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SUMMARY

Vascular smooth muscle cells (VSMCs) represent the prevailing cell type of arterial
vessels and are essential for blood vessel structure and homeostasis. They have sub-
stantial potential for phenotypic plasticity when exposed to various stimuli in their
local microenvironment. How VSMCs maintain their differentiated contractile
phenotype is still poorly understood.Herewedemonstrate that theHippopathway
effectors YAP and TAZ play a critical role in maintaining the differentiated contrac-
tile phenotype of VSMCs. In the absence of YAP/TAZ, VSMCs lose their differenti-
ated phenotype and undergo osteogenic differentiation, which results in vascular
calcification.Osteogenic transdifferentiationwas accompanied by the upregulation
ofWnt target genes. The absence of YAP/TAZ in VSMCs led toDisheveled 3 (DVL3)
nuclear translocation and upregulation of osteogenesis-associated genes indepen-
dent of canonical Wnt/b-catenin signaling activation. Our data indicate that cyto-
plasmic YAP/TAZ interact with DVL3 to avoid its nuclear translocation and osteo-
genic differentiation, thereby maintaining the differentiated phenotype of VSMCs.

INTRODUCTION

Vascular smoothmuscle cells (VSMCs) are the predominant cell type of the arterial vessel wall and play an essen-

tial role in the structure and function of the blood vessel. They have substantial potential for phenotypic plasticity

when exposed to particular stimuli in their local microenvironment (Bennett et al., 2016; Owens et al., 2004).

Differentiated, quiescent VSMCs express a range of marker genes, such as smooth muscle myosin heavy-chain

(MYH11), 22-kDa SMC lineage-restricted protein (SM22a/TAGLN) or smooth muscle actin (ACTA2). When kept

in culture or after vascular injury, expression of these marker genes decreases, and expression of non-muscle

MHC and other genes such as c-fos, Egr-1, and epiregulin increases, indicating VSMC dedifferentiation (Miano,

2010; Owens et al., 2004; Sobue et al., 1999; Takahashi et al., 2003). Under pathological conditions, VSMCs can

also transdifferentiate and acquire a macrophage-like phenotype characterized by the expression of macro-

phage markers including CD68 and LGALS3 (Feil et al., 2014; Rong et al., 2003; Shankman et al., 2015; Vengre-

nyuk et al., 2015) or an osteo-chondrogenic phenotype, which is characterized by expression of particular

markers, such as Runx2, Sox9, or Alpl (Durham et al., 2018; Speer et al., 2009; Woldt et al., 2012).

VSMC plasticity is under the control of many regulatory transcriptional pathways (Gomez andOwens, 2012;

Kawai-Kowase andOwens, 2007). Twomain VSMC transcriptional programs are controlled by the activity of

serum response factor (SRF), depending on its interaction with specific co-factors (Posern and Treisman,

2006; Wang et al., 2004). Although co-activators of the myocardin family promote VSMC differentiation,

competitive binding of the ternary complex factor (TCF) family of Ets-domain proteins induces decreased

expression of smoothmuscle marker genes and VSMC proliferation (Mack, 2011). TCFs are phosphorylated

and activated through the Ras/MAP-kinase (MAPK) pathway (Posern and Treisman, 2006), whereas RhoA-

mediated signaling has been shown to promote nuclear translocation of myocardin-related transcription

factors and induce VSMC differentiation (Lu et al., 2001; Mack et al., 2001; Olson and Nordheim, 2010).

Recent evidence shows that the transdifferentiation of VSMCs toward a macrophage-like phenotype is

regulated by Kruppel-like factor 4 (KLF4) (Shankman et al., 2015). Osteo-chondrogenic differentiation of

VSMCs is believed to be responsible for vascular calcification, which was found in advanced atherosclerotic

lesions as well as in type-2 diabetes, chronic kidney disease, and aged patients (Abedin et al., 2004; Vatti-

kuti and Towler, 2004). Several signaling pathways promoting osteo-chondrogenic differentiation of

VSMCs have been described. Among these is the Wnt/b-catenin pathway, which has been shown to
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modulate Runx2 expression (Cai et al., 2016; Rong et al., 2014; Shalhoub et al., 2006; Yao et al., 2015). Ev-

idence has also provided that osteogenic differentiation of VSMCs can be induced by activation of the

bone morphogenetic protein (BMP)/SMAD pathway (Nakagawa et al., 2010; Zhu et al., 2015) as well as

by the NF-kB signaling pathway (Voelkl et al., 2018; Yoshida et al., 2017; Zhao et al., 2012). However, the

relative role of these signaling pathways and their regulation as well as the mechanisms preventing spon-

taneous transdifferentiation of VSMCs in vivo are poorly understood.

YAP and TAZ are cellular co-factors and effectors of the Hippo signaling pathway, which regulate various

cellular processes, including cell proliferation, cell differentiation, and cell survival by integrating different

cellular signaling pathways (Koo and Guan, 2018; Ma et al., 2019; Panciera et al., 2017; Totaro et al., 2018).

YAP/TAZ exert their effects by co-activation or co-repression of gene expression in the nucleus (Lin et al.,

2017; Zheng and Pan, 2019) as well as by interaction with cytoplasmic proteins in a transcriptionally inde-

pendent manner (Azzolin et al., 2014; Barry et al., 2013; Gao et al., 2015; Varelas et al., 2010). In VSMCs,

expression of YAP has been shown to increase in response to vascular injury (Wang et al., 2012; Xie

et al., 2012; Yu et al., 2019), and overexpression of YAP or activation of YAP/TAZ by thromboxane A2

in vitro promotes VSMC proliferation (Feng et al., 2016; Wang et al., 2012; Xie et al., 2012). Loss or suppres-

sion of YAP expression in vitro and in vivo results in the increased expression of smooth muscle marker

genes and in attenuated injury-induced smooth muscle phenotype switch and neointima formation

(Wang et al., 2012; Xie et al., 2012). This indicates a role of YAP in injury-induced VSMC dedifferentiation.

