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SUMMARY

The transcriptional co-activators YAP and TAZ are key regulators of organ size and tissue 

homeostasis, and their dysregulation contributes to human cancer. Here we discover YAP/TAZ as 

bona fide downstream effectors of the alternative Wnt signaling pathway. Wnt5a/b and Wnt3a 

induce YAP/TAZ activation independent of canonical Wnt/β-catenin signaling. Mechanistically, 

we delineate the ‘alternative Wnt-YAP/TAZ signaling axis’ that consists of Wnt - FZD/ROR - 

Gα12/13 - Rho GTPases -Lats1/2 to promote YAP/TAZ activation and TEAD-mediated 

transcription. YAP/TAZ mediate the biological functions of alternative Wnt signaling including 

gene expression, osteogenic differentiation, cell migration, and antagonism of Wnt/β-catenin 

signaling. Together, our work establishes YAP/TAZ as critical mediators of alternative Wnt 

signaling.

INTRODUCTION

Wnt proteins are morphogens that elicit diverse receptor-mediated signaling pathways to 

control development and tissue homeostasis. Canonical Wnt signaling acts through β-

catenin/TCF transcriptional activity (referred to as 'Wnt/β-catenin signaling') (Logan and 

Nusse, 2004; MacDonald et al., 2009). Wnt3a is a classic canonical Wnt ligand, although it 
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has been shown to elicit both β-catenin-dependent, and independent responses (Angers and 

Moon, 2009). Noncanonical Wnt signaling mediates biological responses that do not involve 

β-catenin/TCF activity (referred to as ‘alternative Wnt signaling’), and Wnt5a/b are 

prototype alternative Wnt ligands (van Amerongen, 2012).

In vertebrate, alternative Wnt signaling is involved in planar cell polarity (PCP), convergent 

extension movements, dorsoventral patterning, tissue regeneration, and tumorigenesis. 

During these processes, alternative Wnt signaling induces cytoskeletal and migratory 

changes and antagonizes canonical Wnt/β-catenin signaling. However, these β-catenin-

independent signaling responses remain poorly characterized at the molecular level (van 

Amerongen, 2012). The Frizzled (FZD) receptors are transducers of both Wnt/β-catenin and 

alternative Wnt signaling. An interesting, yet controversial aspect of FZD is the requirement 

of G proteins. Although Gα proteins have been previously shown to modulate Wnt signaling 

(Katanaev et al., 2005; Liu et al., 2001; Slusarski et al., 1997), recent studies have failed to 

identify Gα proteins as core components of Wnt/β-catenin signaling (Major et al., 2008; 

Regard et al., 2011). Thus, identifying G proteins and novel effectors involved in the 

alternative Wnt signaling is a key unresolved issue in the field.

The Hippo tumor suppressor pathway functions to inhibit the activity of YAP/TAZ 

transcriptional co-activators. The Hippo-YAP/TAZ pathway has emerged as a hub that 

integrates diverse stimuli including mechanical and cytoskeletal cues, cell adhesion, apico-

basolateral polarity, and mitogens to control cell growth and organ size (Pan, 2010; Yu and 

Guan, 2013). Recent studies uncovered the critical role of GPCR signaling in YAP/TAZ 

regulation (Miller et al., 2012; Mo et al., 2012; Yu et al., 2014b; Yu et al., 2012), as well as 

crosstalk with Wnt or TGFβ signaling (Moroishi et al., 2015; Piccolo et al., 2014). The core 

Mst1/2-Lats1/2 kinase cascade inhibits YAP/TAZ through direct phosphorylation, which 

results in cytoplasmic retention via 14–3-3 binding, and further promotes β-TrCP-mediated 

YAP/TAZ ubiquitination and degradation. Upon inhibition of the Hippo pathway, 

YAP/TAZ are activated and translocated into the nucleus to bind TEAD family transcription 

factors to stimulate target gene expression involved in cell proliferation, stem cell self-

renewal, and tumorigenesis (Mo et al., 2014).

