'*'® Moreover, all these factors contribute to the development of RA. The
degradation of enzymes such as MMP-1, MMP-3, and MMP-13 produced and mediated by FLS was correlated with the
duration of RA and the severity of cartilage erosion.'®*° In synovial tissue extracted from RA patients, the number of
FLSs was significantly increased, leading to the transformation of synovial hyperplasia into invasive tissue. These
activities are controlled and regulated by various signaling mechanisms and proteins, such as Hippo-YAP/TAZ and Wnt/
B-catenin. Therefore, it is particularly important to clarify these proteins and their regulatory mechanisms in RA.

YAP and TAZ are primary targets of the Hippo signaling pathway, which is an evolutionarily conserved signaling
pathway that plays important roles in the development of tissues and organs. The downstream regulators of the Hippo
signaling pathway, YAP and TAZ, are required for regeneration in different organs, mainly by promoting the differentia-
tion and development of mature cell types, driving the growth of tissue and regulating metabolic processes.”' *
Generally, the Hippo pathway negatively regulates the activity of YAP and TAZ, and dysregulation of the Hippo pathway
may have severe effects on the metabolic progress in cells and organs. Inappropriately low YAP/TAZ activity can lead to
tissue maturation disorders, defective tissue repair and cell differentiation deficiency, while abnormally high YAP/TAZ
activity may result in tissue overgrowth and tumor formation.”> Recently, a large number of studies have investigated the
role of YAP/TAZ in cellular metabolism, but research on YAP/TAZ in chondrocytes or FLS related to the development of
RA and OA is rare. In this review, we aimed to review recent research on YAP/TAZ activity in RA and OA to outline the
current findings on the regulation of YAP/TAZ in arthritis.

A Brief History of the Hippo Signaling Pathway
The initial knowledge about the Hippo signaling pathway was derived from genetic screening of genes regulating organ
size in Drosophila. First, two independent researchers discovered a gene that causes tissue overgrowth and dysfunction.
This gene was named Warts/Wts and is homologous to mammalian tumor suppressor genes. Subsequently, the wart-
binding protein Salvador/Sav, which is derived from the Drosophila homolog of the mammalian hWW45 gene, was
identified. Its mutation leads to elevated expression of inhibitory apoptotic genes and cyclin E.>” The homologous genes
of this protein contain the WW domain to bind with Wts, indicating its conservative effect on the regulation of organ
volume growth.”® The protein kinase Hippo/Hpo, which was identified as a Drosophila homolog of the mammalian
MST1/2 kinase, is responsible for activating this pathway.?’ % Due to the “big-headed” phenotype of Drosophila Hippo
mutants, this pathway was named the Hippo signaling pathway.>* Through its important role as a scaffold protein, Sav
interacts with Wts and Hippo via its two WW domains.>> Another gene, Mob, was also found to interact with Wts to
induce kinase activation and suppress tumor growth.*>** Subsequently, in vitro experiments revealed that Yorkie/Yki is
a transcriptional activator of this signaling pathway, and they also revealed its regulatory effect on gene expression and
the connection between Wts and transcriptional regulation.>® In addition, the definition and biological activity of YAP
and the binding protein TAZ were described in detail in another earlier study.>

The effect of the Hippo—YAP signaling pathway is mainly focused on regulating embryonic development, cell apoptosis,
differentiation and organ growth.’® Hippo-YAP was first discovered due to its critical role in regulating organ size and is
highly conserved among mammals.*® Because of its influence on tissue growth and organ size, the Hippo—YAP signaling
pathway has been extensively studied in oncology and other diseases. Previous studies have shown that low YAP/TAZ
mRNA levels are related to the severity of cancer, especially in myeloma, lymphoma and leukemia, which at least in part
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indicates the role of focal deletion of YAP1 in a fraction of these tumors.*”>° In support of this notion, other results have
confirmed the suppressive effect of YAP through upregulation of YAP1 to disrupt cell proliferation and induce cell death in
human multiple myeloma and cells.*”** Furthermore, YAP/TAZ are thought to be hallmarks of YAP/TAZ activity in cancer
because of their phenotypic plasticity, drug resistance, cell proliferation and ability to metastasize.***' With respect to
cardiovascular disease, increased activity of the Hippo—YAP signaling pathway kinase induced by hypoxia in myocardial
infarction could promote cardiomyocyte apoptosis and increase phosphorylated YAP levels.** Previous studies have shown
that YAP can interact with human heart protein extracts and platelet hemoglobin in cultured cells.* The relevance of this
interaction has not been demonstrated in vivo. However, inhibiting YAP activity could suppress the target gene of the YAP-

catenin-B signaling pathway in arrhythmogenic cardiomyopathy.***>

YAP/TAZ Signaling and Regulation via the Hippo Pathway
YAP and TAZ are transcriptional coactivator proteins that are thought to be largely redundant and similarly regulated. They
regulate gene expression through binding to the TEAD (TEA/ATTS domain) family of transcription factors (TEAD1-4) in
the cell nucleus.*® Due to the great structural similarities between them, they have many synergistic effects on the regulation
of many biological functions. The major structural difference is that the YAP protein has a WW domain (65 kDa), while
TAZ is a smaller protein with a molecular weight of 43 kDa lacking the SH3-BM proline-rich region.***” To date, two
subtypes of the YAP protein have been identified and named YAP-1 and YAP-2. The difference between them is that the
molecular domain of YAP-2 has an additional WW (38 amino acids) compared to that of YAP-1.*** Since YAP/TAZ lack
DNA-binding domains, they regulate transcription by binding target transcription factors. TEAD is one of the most
important transcription factors that bind to YAP/TAZ to promote gene expression.**°