However, the role of both YAP and TAZ, which in most cells have redundant functions (Reginensi et al.,

2015; Sakabe et al., 2017; Xin et al., 2013), in VSMCs of normal mature arteries is not known.

Here we show that cytoplasmic YAP and TAZ inhibit nuclear translocation of DVL3, Wnt target gene expres-

sion, and osteogenic transdifferentiation of VSMCs to maintain their differentiated contractile phenotype.

RESULTS

VSMCs Lose Their Differentiated Contractile Phenotype in the Absence of YAP and TAZ

To study the function of YAP and TAZ in vascular smooth muscle cells, we generated inducible smooth muscle-

specific YAP- and TAZ-deficient mice by crossing mice carrying floxed alleles of Yap and Taz (Yapfl/fl; Tazfl/fl) with

the Myh11-CreERT2 mouse line (Wirth et al., 2008). Smooth muscle-specific tamoxifen-induced YAP/TAZ-defi-

cientmice (Myh11-CreERT2;Yapfl/fl;Tazfl/fl, hereafter termed: Sm-Yap/Taz-KO) showed strong tamoxifen-induced

recombination of both floxed alleles in vascular smooth muscle cells, resulting in loss of YAP and TAZ proteins

(Figure 1A). About 2 weeks after the last tamoxifen injection, Sm-Yap/Taz-KO mice started to show abdominal

distension as well as signs of apathy and had to be euthanized. At necropsy, the large intestine was distended

with feces contents (Figure 1B), indicating large intestinal pseudo-obstruction,most likely due to defective intes-

tinal peristaltic movements, which was also reported while this manuscript was in revision (Daoud et al., 2020).

Mice with induced smooth muscle-specific loss of YAP or TAZ alone did not show any signs of intestinal

pseudo-obstruction and appeared to be normal (Figures S1A and S1B).

To examine the function of YAP/TAZ in arterial smooth muscle cells, thoracic aortae and femoral arteries were

isolated and arterial contractile functions were analyzed by wiremyography. The contractile response of arteries

from Sm-Yap/Taz-KO mice to phenylephrine and the thromboxane A2 analogue U46619 was strongly reduced

compared with arteries from control animals (Figures 1C, 1D, S1C and S1D). In contrast, mice with smoothmus-

cle-specific loss of YAP or TAZ alone showed no difference (Figures 1C and 1D). Usingquantitative RT-PCR (qRT-

PCR) analysis, we evaluated the effect of smooth muscle-specific YAP/TAZ deficiency on smooth muscle marker

gene expression in the media of arterial vessels and found strongly decreased mRNA levels of a-actin (Acta2),

SM22a (Tagln), smoothmusclemyosin heavy chain (Myh11), and several other smoothmusclemarker genes (Fig-

ure 1E). These changes were not observed in the media of arterial vessels from smooth muscle-specific single

knockouts of YAP or TAZ (Figure S1E). Reduced expression of smooth muscle marker genes in the media of

Sm-Yap/Taz-KO was also seen at the protein level (Figures 1F and 1G). This shows that VSMCs lose their differ-

entiated contractile phenotype after the acute loss of YAP and TAZ in vivo.

Loss of YAP/TAZ in VSMCs Leads to Osteogenic Differentiation and Vascular Calcification

To further analyze the consequences of YAP/TAZ deficiency in VSMCs, we measured expression levels of marker

genes of smooth muscle de- and trans-differentiation. Although expression of SMemb, a marker gene of the syn-

thetic VSMCphenotype (Owenset al., 2004), was rather reduced (Figure S2), we found that smoothmuscle-specific

loss of YAP and TAZ resulted in strong upregulation of marker genes indicating osteogenic transdifferentiation

ll
OPEN ACCESS

2 iScience 23, 101860, December 18, 2020

iScience
Article



such as alkaline phosphatase (Alpl), osteopontin (Spp1), SRY-Box transcription factor 9 (Sox9), and Runt-related

transcription factor 2 (Runx2) (Figures 2A and 2B; Table S1). Western blot analysis confirmed the upregulation of

ALPL protein levels in the media of Sm-Yap/Taz-KO mice (Figures 2C and 2D). After induction of smooth mus-

cle-specific YAP/TAZ deficiency, we also found a strong increase in the alkaline phosphatase activity in the media

of aortae fromSm-Yap/Taz-KOmice (Figure 2E). In addition, vonKossa staining revealed thepresenceof abnormal

calciumdeposits in themedia of the aortae of Sm-Yap/Taz-KOmice, andwe observed an increase in calcium con-

tent of the aortae of Sm-Yap/Taz-KO animals (Figures 2F and 2G). These data show that acute loss of vascular

smooth muscle cell YAP and TAZ expression results in osteogenic transdifferentiation and vascular calcification.

YAP/TAZ Suppress the Expression of Wnt-Responsive Genes

Several cellular signaling pathways have been shown to regulate osteogenic differentiation of VSMC,

including Wnt/b-catenin, NF-kB, Notch and Bmp/Smad signaling (Cai et al., 2016; Hruska et al., 2005;

A B

C D

E F G

Figure 1. VSMCs Lose Their Differentiated Contractile Phenotype in the Absence of Yap/Taz

(A) Western blot analysis of YAP and TAZ in aortic lysates from control and Sm-Yap/Taz-KO mice at 1, 7, and 13 days after

the last tamoxifen injection.