In the present study, we demonstrate that YAP/TAZ are critical mediators of the alternative 

Wnt pathway. We identify Wnt5a/b and Wnt3a as potent activators of YAP/TAZ, and 

further uncover a Wnt signaling pathway termed the 'alternative Wnt-YAP/TAZ signaling 

axis', which consists of Wnt-FZD/ROR-Gα12/13-Rho-Lats1/2-YAP/TAZ-TEAD. Wnt and 

FZD-induced YAP/TAZ activation was independent of LRP5/6 co-receptors and β-catenin. 

Moreover, we show that alternative Wnt ligands WNT5A/B and other secreted Wnt 

inhibitors, including DKK1, BMP4, and IGFBP4 are major YAP/TAZ-TEAD target genes. 

Finally, we demonstrate the role of alternative Wnt-YAP/TAZ signaling axis in gene 

expression, osteogenic differentiation, cell migration, and antagonism of canonical Wnt/β-

catenin signaling. Together, our work reveals a critical role of YAP/TAZ in alternative Wnt 

signaling and its biological responses.
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RESULTS

Wnt Ligands Activate YAP/TAZ via Alternative Wnt Pathway

Despite several studies regarding the interaction between Hippo-YAP/TAZ and Wnt 

signaling, there is no report showing whether Wnt ligands can regulate YAP/TAZ activity in 

vivo. For this, we examined YAP/TAZ protein expression in mammary gland tissues from 3-

month-old MMTV-Wnt1 and myc-tagged constitutively active-β-catenin (MMTV-ΔNβ-cat) 

transgenic mice (Kim et al., 2008). In the Wnt1-expressing mammary gland, we observed 

significant accumulation of YAP/TAZ and their target gene CTGF, whereas ΔNβ-catenin-

expression had no effect on YAP/TAZ (Figures 1A and 1B).

Lats1/2 inhibits YAP/TAZ by phosphorylation, which can be readily detected with phospho-

YAPS127 antibody or by mobility shift on a phos-tag gel. In addition, the Hippo pathway has 

notable effect on TAZ protein levels compared to YAP because TAZ has two 

phosphodegrons (Liu et al., 2010). For the above reasons, we use YAP phosphorylation 

status and TAZ protein levels as indicators for their regulation by the Hippo pathway. In 

MCF10A mammary epithelial cells, both TAZ and β-catenin protein levels were increased 

upon Wnt3a stimulation. Unexpectedly, pretreatment with DKK1, an antagonist of Wnt/β-

catenin signaling, suppressed Wnt3a–induced β-catenin accumulation, but did not affect 

TAZ accumulation (Figure 1C), suggesting that Wnt3a activates YAP/TAZ via the 

alternative Wnt signaling pathway. To directly test this hypothesis, we utilized alternative 

Wnt ligands Wnt5a and Wnt5b. Treatment with Wnt5a or Wnt5b induced YAP/TAZ 

accumulation as well as target gene CTGF and CYR61 expression, while no increase in β-

catenin was observed (Figures 1D and S1A). Of note, Wnt5a/b stimulation induced Dvl2 

phosphorylation, a hallmark of alternative Wnt pathway activation (Gonzalez-Sancho et al., 

2013; Ho et al., 2012). These results suggest that Wnt ligands activate YAP/TAZ via the 

alternative Wnt pathway.

Next, we investigated YAP/TAZ regulation by Wnt in different cell lines and conditions. In 

ST2 bone marrow stromal cells, both Wnt3a and Wnt5a induce YAP dephosphorylation, as 

indicated by the fast migrating bands on the phostag gel (Figure 1E). In parallel, protein 

levels of both YAP and TAZ were increased. Notably, these effects were not blocked by 

DKK1, whereas β-catenin accumulation was abolished (Figure 1E). Wnt3a and Wnt5a 

showed similar kinetics on YAP/TAZ activation (Figure S1B). We also tested control and 

Wnt3a–stably expressing L cells (L-Wnt3a), which are widely used in the field to generate 

Wnt3a–conditioned medium. In control L cells, both Wnt3a and Wnt5a induced YAP/TAZ 

activation, but only Wnt3a increased β-catenin (Figure 1F, lanes 1–3). Importantly, in L-

Wnt3a cells, β-catenin and YAP/TAZ were highly activated compared to control cells 

(Figure 1F, compare lanes 1 and 7). Further treatment with R-spondin1 (RSPO1, an agonist 

of Wnt/β-catenin signaling) potentiated, whereas DKK1 inhibited β-catenin accumulation. 