The Hippo pathway was first discovered and elucidated in Drosophila; this pathway plays an important role in
encoding genes and controlling cell proliferation and organ size.*'>® It is regulated by many factors, mainly
mechanical stress, pressure changes, extracellular stimulation and the exchange of intracellular signals. The upstream
part of the Hippo signaling pathway is composed mainly of Ste20 family kinases [macrophage stimulating 1 (MST1) and
MST2] and large tumor suppressor 1 and 2 kinases (LATS1 and LATS2).>*° In general, the Hippo pathway has
a negative effect on the activity of YAP/TAZ. Once the Hippo signaling pathway is activated by multiple factors, MST1/2
bind to Salvador 1 (SAV1) and MOB kinase activators 1A and 1B (MOB1A and MOBI1B) to form a protein complex
aimed at phosphorylating the MOBI1A/B subunits of LATS1/2.°” The activated LATS1/2-SAV1-MOBIA/B protein
complex binds to the YAP/TAZ protein and further promotes YAP/TAZ protein phosphorylation.’® Moreover, LAST1/
2 phosphorylates the YAP/TAZ protein at multiple sites to promote its transportation from the nucleus to the cytoplasm,
where it combines with the 14-3-3 proteins to form a degradation complex. The phosphorylated YAP/TAZ complex and
its complex are sequestered, ubiquitinated and degraded in the cytoplasm (Figure 1).°>°® When the Hippo signaling
pathway is inhibited by various stimuli and factors, the LATS1/LATS2 kinases are inactivated. Loss of function of
LATS1/LATS2, SAV1 or MST1/MST2 restrains the formation of degradation complexes and inhibits YAP/TAZ protein
phosphorylation, promoting YAP/TAZ translocation to the nucleus.®** YAP/TAZ do not directly contain a DNA-
binding domain; rather, they bind to transcriptional coactivators (TEAD1-4) to regulate gene expression in the nucleus,

which plays an important role in promoting cell growth, proliferation, migration, and survival (Figure 1).° ¢

Role of YAP/TAZ in RA

YAP/TAZ activity and the Hippo pathway are known to participate in the development of cell differentiation and organ
development. Many studies have attempted to elucidate the roles of these genes in pathologic development and disease
progression.®” YAP and TAZ were also found to be highly upregulated in RA patients.®® Robin et al®” demonstrated the role
of YAP/TAZ in synovial inflammation and the severity of rheumatoid arthritis disease. Abnormal regulation of the Hippo
signaling pathway in the synovium and FLSs could aggravate the degree of inflammation and joint damage in RA.®® Other
scholars have proven that YAP/TAZ has transcriptional activity in FLSs and affects the severity of RA through enhancing
the aggressive phenotype of synovial cells and inflammatory responses.®””® Overexpression of YAP in the nucleus leads to
the upregulation of MMP-1 and MMP-13 induced by stimulation with TNF-a and IL-1f in FLS, and increased expression
of YAP could also promote the invasion of synovial fibroblasts and aggravate the severity of synovitis in vivo and in vitro.®”
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Figure | YAP/TAZ activity is tightly regulated via Hippo signaling. YAP/TAZ subcellular localization and transcriptional co-activator activity in specific contexts are mainly
regulated by phosphorylation events. When core Hippo signaling are activated, YAP/TAZ are phosphorylated and promoted to be degradation in cytoplasmic, whereas an
inactive Hippo kinase cascade could result in the transportation of YAP/TAZ from cytoplasm to the nucleus and the nuclear accumulation of YAP/TAZ. YAP/TAZ act as
prominent links in the Hippo-YAP/TAZ signaling pathway and integrators of several other signal pathways.

Chen et al”!

protein kinase (PI3K/Akt) pathway and the Hippo pathway. Increased YAP levels contributed to angiogenesis in synovial

reported that Ezrin regulates YAP expression through interactions between the phosphatidylinositol 3 kinase/