(B) Macroscopic analysis of the gastrointestinal tracts of control and Sm-Yap/Taz-KO (KO) mice. The smooth muscle-

specific Yap/Taz knockout mice started to show a dilated, obstructed colon two weeks after the last tamoxifen injection.

Scale bar: 1 cm.

(C and D) Contractile responses to phenylephrine of thoracic aortae (n = 6 mice per group (2 experiments per mouse)) (C),

femoral arteries (n = 6 mice per group (2 experiments per mouse)) (D).

(E) Quantitative RT-PCR showing mRNA expression of smooth muscle marker genes from mouse aortae two weeks after

the last tamoxifen injection (n = 6 mice per group).

(F) Western blot analysis of ACTA2, SM22a, MYH11, YAP, and TAZ expression in aortic lysates from control and Sm-Yap/

Taz-KO (KO) mice. One of three representative experiments is shown.

(G) The densitometry analysis of ACTA2, SM22a, and MYH11 from control and Sm-Yap/Taz-KO (KO) mice (n = 5 mice per

group).

Data are presented as mean G SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 (two-way ANOVA in C and D and Student’s

t test in (E and G)).
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Figure 2. Loss of YAP/TAZ in VSMCs Leads to Osteogenic Differentiation and Vascular Calcification

(A) Heatmap of RNA-seq analysis showing the dysregulated genes in aortic SMC of Sm-Yap/Taz-KO (KO) mice (n = 2 mice

per group) two weeks after the last tamoxifen injection, including smooth muscle marker genes (red labels) and

osteogenic marker genes (green labels). Ctrl: control.

(B) Quantitative RT-PCR analysis of expression of osteogenic marker genes in aortic SMC of Sm-Yap/Taz-KO mice (n = 6

mice per group).

(C) Western blot analysis of ALPL in aortic SMC lysates from control (Ctrl) and Sm-Yap/Taz-KO (KO) mice two weeks after

the last tamoxifen injection. One of three representative experiments is shown.

(D) The bar diagram shows the densitometry analysis of ALPL (n = 4 mice per group).

(E) ALPL enzyme activity assay of aorta from control (Ctrl) and Sm-Yap/Taz-KO (KO) mice two weeks after the last

tamoxifen injection (n = 3 mice per group).

(F) Von Kossa staining of descending thoracic aorta from control (Ctrl) and Sm-Yap/Taz-KO mice on day 17 after the last

tamoxifen injection. Scale bar: 10 mm.

(G) Calcium content of aorta from control (Ctrl) and Sm-Yap/Taz-KO (KO) mice on day 17 after the last tamoxifen injection

(n = 4 mice per group). In C and F one representative experiment of three independent experiments is shown. Data are

presented as mean G SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 (Student’s t test in (B, D, E, and G)).
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Shao et al., 2005; Shimizu et al., 2009; Voelkl et al., 2018, 2019; Woldt et al., 2012). In aortic VSMCs of Sm-

Yap/Taz-KO mice, we did not observe any increase in nuclear b-catenin (Figures 3A and 3B) or in the phos-

phorylation of P65 or Smad2/3 as well as no change in the level of the Notch intracellular domain (NICD),

indicating cleaved Notch (Figure 3C). There was also no increase in nuclear localization of P65 (Figure 3D).

This indicates that acute loss of YAP/TAZ in VSMCs does not increase b-catenin, NF-kB, Smad, or Notch

signaling. However, when analyzing different target genes, we found an upregulation of Wnt target genes

in aortic VSMCs of Sm-Yap/Taz-KO mice (Figures 3E and 3F; Table S1). Thus, loss of YAP/TAZ in VSMCs

resulted in increased expression of Wnt-responsive genes but not in b-catenin activation.

YAP/TAZ Bind DVL3 to Prevent Its Nuclear Translocation and Upregulation of Osteogenic

Marker Genes in VSMCs

Both immunohistochemical analysis and immunoblotting of fractionated aortic VSMCs revealed that in

normal differentiated aortic VSMCs YAP and TAZ reside exclusively in the cytosol but not in the nucleus

(Figures 4A and 4B). This strongly suggests that YAP/TAZ prevent osteogenic differentiation of VSMCs

through their presence in the cytosol. Because it has been shown that YAP and TAZ can affect Wnt-

signaling by cytosolic interaction with Disheveled 1, 2, and 3 (DVL1-3) (Barry et al., 2013; Varelas et al.,

2010), we determined their expression and found that DVL3 showed the highest expression of DVL isoforms

in VSMCs (Figure 4C). In addition, DVL3 co-precipitated with YAP from lysates of mouse aortic smoothmus-

cle cells (Figure 4D). DVL activity and its localization have been shown to be regulated by phosphorylation

indicated by an increased apparent molecular weight upon SDS-PAGE and immunoblot analysis (Gan

et al., 2008; Itoh et al., 2005; Wang et al., 2015). We found that a considerable fraction of DVL3 showed

reduced mobility in SDS-PAGE analysis when prepared from aortic VSMCs of Sm-Yap/Taz-KO mice

compared with control animals (Figure 4E). Consistent with this, a mobility shift of DVL3 prepared from

aortic VSMCs of Sm-Yap/Taz-KO mice was also detected on a phos-tag gel (Figure S3). Fractionation of

aortic VSMCs revealed that phosphorylated DVL3 found in cells from Sm-Yap/Taz-KO mice localized to

the nucleus (Figure 4F). Overexpression of DVL3 carrying a nuclear localization signal (NLS) strongly

increased TCF/LEF transcriptional activity as determined by the co-transfection of a TCF/LEF-luciferase re-

porter construct (Figure 4G). Also, knockdown of YAP/TAZ resulted in increased TCF/LEF-luciferase activ-

ity, an effect blocked by suppression of DVL expression (Figure 4H). Because the knockdown of Dvl3 re-

sulted in the upregulation of Dvl2 (Figure S4), we performed a knockdown of all 3 Dvl isoforms. To

further characterize themechanism of increasedWnt target gene expression after loss of YAP/TAZ, we sup-

pressed YAP/TAZ expression in human aortic VSMCs. Knockdown of Yap/Taz expression resulted in

increased nuclear localization of DVL3 (Figure 4I) and also led to an increased expression of the Wnt target

gene Axin2 and osteogenic marker genes (Figure 4J). This effect was significantly reduced after knockdown

of DVL (Figure 4J).