However, neither treatment affected YAP/TAZ activation status, suggesting that Wnt3a–

induced YAP/TAZ activation is exclusively through the alternative Wnt pathway (Figure 

1F, compare lanes 7, 10, and 11). Consistently, YAP dephosphorylation in the absence of β-

catenin accumulation was evident in L-Wnt5a stable cells (Figure S1C). Wnt ligand-induced 

YAP/TAZ activation was also observed in human stem cells such as HUES9 human 
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embryonic stem cells and primary human bone-marrow stem cells (BMS) (Figures S1D and 

S1E). In these cells, Wnt3a induced stronger YAP/TAZ activation than β-catenin. Consistent 

with YAP/TAZ activation, Wnt5b increased nuclear YAP/TAZ (Figure 1G). Moreover, 

Wnt5b decreased cytoplasmic YAP/TAZ and concomitantly increased nuclear YAP/TAZ in 

the presence of protein synthesis inhibitor cycloheximide (CHX) (Figures 1H and S1F), 

indicating that Wnt5b stimulates YAP/TAZ to translocate from the cytoplasm into the 

nucleus. Together, our results establish a Wnt signaling pathway described as the 'alternative 

Wnt-YAP/TAZ signaling axis'.

Wnt Activates YAP/TAZ via FZD/ROR-Gα12/13-Rho-Lats1/2 Pathway

Wnt signals are transduced through FZD family receptors. The LRP5/6 co-receptors are 

required for activation of Wnt/β-catenin signaling, while FZD alone or together with 

ROR1/2 co-receptors can trigger alternative Wnt signaling pathways (Niehrs, 2012; Roman-

Roman et al., 2004). To elucidate the mechanisms underlying Wnt-induced YAP/TAZ 

activation, we expressed FZD receptors in HEK293A cells. FZD1 triggered alternative Wnt 

signaling evident by the induction of Dvl2 and c-Jun phosphorylation, but had no effect on 

β-catenin accumulation (Figure 2A). Moreover, FZD1 dose-dependently induced 

endogenous YAP dephosphorylation and TAZ accumulation. Consequently, FZD1 

promoted YAP/TAZ nuclear translocation and target gene expression (Figures 2B and S2A). 

These observations indicate that FZD1 initiates β-catenin-independent alternative Wnt 

signaling to activate YAP/TAZ. There are multiple members in the FZD family. Unlike 

FZD1, expression of FZD2 or FZD5 alone did not induce significant YAP/TAZ activation 

(Figure 2C). The receptor tyrosine kinase ROR1 functions as a co-receptor to potentiate 

FZD-induced alternative Wnt signaling. ROR1 alone had no effect on YAP/TAZ activation. 

However, co-expression of ROR1 with either FZD2 or FZD5 induced significant YAP 

dephosphorylation and TAZ accumulation (Figure 2C). Consistent with previous studies, the 

tyrosine kinase activity of ROR1 was not required to enhance FZD signaling (Figure S2B) 

(Grumolato et al., 2010). We also tested the adhesion receptor CELSR (Flamingo), which 

interacts with FZD to regulate PCP signaling (van Amerongen, 2012). Similar to ROR1, 

expression of CELSR2 enhanced YAP/TAZ activation by FZD (Figure S2C).

Recent studies have established GPCR signaling, particularly those coupled to Gα12/13 and 

Gαq/11, as major upstream activators of YAP/TAZ (Feng et al., 2014; Yu et al., 2014b; Yu 

et al., 2012). FZDs have the 7-transmembrane topology of a typical GPCR though whether 

FZDs function as conventional GPCRs has not been unequivocally demonstrated (van 

Amerongen, 2012). To this end, we examined YAP/TAZ activation by Wnt in Gα-protein 

knockdown HEK293A cells. Notably, knockdown of Ga12/13 was sufficient to block FZD1-

induced YAP/TAZ activation (Figure 2D). However, neither knockdown of Gαq/11 nor 

inhibition of Gαi/o by pertussis toxin (PTX) affected YAP/TAZ levels (Figures 2D, S2D, 

and S2E). Consistently, inhibition of PLC or PKC, which are downstream effectors of 