tissue and the severity of RA. It can promote the proliferation, migration and angiogenesis of vascular endothelial cells in
RA via the upregulation of the YAP protein in the nucleus. Another study confirmed that the overexpression of nuclear YAP
or protein tyrosine phosphatase 14 (PTPN14) contributes to the progression of pathological development in RA. FLSs
displayed overexpression of PTPN14 and YAP, and PTPN14 combined with YAP increased the nuclear location of YAP
and promoted TGF-§ expression. Inhibition of YAP reduces the FLS pathogenic phenotype and pathogenic behavior and
ameliorates arthritis severity in RA.”* The YAP level is also closely related to the inflammatory response to multiple factors
in RA. YAP was upregulated in hyperplastic human RA synovial fibroblasts and mouse synovium. Increased expression of
YAP results in an erosive phenotype, invading cartilage and bone in RA, and IL-6 activates YAP through Jak and induces
the YAP—Snail interaction in synovial fibroblasts to promote invasion and the inflammatory response in RA.”® YAP/TAZ
and the Hippo signaling pathway are also associated with tissue-size homeostasis.® Recent research has shown that YAP,
especially YAP that rejects entry into the nucleus, functions as a transport factor to enhance the antiapoptotic effect of
synovial fibroblasts.”> The inhibition of YAP/TAZ transcriptional activity could reduce the invasive phenotype of FLSs by
reducing the resistance to apoptosis, proliferation, invasion and inflammatory response of synovial cells.®”-”' Moreover,
another study also indicated that knockdown of YAP or TAZ inhibited the migration and invasion of FLSs and ameliorated
arthritis severity. The suppression of the YAP/TAZ signaling pathway promoted autophagy, as indicated by the accumula-
tion of microtubule-associated protein 1 light chain 3 (LC3B-II) and unc-51-like autophagy activating kinase 1 (ULK1).”*
YAP/TAZ and autophagy play important roles in the migration and invasion of synoviocytes in RA.” These studies focused
mainly on the effect of YAP and synovial cells in RA and elucidated the relationship of YAP with the inflammatory
response, invasiveness and angiogenesis of synovial cells to clarify the related pathological mechanism through which YAP
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Table 1 YAP Involves the Regulation of Pathophysiological Process in RA

Signaling Cell Types Main Results Reference
TGF-B Fibroblast-like FLSs displayed overexpression of PTPN14 and YAP, PTPN14 combined with YAP Angel Bottini,
signaling synoviocytes increased the nuclear location YAP, promoted the TGF-B-dependent SMAD3 nuclear et al’”?
(FLSs) localization. Inhibition of YAP reduced FLSs pathogenic phenotype and ameliorated
arthritis severity.
YAP-Akt Human umbilical vein | YAP expression and nuclear translocation were increased in umbilical vein endothelial Qiyue Chen,
signaling endothelial cells cells. Increased YAP expression contributed the angiogenesis of the synovial tissue etal”
patients of RA. The YAP interacted with the PI3K/Akt pathway regulated the
proliferation and invasion of cells, pathogenic progress of RA.
YAP/TAZ Fibroblast-like YAP/TAZ transcriptional activity was increased in RA FLSs. Increased YAP/TAZ Robin Caire,
signaling synoviocytes (FLSs) | transcriptional activity induced a common phenotype in RA FLSs with an elevated in et al®’
apoptosis, proliferation, invasion, and inflammatory response.
IL-6-YAP— Synovial fibroblasts YAP was upregulated in hyperplastic human RA synovial fibroblasts and mouse Rebecca
Snail signaling synovium. Increased expression of YAP showed an erosive phenotype, invading A Symons,
cartilage and bone in RA, IL-6 activates YAP through Jak and induces YAP—Snail etal”®
interaction in SF to promote the invasiveness activity and inflammatory response in RA.
YAP/TAZ Fibroblast Synovial YAP and TAZ were upregulated in RA-FLSs, knockdown of YAP or TAZ inhibited the Wei Zhou,
signaling Cells (FLSs) migration and invasion of FLSs, ameliorated arthritis severity. The suppression of YAP/ et al”
TAZ signaling pathway promoted the activity of autophagy implied by the accumulation
of LC3B-Il and ULKI. YAP/TAZ and autophagy play important roles in the migration
and invasion of RA-FLSs.

aggravates RA, as summarized in Table 1. YAP/TAZ expression is strongly ascended in FLSs, and its activity is associated
with the severity of RA. Thus, targeting YAP/TAZ is an ideal therapeutic strategy for RA (Figure 2).

Role of YAP/TAZ in OA

OA is a complex disease caused by multiple factors that lead to the destruction of articular cartilage and resultant
inflammation, stiffness, swelling and dysfunction of joints. Chondrocytes are the sole cells in cartilage and are mainly
responsible for maintaining the metabolic balance of the cartilage, responding to stimulation caused by joint loading,

\
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Figure 2 The role of YAP/TAZ in fibroblast-like synovial cells (FLS) and its related signaling pathway involved in RA. General speaking, the activation of YAP/TAZ could
regulate the pathological progress of RA via inhibiting the autophagy process or promoting apoptosis activity. Furthermore, YAP/TAZ also have an influence on the
inflammatory response in RA through the TGF-f signaling pathway.

https:

1109

Journal of Inflammation Research 2024:17
Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

cytokines, growth factors and so on.”” YAP and TAZ are key regulators that mediate chondrocyte survival, differentiation
and tissue morphogenesis during cartilage development.”® Chondrocyte differentiation, proliferation and maturation are
closely influenced by YAP/TAZ, while suppressing the activities of these two proteins may damage chondrocytes,
eventually impairing articular cartilage and the growth plate.”””® In recent years, a great number of studies have described
YAP/TAZ activity in the progression of OA, as summarized in Table 2. YAP/TAZ can regulate the state of chondrocytes
and restrain their maturation progress by suppressing the expression of collagen type X alpha 1 chain (Coll0Oal) via
interaction with runt-related transcription factor 2 (Runx2).”® YAP expression in chondrocytes was accompanied by
cartilage, and overexpression of YAP resulted in increased expression of catabolic genes, such as MMP-3, MMP-9,
MMP-13 and ADAMTS-5, in response to IL-1pB; otherwise, suppression of YAP inhibited catabolic gene expression and
chondrocyte apoptosis.”® Increased expression and nuclear location of YAP not only promote catabolism gene expression in
chondrocytes but also inhibit the expression of anabolic genes, such as Col2al and SRY-box transcription factor 9 (Sox9),
ultimately resulting in extracellular matrix stiffness and degeneration of articular cartilage.*® The severity of cartilage
damage was also confirmed by higher Osteoarthritis Research Society International (OARSI) scores, which were used to
assess the degeneration of articular cartilage.®' YAP also influences the proliferation, migration and survival of chondro-
cytes. Overexpression of YAP significantly suppressed chondrocyte chondrogenic cell proliferation; decreased the expres-
sion of differentiation-related genes, including Runx?2, osteocalcin, and collagen I; and increased cell apoptosis, whereas
these cellular processes were reversed by knockdown of YAP. In addition, YAP regulates chondrocyte autophagy activity
and cartilage matrix secretion through the Wnt—YAP signaling pathway.®*** However, some scholars have shown other
interesting results through investigating the effect of YAP on chondrocytes in OA. Yang et al** studied the effect of YAP on
regulating cell proliferation and differentiation in ADTCS5 cells. YAP-1 overexpression promoted chondrocyte proliferation
but inhibited chondrocyte differentiation by activating the Wnt/B-catenin signaling pathway, which contradicts the findings
of YAP knockout. YAP mainly attenuated ATDCS cell chondrogenic and hypertrophic differentiation in OA. Since the YAP
level is strongly related to the proliferation, differentiation and maturation of cells, several studies have evaluated the effect
of YAP on stem cells during the development of OA. Overexpression of YAP could increase the differentiation of
mesenchymal stem cells into chondrocytes, reduce the number of senescent cells, inhibit articular inflammation and
cartilage erosion and ameliorate pathological symptoms in OA.**¢ Lorthongpanich et al®’ studied the effect of fisetin on
mesenchymal stem cells (MSCs) and reported that fisetin inhibited the proliferation, migration, and osteogenic differentia-
tion of MSCs. Fisetin could reduce YAP activity, which resulted in the downregulation of osteogenic genes and upregula-
tion of fibroblast genes. Therefore, YAP/TAZ should be maintained at an appropriate level in OA. Abnormal expression of
YAP/TAZ may lead to degeneration of articular cartilage and affect the pathological process of OA through various
signaling pathways in MSCs, FLSs and chondrocytes, as shown in Figure 3.

YAP Signaling Pathway Involvement in the Pathological Process of OA

The YAP/TAZ signaling pathway is important not only for cell survival, proliferation, and migration but also for tissue
morphogenesis and cartilage development.”®'*® YAP signaling is regulated by the upstream signaling pathway Hippo-
YAP signaling and other factors, such as mechanical cues, cytokines, other mechanical stimuli and/or metabolic
factors.'?!'92 Research has indicated that YAP can inhibit chondrocyte maturation by suppressing Coll0al levels
through interaction with Runx2.”®> Overexpression of YAP in the nucleus accompanied by a decrease in YAP in the
cytoplasm induced by fluoride exposure could result in a decrease in Col2al and increase the expression of MMP-13 and
in the degeneration and injury of articular cartilage.”” While the inhibition of YAP expression could ameliorate
osteoarthritic cartilage degradation, YAP is both necessary and sufficient for the maintenance of cartilage homeostasis
in osteoarthritis, and treatment with IL-1B or TNF-a increased the expression of matrix-degrading enzymes and the ECM,
consistent with the promotion of YAP degradation.*® Therefore, YAP should be regulated at a proper level to maintain
cartilage homeostasis.

Silencing of su enhancer of zeste and trithorax domain containing 7 (SETD?7) inhibited the Hippo signaling pathway in
ATDCS cells, decreased YAP phosphorylation and increased the levels of YAP and hypoxia inducible factor-1a (HIF-1a) in
the nucleus. YAP binds to HIF-1a to form a complex that promotes the expression of genes involved in chondrogenic
differentiation and the glycolytic pathway.”> Jing et al’® also confirmed that the levels of HIF-la and YAP regulate
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Table 2 YAP Involves the Regulation of Pathophysiological Process in OA

Signaling Cell types Main Results Reference
YAP-FOXDI Human mesenchymal stem | Overexpression of YAP or FOXD| reduces the number of senescent cells, inhibits articular inflammation and cartilage erosion Lina Fu et al®®
signaling cell (hMSC) and ameliorates the pathological symptoms in OA.