DISCUSSION

Vascular calcification, the deposition of calcium phosphate salts in the arterial wall, occurs in both the

intimal and medial layers of arteries (Demer and Tintut, 2008; Lanzer et al., 2014; Sage et al., 2010). Intimal

calcification in areas of atherosclerotic plaques is increased by chronic kidney disease, type-2 diabetes mel-

litus, and aging and is linked to arterial obstruction and atherosclerotic plaque rupture (Sage et al., 2010;

Yahagi et al., 2017). In contrast, calcification of the media, which is also promoted by chronic kidney dis-

ease, type-2 diabetes, and aging in patients, is linked to vessel stiffness, systolic hypertension, and heart

failure (Andrews et al., 2018; Chow and Rabkin, 2015; Nicoll and Henein, 2014). Vascular calcification resem-

bles bone formation and has been recognized as an active process mainly driven by VSMCs (Bostrom, 2000;

Durham et al., 2018; Jaminon et al., 2019; Paloian and Giachelli, 2014). The initial mechanisms resulting in

vessel calcification may differ between types of vascular calcification, but the osteo-chondrogenic differen-

tiation of VSMCs and the calcification of the media are the central processes underlying the development

of calcified vessels (Hortells et al., 2018; Sage et al., 2010; Voelkl et al., 2019). Several signaling pathways

have been identified, which promote osteo-chondrogenic differentiation of VSMCs, resulting in vessel

calcification (Bartoli-Leonard et al., 2018; Demer and Tintut, 2008; Durham et al., 2018; Shao et al., 2005;

Voelkl et al., 2019). Here we show that the Hippo signaling pathway effectors YAP and TAZ suppress oste-

ogenic differentiation of VSMCs in healthy vessels by inhibition of DVL nuclear translocation.

The molecular regulation of osteo-chondrogenic transdifferentiation of VSMCs bears some similarity to

that in true bone formation and has been shown to involve BMP and Wnt signaling (Bostrom et al.,

2011). The Wnt pathway has in fact been established as a major osteo-inductive signaling pathway in
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Figure 3. Loss of YAP/TAZ in VSMCs Leads to the Upregulation of Wnt-responsive Genes

(A) Western blot analysis of b-catenin in the cytoplasmic and nuclear fraction of mouse aortic SMC two weeks after the last

tamoxifen injection. Lamin A/C was used as a nuclear marker and a-Tubulin as a cytoplasmic marker.

(B) Mouse aorta cross-sections were subjected to immunofluorescence staining with antibody against b-catenin. Scale

bar: 10 mm.

(C)Western blot analysis of P65 and phosphorylation of P65 (Ser 536), b-catenin, phosphorylation of Smad2/3, and Notch2

(FL: full-length 300 kDa, ICD: intracellular domain 110 kDa) in the aortic SMC lysates from control and Sm-Yap/Taz-KO

(KO) mice two weeks after the last tamoxifen injection.

(D) Western blot analysis of P65 in the cytoplasmic and nuclear fraction of mouse aortic SMC lysates from (Ctrl) and Sm-

Yap/Taz-KO (KO). Lamin A/C was used as a nuclear marker and a-tubulin as a cytoplasmic marker. s.e.: short exposure,

l.e.: long exposure. In A–D one representative experiment of three independent experiments is shown.

(E) Heatmap of RNA-seq analysis showing upregulatedWnt-responsive genes in aortic SMC of Sm-Yap/Taz-KO (KO) mice

(n = 2 mice per group).

(F) Quantitative RT-PCR analysis of expression of several Wnt-responsive genes in the aortic SMC of Sm-Yap/Taz-KOmice

two weeks after the last tamoxifen injection (n = 6 mice per group). One of three representative experiments is shown.

Data are presented as mean G SEM. *p < 0.05 and **p < 0.01 (Student’s t test in (F)).

ll
OPEN ACCESS

6 iScience 23, 101860, December 18, 2020

iScience
Article



A

B C D

F G

H

I

J

E

tubulin

Figure 4. YAP/TAZ Restrict DVL3 Nuclear Translocation

(A) Mouse aorta cross-sections were subjected to immunofluorescence staining with antibodies against YAP/TAZ and

ACTA2. Scale bar: 10 mm.

(B) Western blot analysis of YAP/TAZ in the cytoplasmic and nuclear fraction of mouse aortic SMC. Lamin A/C was used as

a nuclear marker and a-tubulin as a cytoplasmic marker.

(C) RNA-seq data showing the reads of Dvl1, Dvl2, and Dvl3 in mouse aortic SMC (n = 2 mice per group). RPKM: reads per

kilobase per million mapped reads.