Gαq/11, had no effect on FZD1-induced YAP activation (Figure S2E). Moreover, 

knockdown of Gα12/13 also impaired both Wnt3a and Wnt5b–induced YAP/TAZ activation 

(Figures S2F and S2G). Of note, Gα12/13 knockdown did not affect Wnt3a–induced β-

catenin accumulation (Figure S2F), consistent with previous report (Regard et al., 2011).
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To unambiguously establish Gα12/13 as critical mediators of the alternative Wnt-YAP/TAZ 

signaling axis, we generated Gα12/13 and Gαq/11 double knockout (DKO) mouse embryonic 

fibroblasts (MEFs) by introducing adenovirus expressing Cre recombinase into 

Gna12−/−Gna13f/f or Gna11−/− Gnaqf/f MEFs. Significantly, Wnt5b–induced YAP/TAZ 

activation was abolished in Gα12/13 DKO MEFs, but not in Gaq/11 DKO cells (Figures 2E, 

2F, and S2H). Moreover, re-expression of Gα12 in the Gα12/13 DKO cells restored 

YAP/YAZ activation by Wnt5b (Figure S2I). These results provide compelling evidence 

that Gα12/13 are bone fide mediators of alternative Wnt signaling, leading to YAP/TAZ 

activation.

The Rho GTPase family is the major effector of Gα12/13 signaling, and also plays a critical 

role in both alternative Wnt signaling and Hippo-YAP/TAZ regulation (Schlessinger et al., 

2009; Yu et al., 2012; Zhao et al., 2012). C3 transferase, a specific RhoA inhibitor, 

significantly blocked Wnt3a–induced YAP/TAZ activation in L-Wnt3a cells (Figure 1F). To 

further verify the involvement of Rho GTPases, the effect of Rho family members was 

tested. The dominant negative (DN) mutants of RhoA and Rac1, but not Cdc42, were able to 

suppress FZD1-induced YAP/TAZ activation. Moreover, in the Gα12/13-knockdown cells, 

the constitutively active (CA) forms of RhoA and Rac1 induced YAP/TAZ activation 

(Figure 2G). Finally, inhibition of Rho family GTPases by Rho-GDI also blocked FZD1-

induced YAP/TAZ activation (Figure 2H). LPA and its cognate LPAR1 were included as 

positive controls (Yu et al., 2012).

Previously, RhoA has been shown to activate YAP/TAZ through inhibiting Lats1/2 activity 

(Yu et al., 2012). Therefore, we examined FZD1-induced YAP/TAZ activation in SAV1, 

MST1/2, or LATS1/2 KO HEK293A cells to identify the intersection between FZD1 and the 

Hippo pathway (Figure 2I). FZD1 expression further activated YAP/TAZ in either SAV1 

KO or Mst1/2 DKO cells, but not in Lats1/2 DKO cells. To further examine the role of 

Lats1/2 in Wnt signaling, we tested Lats1/2 DKO MEFs. In wild type (WT) MEFs, Wnt3a 

increased TAZ and β-catenin protein levels. However, in Lats1/2 DKO cells, Wnt3a had no 

effect on TAZ, whereas β-catenin accumulation was retained (Figure 2J). In vitro kinase 

assay using purified YAP protein as a substrate showed that Lats1 immunoprecipitated from 

FZD1 expressing cells displayed a significantly lower kinase activity (Figure 2K). Thus, our 

data suggest that FZD1 activates YAP/TAZ by inhibiting Lats kinase activity via the 

alternative Wnt pathway. Collectively, we propose that the 'alternative Wnt-YAP/TAZ 

signaling axis' consists of the following components: Wnt-FZD/ROR-Gα12/13-Rho 

GTPases-Lats1/2-YAP/TAZ (Figure 2L).

The Alternative Wnt-YAP/TAZ Signaling Axis Is Independent of LRP5/6 and β-Catenin

Unlike Wnt5a/b and FZD/ROR, Wnt3a stimulation activates both YAP/TAZ and β-catenin. 