YAP/TAZ -NF-xB | HEK293A, HEK293T, HelLa | YAP is both necessary and sufficient for the maintenance of cartilage homeostasis in osteoarthritis, Treatment of IL-13 or TNF- Yujie Deng, et al®®

signaling cells a showed increased expression of matrix degrading enzymes and ECM consistent with the result of promoting YAP
degradation. Interaction of YAP/TAZ and NF-xB signaling pathway regulates the cartilage metabolism in OA.

/ Chondrocytes YAP overexpression resulted in increased expression of catabolic genes, suppression of YAP inhibited catabolic genes Yong Gong, et al”®
expression and chondrocytes apoptosis. Intra-articular injection of YAP siRNA ameliorated OA pathological progress in mice.

Whnt-YAP C3HI0T1/2 cells, HEK293 | Inhibiting the expression of YAP improved the cartilage integrity and relieved pain in OA, the mechanical stress and Anne-Sophie

signaling cells, C28/12 cells inflammation factors could activate the Wnt5a and ROR2, induced the nuclear localization of YAP and activity of catabolism. Thorup, et al®

Whnt-YAP Chondrocytes The exosomes derived from synovial mesenchymal stem cells could activate the YAP to localize in the cell nucleus via the Shi-Cong Tao, et al®?

signaling Whnt5a and Wnt5b, finally resulted in the proliferation and migration of chondrocytes with the side-effect of significantly
decreasing ECM secretion through Wnt-YAP signaling pathway.

/ Chondrocytes Increased YAP expression and nuclear localization resulted chondrocytes presented an OA phenotype mainly include the Xianzhu Zhang,
decreasing expression of Col2al and Sox9, increased extracellular matrix stiffness and degeneration of articular cartilage et al®
confirmed by the higher OARSI histological scores. Deletion of YAP or pharmacological inhibited the expression of the YAP
showed an opposite result.

/ ATDCS cells Overexpression of YAPI significantly suppressed ATDC5 chondrogenic cell proliferation and decreased the expression of Qiang Zhang, et al®®
differentiation-related genes including Runx2, osteocalcin, and collagen |, and elevated cell apoptosis, whereas these cellular
processes were reversed by knockdown of YAPI. The mechanism of YAP regulated the progress of OA mainly through
interacting with beclin-1 and promoting the apoptosis of ATDC5 cells, suggesting that YAP| functions as a negative regulator of
autophagy.

Hippo-YAP Fibroblast-like synoviocytes | Resolvin DI inhibited OA- fibroblast-like synoviocytes proliferation and reduced MMP-13 and IL-1f secretion. Furthermore, Siwei Su, et al”

signaling resolvin D1 inhibits the proliferation of OA-fibroblast-like synoviocytes by arresting the cell cycle via the Hippo-YAP signaling
pathway and promoted YAP phosphorylation.

YAP-ERK Chondrocytes YAP and ERK activation in response to mechanical strain was time and magnitude dependent. Activated YAP and ERK could Kaixiang Yang,

signaling induce cell cycle progression and promote cell proliferation by up-regulating the expression of cycle-related genes. etal’

/ Chondrocytes YAPI was highly expressed in OA chondrocytes. MiR-582-3p inhibited chondrocyte apoptosis, reduced the proinflammatory Jun He, et al”
cytokine production and suppressed extracellular matrix degradation via regulation of the expression of YAPI in chondrocytes.

YAP-BMP Human mesenchymal stem | Overexpression of YAP inhibited chondrogenic differentiation, YAP is a negative regulator of chondrogenic differentiation in Alexandra

signaling cells human mesenchymal stem cells. High expression of YAP suppressed chondrogenic differentiation and proliferation of stem cells Karystinou, et al’3
by inhibiting BMP signaling pathway.

(Continued)

aro(q

351


https://www.dovepress.com
https://www.dovepress.com

aa0(q

(411

:sdyyy

/14707 Yo4easay uopewweju| jo euanof

Table 2 (Continued).

Signaling Cell types Main Results Reference
RhoA/YAP Chondrocytes Mechano growth factor could inhibit chondrocytes apoptosis and inflammation, but have no effect on chondrocyte proliferation | Xingzhi Jing, et al®
signaling and differentiation activity. Mechano growth factor promoted chondrocytes migration which was accompanied with YAP
activation and nucleus translocation via the activation of RhoA-YAP signaling pathway.
Hippo- YAP ATDC cells The silencing of SETD7 inhibited the Hippo signaling pathway in ATDCS, decreased YAP phosphorylation and increased the Maoquan Li, et al®®
signaling levels of YAP and hypoxia inducible factor-la (HIF-1a) in the nucleus. YAP combined with HIF-1a to form a complex that
promoted the expression of genes involved in chondrogenic differentiation and the glycolytic pathway.
/ Chondrocytes Cyclic mechanical stress promoted HIF-1a and YAP expression in a magnitude dependent manner. Activation of YAP promoted | Xingzhi Jing, et al’®
HIF-1a stabilization and expression in chondrocytes.
Hippo- YAP ATDCS cells Fluoride exposure could lead to the decrease of YAP in cytoplasm of chondrocytes accompanied by the increase of YAP Fang-fang Yu, et al”’
signaling location in the nucleus, finally resulted in the decrease of type Il collagen and increase repression of MMP-13, and the

degeneration and injury of articular cartilage.