(D) Interaction between endogenous YAP and DVL3 in aortic SMC. Aortic SMC lysates were subjected to

immunoprecipitation with an anti-YAP antibody. Elutes were analyzed by antibodies against DVL3 and YAP. Shown is one

representative of three independent experiments.
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different forms of vascular calcification (Cai et al., 2016; Cheng et al., 2014, 2015; Hortells et al., 2018; Shao

et al., 2005; Voelkl et al., 2019). Several studies have described a positive regulation of Wnt signaling by

YAP/TAZ (Heallen et al., 2011; Oudhoff et al., 2016; Rosenbluh et al., 2012), whereas YAP/TAZ have also

been shown to suppress Wnt signaling by interaction with different components of the pathway (Azzolin

et al., 2014; Barry et al., 2013; Imajo et al., 2012; Varelas et al., 2010). Our data clearly show that loss of

YAP/TAZ in VSMCs results in increased expression of Wnt target genes but not in increased nuclear local-

ization of b-catenin. Given that YAP/TAZ reside in the cytoplasm of VSMCs, we looked for cytoplasmatic

interaction partners of YAP/TAZ and found DVL3, which interacts with YAP and is thereby prevented

from mediating non-canonical Wnt signaling. Loss of YAP/TAZ is also accompanied by increase of DVL3

phosphorylation, which has been shown to promote nuclear translocation (Gan et al., 2008; Itoh et al.,

2005; Wang et al., 2015). The mechanism mediating phosphorylation of DVL3 is unclear, but may involve

casein kinase 1 d/e (Varelas et al., 2010). These findings are consistent with earlier data showing that TAZ

can interact with DVL1, 2, and 3 in the cytoplasm, thereby inhibiting Wnt signaling (Varelas et al., 2010).

Similarly, cytosolic YAP has been shown to inhibit DVL2 nuclear translocation to reduce Wnt downstream

signaling independently of b-catenin (Barry et al., 2013).

YAP and TAZ have been shown to be involved in the differentiation of precursor cells into VSMCs during

embryonic development. Loss of YAP/TAZ in premigratory neural crest cells results in vascular hemor-

rhages (Manderfield et al., 2014). Closer analysis revealed that YAP and TAZ are required for differentiation

of neural crest precursors into VSMCs by physical and functional interaction with the Notch intracellular

domain and subsequent activation of Notch target genes (Manderfield et al., 2015). Interestingly, Notch

signaling has also been shown to suppress the chondrogenic differentiation of VSMCs during development

as well as in the adult organism (Briot et al., 2014). This might suggest that YAP/TAZ suppress osteogenic

differentiation by promoting Notch signaling. However, we did not find any evidence for reduced Notch

signaling or Notch target gene activation in VSMCs of SM-Yap/Taz-KO mice.

The in vivo function of YAP in VSMCs has so far mainly been studied in the context of vascular injury, which

has been shown to result in increased expression of YAP (Wang et al., 2012; Xie et al., 2012; Yu et al., 2019).

This is consistent with in vitro studies in cultured VSMCs, which represent the proliferating state of smooth

muscle cells and in which YAP/TAZ and the downstream transcription factor TEAD1 are activated (Feng

et al., 2016; Liu et al., 2014; Wang et al., 2012; Xie et al., 2012). YAP and TEAD have been shown to suppress

smooth muscle marker gene expression by inhibition of myocardin-dependent SRF transcriptional activity

(Liu et al., 2014; Xie et al., 2012). Our data show that, under normal in vivo conditions, YAP and TAZ reside in

the cytoplasm of VSMCs and do not exert transcriptional cofactor activity. However, through the retention

of DVL in the cytoplasm, YAP and TAZ suppress Wnt signaling in VSMCs, thereby preventing osteogenic

differentiation of VSMCs (Figure 5).

Thus, YAP and TAZ appear to have different functions depending on the activation state of VSMCs. After

vascular injury, they translocate to the nucleus and repress smooth muscle-specific gene expression,

Figure 4. Continued

(E) Western blot analysis of DVL3 in the aortic SMC lysates from control (Ctrl) and Sm-Yap/Taz-KO mice. The position of

dephosphorylated (=) and phosphorylated (9) DVL3 is indicated. Shown is one representative of three independent

experiments.

(F) Western blot analysis of DVL3 in the cytoplasmic and nuclear fraction of mouse aortic SMC two weeks after tamoxifen

injection. The position of dephosphorylated (=) and phosphorylated (9) DVL3 is indicated. KO: Sm-Yap/Taz-KO. Lamin

A/C was used as a nuclear marker and a-Tubulin as a cytoplasmic marker. s.e.: short exposure, l.e.: long exposure. Shown

is one representative of three independent experiments.

(G) TOPflash reporter activity was measured in HEK293T cells transfected with an empty vector or plasmids expressing

DVL3 or DVL3-NLS, which contains a nuclear localization sequence (NLS) (n = 4).

(H) TOPflash reporter activity was determined in human aortic smooth muscle cells (HASMCs) transfected with control

siRNA or siRNA direct against Yap/Taz or the three Dvl isoforms.

(I) Western blot analysis of DVL3 in the cytoplasmic and nuclear fractions of HASMCs treated with control siRNA or siRNA

directed against Yap/Taz. The bar diagram shows the densitometry analysis of nuclear DVL3 (n = 3).

(J) Quantitative RT-PCR analysis of the expression of the indicated genes in HASMC transfected with control siRNA or

siRNA direct against Yap/Taz or the three Dvl isoforms (n = 4). Shown is one representative of three independent

experiments.

Data are presented as mean G SEM. *p < 0.05, **p < 0.01, and ***p < 0.001 (one-way ANOVA in G, H, and J, Student’s t

test in (I)).
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whereas, under normal healthy conditions, both cofactors stay in the cytoplasm to inhibit non-canonical

Wnt signaling by sequestration of DVL and maintain the contractile phenotype of VSMCs.