Previous reports showed that the destruction complex regulates YAP/TAZ degradation via 

Wnt/β-catenin signaling (Azzolin et al., 2014; Azzolin et al., 2012). To further investigate 

whether Wnt/β-catenin signaling is involved in Wnt3a–induced YAP/TAZ activation, we 

generated knockout cell lines of LRP5/6, which are indispensible co-receptors for Wnt/β-

catenin signaling. As expected, deletion of LRP5/6 completely abolished β-catenin 

activation and target gene induction (Axin2) by Wnt3a (Figures 3A-3D, S3A). Strikingly, 
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LRP5/6 DKO did not affect Wnt3a–induced YAP/TAZ activation and target gene 

expression (Ctgf) (Figures 3A-3D). FZD1-induced YAP/TAZ activation was also retained in 

LRP5/6 DKO or β-catenin KO cells (Figure S3B). Moreover, in β-catenin KO cells, 

YAP/TAZ basal levels and regulation were intact (Figure S3C). These results 

unambiguously show that LRP5/6 and β-catenin, hence canonical Wnt/β-catenin signaling, 

are dispensable for the alternative Wnt-YAP/TAZ signaling axis.

YAP/TAZ Mediate Alternative Wnt-Induced Biological Responses

An important function of alternative Wnt signaling is to promote bone formation and cell 

migration (van Amerongen, 2012; Wang, 2009). The noncanonical Wnt4 ligand promotes 

bone formation in vitro and in vivo (Chang et al., 2007; Yu et al., 2014a). We found that 

Wnt4 induced accumulation of YAP/TAZ, but not β-catenin, in murine bone marrow-

derived mesenchymal stem cells (MSCs) (Figures S4A and S4B). Furthermore, in 

osteoblast-specific Wnt4 transgenic mice (OB-Wnt4 Tg), YAP/TAZ were highly 

accumulated in osteoblasts surrounding the trabecular bones in the femurs, suggesting 

YAP/TAZ activation by Wnt4 in vivo (Figure 4A). Next, the role of YAP/TAZ in Wnt4-

induced osteogenic differentiation was measured in MSCs. In control cells, Wnt4 enhanced 

osteogenic differentiation, as evidenced by elevated alkaline phosphatase (ALP) activity 

(Figures 4B and 4C) and alizarin-red staining (ARS) (Figure 4D). Importantly, YAP/TAZ 

depletion abolished Wnt4-induced enhancement of osteogenic differentiation. In addition, 

YAP/TAZ depletion significantly suppressed Wnt4-induced gene expression of osteogenic 

regulators, Runx2 and Sp7, as well as osteogenic markers, Col1a and Bglap (Figures S4C–S 

4E).

Next, we examined FZD1-induced cell migration by transwell migration assay in control 

and YAP/TAZ-depleted cells. FZD1 expression enhanced HEK293A cell migration. 

Notably, YAP/TAZ depletion abolished FZD-induced cell migration, underscoring the 

importance of YAP/TAZ in this process (Figure 4E). We then tested the role of YAP/TAZ-

TEAD in alternative Wnt ligand-induced cell migration. MCF10A cell migration and wound 

closure were significantly enhanced by Wnt5b stimulation (Figures 4F and S4F, left 

columns). However, depletion of TEAD transcription factors markedly diminished Wnt5b-

induced cell migration (Figures 4F and S4F, right columns). Taken together, these results 

demonstrate the pivotal role of YAP/TAZ as mediators of the alternative Wnt-induced 

biological responses including osteogenic differentiation and cell migration.

YAP/TAZ-TEAD Induces Secreted Inhibitors of Wnt/β-Catenin Signaling

A key function of the alternative Wnt pathway is to antagonize Wnt/β-catenin signaling, 

which is evident in a broad range of cells during tissue regeneration and development 

(Angers and Moon, 2009; van Amerongen, 2012). However, the molecular basis for this 

cross talk is unclear. Therefore, we sought to explore how YAP/TAZ-TEAD regulates 

Wnt/β-catenin signaling. For this purpose, we utilized active forms of YAP (YAP-5SA) and 

TAZ (TAZ-4SA), which are constitutively active due to mutations in the inhibitory Lats 

phosphorylation sites (Zhao et al., 2011). In MCF10A cells stably expressing either 

YAP-5SA or TAZ-4SA, Wnt3a failed to accumulate β-catenin (Figures 5A and 5B). 