Src/Hippo-YAP Mesenchymal stem cells Dasatinib promoted chondrogenic differentiation and inhibited osteogenic differentiation of MSCs. Dasatinib inhibited the Ping Nie, et al”®
Signaling expression of YAP and TAZ and the phosphorylation of Src. Inhibition of the Hippo pathway dramatically suppressed the serine

phosphorylation of YAP and chondrogenic differentiation of MSCs. Dasatinib promoted chondrogenic differentiation of MSCs

via the Src/Hippo-YAP signaling pathway.
HIF-1a/YAP Chondrocytes Hypoxia leads to OA phenotype in chondrocytes through HIF-1a-YAP pathway accompanied by the increased nuclear location Hao Li, et al®®
signaling of YAP, while inhibited the expression of HIF-1o decreased the activity and expression of YAP and Sox9 under hypoxia.
Hippo- YAP Chondrocytes The response of chondrocytes to substrate stiffness is associated with changes in YAP localization. Down-regulation of YAP Weiliang Zhong,
signaling expression helps maintain chondrocyte phenotype and inhibit chondrocyte proliferation. etal®
YAP-Wnt/f3- ATDCS5 cells Overexpression of YAP| could promote chondrocyte proliferation but inhibit chondrocyte differentiation, which is contrary to | Beining Yang, et al**
catenin signaling the result of YAP| knockout. YAPI attenuated chondrogenesis and hypertrophic differentiation of ATDC5 cells via activating

the Wnt/B-catenin signaling pathway.
/ Chondrocytes YAPI differentially regulates chondrocyte differentiation in skeletal development and bone repair. YAP| regulated Soxé Yujie Deng, et al”?

expression to promote chondrocyte proliferation, inhibited Coll0al expression through interaction with Runx2 during

chondrocyte maturation.

Autotaxin—YAP

Bone marrow

Exosomes derived from mesenchymal stem cells regulate the expression of YAP in chondrocytes, and the increased expression

Yingnan Wang,

Signaling mesenchymal stem cells and nuclear localization of YAP in chondrocytes played an important role in promoting cell proliferation and cartilage matrix etal'®
synthesis, inhibiting inflammatory response and anti-apoptosis through the YAP/TAZ signaling pathway.
/ Mesenchymal stem cells Declined YAP activity inhibited the proliferation, migration and osteogenic of mesenchymal stem cells, accompanied by the Chanchao

down regulation of osteogenic and upregulation of fibroblast genes.
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Figure 3 The main signaling pathway YAP/TAZ involved in OA. The research of YAP/TAZ in OA is mainly carried out in chondrocytes, mesenchymal stem cells (MSC) and
fibroblast-like synovial cells (FLSs), which mainly regulate the proliferation, differentiation, anabolism and catabolism of cells and affect OA through a variety of signaling pathways.

chondrocyte survival and that the activation of YAP promotes HIF-1a stabilization and expression in chondrocytes by
stimulating mechanical stress. Hypoxia leads to an OA phenotype in chondrocytes through the HIF-1a-YAP pathway, which
is accompanied by increased nuclear localization of YAP, while inhibiting the expression of HIF-1a decreases the activity
and expression of YAP and Sox9 under hypoxia.”

The Wnt signaling pathway could also mediate YAP activity in Hippo signaling independent of the signaling pathway.
Synovial mesenchymal stem cell-derived exosomes can activate YAP to localize to the cell nucleus via Wnt5a and
WntSb, ultimately resulting in the proliferation and migration of chondrocytes via the side effects of significantly
decreasing ECM secretion through the regulation of the Wnt—YAP signaling pathway.®” Inhibiting the expression of
YAP improved cartilage integrity and relieved pain in OA patients, mechanical stress and inflammatory factors could
trigger chondrogenic differentiation and suppress the expression of the cartilage-degrading enzymes ADAMTS-4 and
ADAMTS-5 by activating Wnt5a through inducing the nuclear localization of YAP and catabolism.*” Another study also
indicated that YAP-1 could affect chondrocyte differentiation by activating the Wnt/B-catenin signaling pathway.>*