Limitations of the Study

The present study demonstrated an important function of YAP/TAZ in maintenance of contractility of

vascular smooth muscle cells in vivo. Loss of YAP/TAZ in vSMCs leads to reduced expression of smooth

muscle marker genes, reduced contractility, and upregulation of osteogenic genes. Further studies are

needed to examine the underlying mechanism of how loss of YAP/TAZ affects DVL3 phosphorylation

and whether changes in YAP/TAZ expression or activity are responsible for the pathogenesis of vascular

calcification in humans.
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Supplemental Figures and Legends 

 

Figure S1. Single Yap or Taz deficiency in aorta SMC does not affect the differentiated 
phenotype, Related to Figure 1. (A, B) Macroscopic analysis of the gastrointestinal tracts of Sm-Yap-
KO mice (A) and Sm-Taz-KO mice (B). Scale bar: 1 cm.  (C, D) The contractile response to the 
thromboxane A2 analogue U46619 of thoracic aortae (C, n = 3 mice per group) and femoral arteries (D, 
n = 3 mice per group). (E) Quantitative RT-PCR  showing the smooth muscle marker gene expression 
in the aortic SMCs of Sm-Yap-KO or Sm-Taz-KO mice two weeks after the last tamoxifen injection (n = 
3 mice per group). In C-E one representative experiment of two independent experiments is shown. 
Data are presented as mean ± SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 (Two-way ANOVA in C and 
D, and One-way ANOVA in E). 
 
 



 
 

 
 

 

Figure S2. Expression of early response genes and the synthetic VSMC phenotype marker gene 
SMemb in mouse aortic SMCs of control and Sm-Yap/Taz-KO mice, Related to Figure 2.  
Expression was determined by RNA-seq. (n = 2 mice per group).   RPKM: reads per kilobase per million 
mapped reads. Data are presented as mean ± SEM.  

 

Figure S3. Analysis of DVL3 mobility shift in the aortic SMCs lysates from control (Ctrl) and Sm-

Yap/Taz-KO (KO) mice on a phos-tag gel, Related to Figure 4. Upper arrowhead ( ) indicates 

phosphorylated Dvl3. Lower arrowhead ( ) corresponds to the dephosphorylated DVL on a phos-tag 

gel.  

 

 

Figure S4. Quantitative RT-PCR analysis of expression of DVL isoforms after knockdown of Dvl1 
or Dvl3 in human aortic smooth muscle cells (HASMC), Related to Figure 4. Data are presented 
as mean ± SEM. *p < 0.05, ***p < 0.001 (One-way ANOVA). 

  



 
 

 
 

Transparent Methods 

Animals.  

The generation of floxed alleles of the genes encoding Yap and Taz (Wwtr1) has been described 

previously (Wang, et al. 2020). All mouse lines were on a C57/BL6 background. Smooth muscle-specific 

Yap/Taz deficient mice (Sm-Yap/Taz-KO) were generated by crossing Yapfl/fl; Tazfl/fl mice with Myh11-

CreERT2 transgenic mice (Wirth et al., 2008). Since Myh11-CreERT2 transgenic mice carry the transgene 

on the Y chromosome, all experiments were performed in males. For induction of Cre-mediated 

recombination in Sm-Yap/Taz-KO mice, 1 mg of tamoxifen was injected intraperitoneally for 5 

consecutive days at the age of 8-12 weeks old. Tamoxifen-treated Yapfl/fl;Tazfl/fl age-matched male mice 

served as controls. Animals were fed a standard diet (SD, Altromin) with water ad libitum. All procedures 

of animal care and use in this study were approved by the local animal welfare authorities and 

committees (Regierungspräsidia Karlsruhe and Darmstadt). 

 

Cell culture and transfection. Human aortic smooth muscle cells (HASMCs) were purchased from 

Lonza (#CC-2571) and were cultured in smooth muscle cell growth medium (Lonza, SmBM, #CC-3181) 

supplemented  with 5% FBS, 0.1% insulin, 0.2% basic human fibroblast growth factor (hFGF-b), 0.1% 

GA-100, and 0.1% human epidermal growth factor (hEGF) (Lonza, #CC-4149). HASMCs were 

transfected with the TOPflash reporter plasmid (Addgene, #12456) and a constitutively expressing 

Renilla luciferase plasmid with Basic NucleofectorTM Kit for Primary Mammalian Smooth Muscle Cells 

(Lonza, Catalog #VPI-1004). HEK293T cells were maintained in DMEM supplemented with 10% FBS, 

1% penicillin and streptomycin, 1% L-glutamine and 1% sodium pyruvate. Cells were maintained at 

37°C in a humidified atmosphere with 5% CO2. HEK293T cells were transfected with the TOPflash 

reporter plasmid (Addgene, #12456) and a constitutively expressing Renilla luciferase plasmid as well 

as the tested plasmids Flag-DVL3 (Addgene, #16758) or Dvl3-NLS (Gan et al., 2008) using 

Lipofectamine 2000 (Invitrogen). Cells were lysed, and firefly luciferase activity was determined using 

the Dual-Luciferase(R) Reporter Assay System (Promega, E1910) 48 h after transfection. Firefly 

luciferase activity was normalized by measuring the expression of Renilla luciferase and background 

activity was subtracted.  

 

siRNA-mediated knock-down. HASMCs cells were transfected with siRNA using Lipofectamine 

RNAiMax transfection reagent (Invitrogen) according to the manufacturer's instructions. The targeted 

sequences of human siRNAs directed against RNAs encoding Yap, Taz, Dvl1, Dvl2 and Dvl3 were: Yap, 

5′-CAGGTGATACTATCAACCAAA-3′; Taz, 5′-CTGCGTTCTTGTGACAGATTA-3′; Dvl1, 5′-

GCGACATGTTGCTGCAGGT-3′, Dvl2, 5′-CTAGTCAACCTGTCTCTCA-3′, Dvl3 5′-

GATATGTTGTTACAGGTAA-3′. 