YAP/TAZ had no effect on β-catenin mRNA level (Figure S5A), suggesting that active 
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YAP/TAZ block Wnt3a–induced β-catenin protein stabilization. We also tested Lats1/2 

DKO MEFs, which have higher basal YAP/TAZ activity as indicated by enhanced nuclear 

localization (Figure S5B). Compared to Lats1 KO, the Lats1/2 DKO MEFs displayed a 

significantly weaker Wnt3a response, which was restored by YAP/TAZ depletion as 

indicated by Axin2 levels (Figures 5C and S5C). Together, these results indicate that 

activation of YAP/TAZ inhibit Wnt/β-catenin signaling.

Next, we collected conditioned-media (CM) from active TAZ-4SA-expressing MCF10A 

cells (4SA-CM), and tested its effect on the Wnt3a response. Pre-treatment with 4SA-CM 

strongly blocked Wnt3a–induced β-catenin accumulation, comparable to that of purified 

DKK1 pretreatment (Figure 5D). These data indicate that YAP/TAZ-induced secreted 

factors are responsible for antagonizing Wnt/β-catenin signaling. Next, we sought to identify 

YAP/TAZ target genes involved in this process. RNA-seq analysis in YAP overexpressing 

MCF10A cells revealed secreted inhibitors of Wnt/β-catenin signaling as prominent YAP 

inducible genes. These include WNT5A, DKK1, BMP4, and IGFBP4 (Figure 5E) (Cruciat 

and Niehrs, 2013; Haramis et al., 2004; He et al., 2004; Kikuchi et al., 2012; van 

Amerongen, 2012; Zhu et al., 2008). Moreover, it is worth noting that the classic YAP/TAZ-

TEAD target genes CTGF and CYR61 have also been implicated in antagonizing Wnt/β-

catenin signaling (Latinkic et al., 2003; Mercurio et al., 2004). On the other hand, there was 

no considerable mRNA induction among the intracellular Wnt destruction complex such as 

AXIN, APC, GSK3β, or CK1 (data not shown). These data are consistent with the 

observation that conditioned medium from TAZ-4SA-expressing cells was sufficient to 

inhibit Wnt/β-catenin signaling (Figure 5D).

Among the Wnt family, YAP exclusively induced the mRNA level of alternative Wnt ligand 

WNT5A, and to a lesser extent WNT11, while the other alternative Wnt ligands (WNT4, 

WNT6, and WNT16), and canonical Wnt ligands (WNT7A, WNT10A, and WNT10B) were 

either unchanged or suppressed (Figure 5F). WNT3A was not detected in the RNA-seq data, 

and qRT-PCR experiments showed negligible effect of YAP/TAZ on WNT3A expression 

(Figures S5D and S5E). YAP also specifically induced DKK1, BMP4, and IGFBP4 within 

each family (Figures 5G-5I). TAZ also induced the secreted Wnt inhibitors in MCF10A 

cells. Notably, the TEAD-binding deficient mutants YAP-5SA/S94A and TAZ-4SA/S51A 

failed to induce the expression of WNT5A, DKK1, BMP4, and IGFBP4 indicating that they 

are YAP/TAZ-TEAD target genes (Figures S5D and S5E), and consistent with previous 

reports (Lai and Yang, 2013; Seo et al., 2013). Interestingly, the expression of sFRP1, a 

secreted Wnt inhibitor that suppresses both Wnt/β-catenin and alternative Wnt signaling 

(Cruciat and Niehrs, 2013), was significantly abolished (Figure S5F). Consistent with the 

induction of secreted inhibitors specific to Wnt/β-catenin signaling, YAP significantly 

decreased a panel of major β-catenin/TCF target genes, including SOX9, MYC, EPHB3, 

NKD1, and LEF1 (Figure 5J). To extend this observation in vivo, we analyzed gene 

expression from transgenic mouse livers with a doxycycline (Dox)-inducible YAP. After 2-

weeks of Dox treatment, we found significant induction of YAP/TAZ target genes, Wnt5a, 

Wnt5b, and Bmp4, as well as a marked decrease of β-catenin target genes, Axin2 and COUP-