YAP also interacts with other signaling pathways and regulates cell proliferation, migration and differentiation. YAP
and extracellular signal-regulated kinase (ERK) activation in response to mechanical strain was time and magnitude
dependent. Activated YAP and ERK can induce cell cycle progression and promote cell proliferation by upregulating the
expression of cell cycle-related genes.”' High expression of YAP suppressed chondrogenic differentiation and prolifera-

tion of stem cells by inhibiting the bone morphogenetic protein signaling pathway.”® Nie et al’®

reported that dasatinib
promoted chondrogenic differentiation and inhibited osteogenic differentiation of mesenchymal stem cells (MSCs).
Dasatinib inhibited the expression of YAP and TAZ. Dasatinib promoted chondrogenic differentiation of MSCs via the
Src/Hippo-YAP signaling pathway. Jing et al®* suggested that mechano growth factor could inhibit chondrocyte apoptosis
and inflammation but had no effect on chondrocyte proliferation or differentiation activity. Mechano growth factor
promoted chondrocyte migration, which was accompanied by YAP activation and nuclear translocation via activation of

the RhoA—YAP signaling pathway.”*
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Role of miRNAs in the Hippo—YAP Signaling Pathway in OA and RA

MicroRNAs (miRNAs) are small noncoding RNAs that play significant roles in regulating genes and modulating

essential biological processes in animals and plants.'® Since it was first discovered in 1993 in Caenorhabditis elegans,
many miRNAs were found to affect gene expression levels.'® In recent decades, more than 2000 miRNAs have been
shown to regulate the expression of human genes, accounting for two-thirds of the human genome.'® Currently, the
levels of miRNAs, which are closely related to posttranscriptional modifications, have been extensively studied in
arthritis, especially in OA and RA. These results indicate that miRNAs have both protective and destructive effects on
articular cartilage metabolism.

Research on miRNAs has shown that YAP is a downstream target of miRNAs, while miRNAs can inhibit
chondrocyte apoptosis, reduce proinflammatory cytokine production and suppress articular cartilage degradation.lo@107
An increased level of miR-142-3p could diminish the osteogenic potential of MSCs through targeting the YAP protein;
furthermore, this effect was independent of the activation of the Hippo signaling pathway.'®” Another study showed that
miR-23a-5p derived from exosomes could regulate the expression of Runx2, which interacts with YAP1 to suppress the
activity of osteoblasts in human osteoclasts, suggesting the major role of osteoclast-derived miR-23a-5p in osteogenic
differentiation, bone repair and cartilage development.'®® Tao et al®* reported the therapeutic effect of miRNAs in OA
through the Wnt—YAP signaling pathway. They observed that Wnt5a and Wnt5b could activate YAP and enhance the
proliferation and migration of chondrocytes through the side effects of decreasing cartilage matrix secretion. A higher
level of miR-140-5p alleviated joint cartilage damage by blocking this side effect.*? Another study also confirmed the
therapeutic effect of miR-582-3p in OA. Research has indicated that miR-582-3p can decrease chondrocyte apoptosis,
reduce proinflammatory factor secretion and suppress cartilage degradation by regulating the expression of the down-
stream target gene YAP1.”?

In reference to RA, miRNA expression is intimately associated with the pathogenesis of RA. Experimental research
has shown that the expression of microRNA genes is upregulated in male rats, which ultimately regulates the Hippo-YAP
and PI3K-Akt signaling pathways to participate in biological processes such as cell adhesion, cell cycling, apoptosis, and
DNA binding in RA.'%

Potential Therapies for OA-Targeting YAP

The articular chondrocyte is the only cell type in articular cartilage and is responsible for maintaining the cartilaginous
extracellular environment.'"'® Chondrocytes survive, proliferate, differentiate and migrate at an appropriate level, while
abnormal activation or inhibition of chondrocytes may damage cartilage by synthesizing matrix-degrading enzymes.'"”
YAP can maintain a younger state of human mesenchymal stem cells (hMSCs) and ameliorate osteoarthritis in mice.
Overexpression of YAP or forkhead Box D1 (FOXD1) rejuvenated aged hMSCs and attenuated posttraumatic osteoar-
thritis in mice. Moreover, intra-articular administration of lentiviral vectors encoding YAP or FOXDI1 reduces the
number of senescent cells, inhibits articular inflammation and cartilage erosion, and ameliorates pathological

symptoms.®® Kania et al'''

reported that cartilage repair and damage are strongly influenced by YAP levels in
chondrocytes. The expression of genes related to cartilage matrix metabolism was negatively influenced by the upstream
regulator of YAP, which is associated with chondrogenic specification. YAP is also a therapeutic target for many
compounds and drugs involved in the treatment of OA. Resolvin D1 (RvD1) inhibits OA-FLS proliferation via the
Hippo—YAP signaling pathway, promotes YAP phosphorylation and protects chondrocytes by inhibiting the secretion of
MMP-13 and IL-1B; these findings provide an experimental basis for RvD1-mediated treatment of OA.® Bone marrow
mesenchymal stem cell (BMSC)-derived small extracellular vesicles (BMSC-sEVs) can significantly increase the
expression of proliferating cell nuclear antigens and cartilage-forming factors and downregulate the expression of
cartilage inflammation-related factors in OA. The therapeutic effect of BMSC-EVs mainly depends on autotaxin,
which regulates the expression of YAP and phosphorylated YAP, ultimately altering the activity of the Hippo—YAP
signaling pathway.'® These studies indicate that YAP is an important target gene for treating OA. Moreover, the Hippo—
YAP signaling pathway is a significant regulatory mechanism for chondrocytes to decrease inflammatory cytokines,
reduce chondrocyte apoptosis and alleviate articular cartilage damage in OA.
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Pharmaceutical Interventions Targeting YAP in OA and RA

The complex effect of YAP and the mechanism of the Hippo signaling pathway indicate that regulating its expression and
activity is a complicated process. Recently, several compounds and drugs have been used to explore and study the
biological effect of YAP in OA. To date, pharmaceutical interventions targeting YAP in OA have focused mainly on YAP
levels in chondrocytes and synoviocytes.