 

Wire myography. Two weeks after the last tamoxifen injection, thoracic aortae, fermoral ateries or first 

order mesenteric arteries (2 mm length) were removed from the mesentery and were mounted on a 

conventional myograph setup (610-M, Danish Myo Technology) and kept in 5 ml Krebs solution 

maintained at 37°C and aerated with 95% O2/5% CO2. Aorta and femoral arteries were progressively 

stretched until a diameter corresponding to 90% of the passive diameter at a transmural pressure of 

100 mmHg (Mulvany and Halpern, 1977). Whereas mesenteric arterial segments were distended to the 



 
 

 
 

diameter at which maximal contractile responses to 10 µM noradrenaline were observed (Meens et al., 

2012). All arterial segments were allowed for 30 min to recover after normalization. Endothelial integrity 

was checked, the segments which show lower than 80% relaxation were discarded from the experiment. 

The contractile responses to the indicated agonists were tested as described (Wirth et al., 2008). 

Between each agonist dose-response curve, a 20 min recovery time was maintained.  

 

Immunofluorescence staining. Mice were perfused with PBS and fixed in 4% paraformaldehyde for 

the preparation of frozen sections. Sections were permeabilized in 0.1% Triton/PBS (PBS-T) for 5 

minutes, followed by 3 times washes in PBS. Sections were incubated in blocking buffer (1% BSA in 

PBS-T) for 1 hour at room temperature and then incubated overnight at 4 °C with the primary antibody 

indicated in the blocking buffer. The antibodies for immunostaining included: β-catenin (BD Bioscience, 

#610154), YAP/TAZ (Cell signaling Technology, #2149), SM α-Actin (Sigma, FITC-conjugated, F3777). 

Sections were washed 3 times in PBS and then incubated with a secondary antibody for 1 h at room 

temperature. Donkey anti-mouse Alexa Fluor 594, or donkey anti-rabbit Alexa Fluor 594 secondary 

antibodies (Life Technologies, Thermo Fisher Scientific) were used. Sections were washed 3 times in 

PBS-T and then mounted with mounting medium with DAPI. Immunofluorescence imaging was 

performed using a Leica laser scanning microscope. 

 

Von Kossa staining, Alkaline phosphate (ALPL) activity assay and Calcium content 

measurement. For Von Kossa staining, aorta paraffin sections were dewaxed, dehydrated and 

incubated in 1% silver nitrate (Sigma) under UV light for 1 h. Then the slides were washed twice in 

distilled H2O and immersed in 5% sodium thiosulfate for 5 min, followed by counterstain with nuclear 

fast red for 5 minutes. Alkaline phosphatase (ALPL) activity was determined following the instructions 

of an alkaline phosphatase activity colorimetric assay kit (BioVision, K412). U/g: Unit (U) per gram aorta 

tissue. Unit (U) represents the amount of ALPL enzyme causing the hydrolysis of one micromole of 

pNPP (p-nitrophenyl phosphate) per minute at pH 9.6 and 25 oC.  Calcium content measurement was 

performed according to the instructions of calcium colorimetric assay kit (Sigma, MAK022). Briefly, 

aortae were incubated with 1 M HCl at 37 °C for 18 h (Sheen et al., 2015). Calcium concentration in the 

solution was determined by measuring the concentration of the o-cresolphthalein complex at 575 nm. 

Aortae were dried at 55 °C for 18 h, and then weighed. The amount of aortic calcium content was 

normalized to tissue dry weight and expressed as µg calcium per mg aorta dry weight. 

 

Quantitative RT-PCR and RNA-seq. Total RNA was isolated from aortic SMCs using the RNeasy Micro 

Kit (Qiagen, Valencia, CA, USA), and DNA was removed using the QIAGEN RNase-Free DNase Set 

following the manufacturer’s instructions. cDNA was synthesized using ProtoScript® II reverse 

transcriptase (New England Biolabs). Quantitative RT-PCR was performed using LightCycler 480 Real-

Time PCR detection System (Roche Molecular Biochemicals, Mannheim, Germany) according to the 

manufacturer’s instructions. Relative mRNA expression was determined by the ΔCt method. The 

expression results were normalized to GAPDH. Data are presented as relative values and gene 

expression in controls was set to 1. For the following primers were used to analyze mRNA expression: 

SM22α (probe #5) forward 5’-GCAGTGTGGCCCTGATGTA-3’, reverse 5’-

TCACCAATTTGCTCAGAATCA-3’; Acta2 (probe #58) forward 5’-CCAGCACCATGAAGATCAAG-3’, 

reverse 5’-TGGAAGGTAGACAGCGAAGC-3’; Myh11 (probe #68) forward 5’-



 
 

 
 

TGGAGGCCAAGATTGCAC-3’, reverse 5’-GGCCGCCTGTTTCTCTCT-3’; Cnn1 (probe #15) forward 

5’-CGGCTTGTCTGCTGAAGTAA-3’, reverse 5’-ACCCCCTCAATCCACTCTCT-3’; Hic-5 (probe #16) 

forward 5’-AATAAACCTATAGCTGGGCAAGTG-3’, reverse 5’-AAAAGGGAGCCCCATCCT-3’; 