TFII (Figures 5K and S5G). These data indicate that YAP/TAZ induce the expression of 

secreted Wnt inhibitors and thereby suppress Wnt/β-catenin signaling.
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WNT5A/B Are Wnt Target Genes Mediated by YAP/TAZ-TEAD

We further investigated WNT5A/B as YAP/TAZ-TEAD target genes because they are 

prototypes of alternative Wnt ligands and also antagonize Wnt/β-catenin signaling. Wnt5a/b 

protein levels were dramatically increased in TAZ-4SA expressing cells compared to control 

MCF10A cells (Figure 6A). In this context, basal levels of Dvl2 phosphorylation, an 

indicator of alternative Wnt signaling, were evident, whereas β-catenin level was repressed 

and could not be induced by Wnt3a. Notably, the TEAD-binding deficient TAZ mutant 

(4SA/S51A) reversed these effects (Figures 6A and S6A). These data suggest that 

YAP/TAZ induce Wnt5a/b expression and simultaneously inhibit Wnt/β-catenin signaling 

through TEAD-dependent transcription. We then investigated whether WNT5A is a direct 

transcriptional target of TEAD. Two TEAD binding sequences (TBS; GGAATG) were 

identified in the WNT5A promoter region (Figure 6B). Chromatin immunoprecipitation 

(ChIP) showed that endogenous TEAD1 binds to the TBS of WNT5A (Figure 6C). CTGF 

and GAPDH promoters were positive and negative controls, respectively. These results 

indicate that WNT5A is a direct target gene of YAP/TAZ-TEAD.

The FZD/ROR receptors are transducers of the alternative Wnt-YAP/TAZ signaling axis 

(Figure 2). In MCF10A cells, FZD1/ROR1 stable expression induced YAP/TAZ activation, 

as well as robust induction of Wnt5a/b (Figure 6D). In parallel with the activation of 

alternative Wnt signaling, FZD1/ROR1 suppressed Wnt3a–induced β-catenin accumulation. 

To verify the role of the YAP/TAZ-TEAD complex in FZD/ROR-mediated transcriptional 

regulation, we utilized verteporphin (VP), a drug that disrupts YAP/TAZ-TEAD interaction 

(Liu-Chittenden et al., 2012). FZD1/ROR1 significantly induced WNT5A and CTGF mRNA 

levels (Figure 6E). Treatment with VP inhibited expression of both WNT5A and CTGF 

whereas it potentiated β-catenin/TCF target gene c-MYC expression. We next sought to test 

the effect of Wnt ligand on WNT5A/B gene induction. Wnt3a treatment induced WNT5A and 

WNT5B mRNA in MCF10A and 3T3-L1 cells, respectively, which was suppressed by 

TEAD depletion (Figures 6F, 6G, and S6B). Moreover, the induction of WNT5A/B by 

Wnt3a stimulation was confirmed at the protein level (Figures 6A and 6D, lanes 1–3). These 

data establish WNT5A/B as bona fide YAP/TAZ-TEAD-mediated Wnt target genes.

Recent gene expression profiling revealed WNT5A as one of the most significantly 

upregulated genes in PIK3CA-mutated breast tumors (Cizkova et al., 2010). We sought to 

determine whether YAP/TAZ-TEAD is required for PIK3CA mutation-induced WNT5A 

gene expression. We utilized mutant PIK3CA-knockin (KI) MCF10A cells, which express 

the oncogenic E545K or H1047R mutant PI3K at endogenous genomic locus (Gustin et al., 

2009). In both KI cells, we observed accumulation of YAP/TAZ, but not β-catenin (Figure 

6H). Importantly, in PIK3CA-H1047R KI cells, WNT5A and CTGF mRNA levels were 

significantly elevated (Figure 6I). Disruption of YAP/TAZ-TEAD interaction by VP 

completely diminished the induction of WNT5A and CTGF, whereas VP concomitantly 

increased β-catenin/TCF target genes, MYC and SOX9 (Figures 6I and 6J).