For example, Ma et al''? reported that OA plays a protective role in joints mainly through promoting the secretion of
collagen II and inhibiting the secretion of inflammatory cytokines such as IL-1B, TNF-o, MMP-3 and MMP-13.
Mechanistically, this therapeutic effect depended on activating the Hippo/YAP pathway, which ultimately resulted in
disruption of cartilage degradation.''? Resolvin D1 can modulate the YAP signaling pathway by promoting YAP
phosphorylation in synovial cells, inhibiting the secretion of inflammatory factors and promoting the proliferation of
aggressive synovial cells to delay the progression of cartilage degradation.”® Aspirin also has therapeutic effects by
mitigating the progression of cartilage degeneration by stabilizing YAP expression to reduce oxidative stress and
inflammatory factor levels in vitro.''® Chen et al''* reported that sarsasapogenin mitigated the progression of OA by
decreasing the sensitivity of chondrocytes to ferroptosis through increasing the expression of YAPI, indicating that
sarsasapogenin is a potential therapeutic approach for OA. Furthermore, other scholars have shown that the YAP and
Hippo signaling pathways are mediated by multiple compounds that may inhibit chondrocyte apoptosis, reduce proin-
flammatory factor production and suppress extracellular matrix degradation.’*''> "7 Recently, small extracellular
vesicles were shown to participate in chondrocyte proliferation, upregulate cartilage-forming factors and decrease
cartilage inflammation-related cytokines through the YAP signaling pathway to slow the course of OA."'®

The biological characteristics of the YAP protein indicate that the regulatory mechanism of YAP in RA is complex.
Chen et al”' reported that Ezrin plays an important role in the proliferation, migration and angiogenesis of vascular
endothelial cells in RA through regulation of the Hippo—YAP pathway. Suppression of Ezrin and its downstream YAP
pathway could regulate synovial angiogenesis and aggravate the severity of RA.”' Treatment with leonurine had anti-
inflammatory effects and inhibited joint swelling and bone damage in an experimental model.''® This study further
confirmed that increased expression and phosphorylation of YAP and its nuclear translocation are the therapeutic mechan-

'8 Researchers have also shown that rapamycin regulates genes in the Hippo—YAP pathway, which

isms of leonurine in RA.
are predicted to converge with the mTOR pathway, in RA synovial tissue.''® These activities ultimately alter rheumatoid
arthritis synovial fibroblast metabolism and inhibit glycolysis and the expression of rate-limiting glycolytic enzymes in
human synovial fibroblasts.''® Bottini et al’*'* reported that drugs aimed at decreasing the expression of YAP and nuclear
YAP in FLS could inhibit the migration, invasion and inflammatory activity of FLS and ameliorate arthritis severity.
Taken together, these findings indicate that pharmaceutical interventions involving YAP in OA and RA have different effects
on different types of cells. Generally, the current treatment mainly relies on reducing inflammatory factors in chondrocytes and
synoviocytes to suppress inflammatory activity and alleviate cartilage degradation. In reference to RA, YAP is also an important
mediator of synoviocyte-to-synovial cells and synovial tissue, which mainly influence the inflammatory activity of RA. It is

necessary to study the use of the drug intervention YAP in both OA and RA to treat these diseases.

Conclusion

In recent years, many studies have investigated and illustrated the pathological progress of OA to identify therapeutic
targets for the treatment of this disease. YAP/TAZ are transcriptional coactivator proteins that have attracted increased
amounts of attention for their involvement in the growth and development of cells and the pathogenesis of OA.
Increasing evidence suggests that YAP/TAZ and the signaling pathways involved play important roles in the maintenance
of joint homeostasis, particularly in cartilage. YAP/TAZ and related signaling pathways, such as the Hippo—YAP
signaling pathway, should be tightly regulated at the proper level. Abnormal activation of YAP/TAZ could lead to the
secretion of inflammatory cytokines and degeneration of the articular cartilage matrix in chondrocytes and FLSs, while
overexpression of YAP/TAZ in MSCs may induce stem cells to differentiate into chondrocytes and chondroblasts. Since
YAP/TAZ have different roles and biological functions in chondrocytes, FLSs and MSCs, the expression level of YAP/
TAZ should be strictly controlled and discriminatively evaluated. New strategies to target and modulate YAP/TAZ levels
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may lead to the preservation of cartilage or the healing of damaged joints. Further research on YAP/TAZ in more detail is
absolutely necessary, not only to facilitate the development of specific therapeutic interventions but also for the discovery
and use of biomarkers that could help further shape personalized medicine approaches.
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