Kcnmb1 (probe #60) forward 5’-GCGGAGACCCAGAGAACTAAA-3’, reverse 5’-

CTTCTGGGCCATCACCAG-3’; Yap (probe #40)  forward 5’-CCTTTGAGATCCCTGATGATG-3’, 

reverse  5’-GCCATGTTGTTGTCTGATCG-3’; Taz (probe #110) forward 5’-

GCCACTGGCCAGAGATACTT-3’, reverse 5’-GACGGGTGGAGGTTCACAT-3’; Runx2 (probe #99) 

forward 5’-GCACCGACAGTCCCAACT-3’, reverse 5’-CCTCTCCGAGGGCTACAAC-3’; Alpl 

(probe #12) forward 5’-CGGATCCTGACCAAAAACC-3’, reverse 5’-TCATGATGTCCGTGGTCAAT-3’; 

Spp1 (probe #52) forward 5’-TTGGCAGTGATTTGCTTTTG-3’, reverse 5’-

TCTGGGTGCAGGCTGTAAA-3’; Col1a1 (probe #15) forward 5’-AGACATGTTCAGCTTTGTGGAC-3’, 

reverse 5’-CAGCTGACTTCAGGGATG-3’; Cd44 (probe #29) forward 5’-

GCATCGCGGTCAATAGTAGG-3’, reverse 5’-CACCGTTGATCACCAGCTT-3’; Ephb2 (probe #9) 

forward 5’-TCACCTCAGTTCGCCTCTG-3’, reverse 5’-TCACCTGGTGCATGATGG-3’; Sox9 (probe 

#66) forward 5’-GTACCCGCATCTGCACAAC-3’, reverse 5’-CTCCTCCACGAAGGGTCTCT-3’; 

Wisp1 (probe #92) forward 5’-GCTGACTTCCAGGCATGAG-3’, reverse 5’-

GTTGTGGGGGTTGGAGAGA-3’; Ccnd1 (probe #72) forward 5’-TTCTTTCCAGAGTCATCAAGTGT-

3’, reverse 5’-TGACTCCAGAAGGGCTTCAA-3’. 

RNA-seq was performed as described previously (Wang, et al. 2020). The list of differentially 

expressed genes is provided in Supplemental Table 1. The RNA-Seq data have been deposited in NCBI 

under the accession number GSE146317. 

 

Immunoprecipitation and Western blotting. For immunoprecipitation of endogenous YAP and DVL3, 

mouse aortae were homogenized with the lysis buffer (Li et al., 1999)  containing 1% NP‐40, 137 mM 

sodium chloride, 20 mM Tris-HCl, pH 7.4, 1 mM dithiothreitol, 10% glycerol, 10 mM sodium fluoride, 1 

mM pyrophosphate, 2 mM sodium vanadate and protease inhibitor. The lysates were incubated with a 

rabbit anti‐YAP antibody (Cell Signaling Technology, #4912, 1:100) or a control rabbit IgG (Cell 

Signaling Technology, #2729) and protein A/G–Sepharose beads (Santa Cruz Biotech, CA, #sc-2003). 

The immunocomplexes were pelleted and washed with lysis buffer 3 times. The precipitated proteins 

were released by boiling in an SDS sample buffer. For mouse aortic SMC protein extraction, samples 

were homogenized using Retsch MM 300 Tissue Lyser Mixer Mill in RIPA buffer (10 mM Tris-HCl pH 

8.0, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% sodium deoxycholate, 140 mM sodium chloride, 

phosphatase and protease inhibitors). Extracts were spun down, and supernatants were collected. The 

nuclear and cytoplasmic fractionation was performed according to the instructions of NE-PER™ Nuclear 

and Cytoplasmic Extraction Reagents (Thermo Scientific, #7833). Human aortic smooth muscle cells 

(HASMCs) were treated with control siRNA or siRNA directed against Yap/Taz followed by serum-free 

starvation for 48 h as well as with 5 ng/ml leptomycin B for 4 h, then collected for cellular fractionation. 

Immunoprecipitates, total cell lysates or cellular fractionations of protein lysates were loaded on SDS-

PAGE gels and were analyzed by immunoblotting with the indicated antibodies. For detection, Pierce™ 

ECL Western Blotting Substrate (Thermo Scientific) or Immobilon Western Chemiluminescent HRP 

Substrate (Merck) was used. The following antibodies were obtained from Cell Signaling Technology: 

anti-YAP/TAZ (#8418, 1:1,000), anti-Lamin A/C (#2032, 1:1,000), anti-GAPDH (#2118, 1:3,000), anti-

P65 (#4764, 1:1,000), anti-phospho-P65 (Ser536) (#3033, 1:1,000), anti-phospho-

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE146317


 
 

 
 

SMAD2(Ser465/467)/SMAD3(Ser423/425) (#8828, 1:1,000), anti-DVL3 (#3218, 1:1,000), anti-NOTCH2 

(#5732, 1:1,000). Anti-ACTA2 (#ab5694, 1:2,000), anti-SM22α (#ab14106, 1:2,000) and anti-MYH11 

(#ab53219, 1:2,000) antibodies were obtained from Abcam. Anti-β-catenin (#610154, 1:1,000) was 

obtained from BD Bioscience.  Anti-α-Tubulin (#T9026, 1:3,000) was from Sigma-Aldrich and anti-ALPL 

(#AF2910, 1:1,000) was obtained from R&D System. Anti-mouse and rabbit HRP-conjugated secondary 

antibodies were from Cell Signaling Technology. Anti-goat and anti-rat HRP-conjugated secondary 

antibodies were from Santa Cruz Biotechnology. 

 

Statistics. Data are expressed as mean ± SEM. Comparisons between groups were performed with 

unpaired two-tailed Student's t-test or ANOVA. A p value less than or equal to 0.05 was considered 

significant (*p < 0.05; **p < 0.01; ***p < 0.001). Statistical analysis was performed with Prism5 or Prism6 

(GraphPad) or Excel (Microscoft) software. 
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