By analyzing gene expression from a panel of 967 cancer cell lines obtained from Cancer 

Cell Line Encyclopedia (CCLE) (Barretina et al., 2012), we observed a positive correlation 

between the expression level of YAP/TAZ and the secreted Wnt inhibitors WNT5A, WNT5B, 
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IGFBP4, BMP4, and DKK1 (Figure S6C). In contrast, there was either minor or inverse 

correlation between YAP/TAZ and β-catenin/TCF target genes, AXIN2, MYC, NKD1, and 

LEF1. These observations are consistent with a role of YAP/TAZ-TEAD as inhibitors of 

Wnt/β-catenin signaling.

The Alternative Wnt-YAP/TAZ Axis Antagonizes Wnt/β-Catenin Signaling in Adipocyte 
Differentiation

Adipocyte differentiation is a biological response in which Wnt/β-catenin and alternative 

Wnt signaling exert opposite effects (Ross et al., 2000; van Tienen et al., 2009). Wnt/β-

catenin signaling by Wnt3a inhibits adipogenesis in 3T3-L1 preadipocytes, whereas 

alternative Wnt signaling by Wnt5a/b promote this process (Figure S7A). Here, we sought to 

investigate whether YAP/TAZ mediate the antagonism of Wnt5a/b on Wnt3a in the context 

of adipogenesis. In 3T3-L1 cells, we confirmed that alternative Wnt signaling by Wnt5a/b 

promotes YAP/TAZ accumulation and nuclear translocation (Figures 7A, 7B, and S7B). 

Disruption of YAP/TAZ and TEAD interaction by VP treatment significantly reduced 

Wnt5a, Dkk1, and Ctgf mRNA. Simultaneously, VP treatment increased β-catenin/TCF 

target genes Axin2 and Myc expression (Figure 7C). The inhibitory effect of YAP/TAZ-

TEAD on Wnt/β-catenin signaling was further confirmed by TEAD depletion. Knockdown 

of TEAD increased Axin2 levels, and reduced Wnt5a and Dkk1 levels (Figure 7D). These 

observations indicate that alternative Wnt-YAP/TAZ-TEAD pathway functions to restrict 

Wnt/β-catenin signaling in preadipocytes. Importantly, depletion of TEAD significantly 

potentiated Wnt3a–induced Wnt/β-catenin signaling, as indicated by enhanced Axin2 

induction (Figure 7E). Furthermore, TEAD depletion attenuated the activity of Wnt5b to 

inhibit Axin2 induction, demonstrating that TEAD is required for Wnt5b to antagonize 

Wnt/β-catenin signaling (Figure 7F).

Based on the above observations, we hypothesized that YAP/TAZ-TEAD may mediate the 

inhibitory effect of Wnt5a on Wnt/β-catenin signaling during adipogenesis. In 3T3-L1 cells, 

Wnt3a treatment blocked adipogenesis differentiation medium (ADM)-induced adipogenesis 

in a dose-dependent manner (Figure 7G, panels 1–4). Stable expression of Wnt5a alone did 

not induce adipogenesis but enhanced the effect of ADM treatment. Importantly, Wnt3a 

failed to inhibit adipogenesis in Wnt5a expressing cells (Figure 7G, panels 5–8). These data 

support the notion that Wnt5a antagonizes the effect of Wnt3a on adipogenesis. To test if the 

YAP/TAZ-TEAD complex is important in this process, we depleted these components, then 

added ADM and Wnt3a on Wnt5a–pretreated cells. Similar with the results observed from 

Wnt5a–stable cells, addition of purified Wnt5a suppressed the inhibitory effect of Wnt3a on 

adipogenesis (Figure 7H, compare panels 1–4). However, depletion of YAP/TAZ or TEAD 

significantly abolished the antagonistic effect of Wnt5a on Wnt3a (Figure 7H, compare 

panels 4–6, S7C and S7D). Of note, we have previously shown that YAP suppresses the 

adipogenic activity of cAMP (Yu et al., 2013). While these experiments were performed in 

the presence of cAMP elevating drugs forskolin or IBMX, the current study utilized Wnt 

ligands and was designed to test the crosstalk between Wnt5a and Wnt3a. Thus, effects of 

YAP/TAZ on adipogenesis, though not directly involved, may be context-dependent. 

Together, these results support our notion that the alternative Wnt-YAP/TAZ-TEAD 

signaling axis is required for Wnt5a to antagonize the function of Wnt/β-catenin signaling.
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DISCUSSION

Differential Regulation of YAP/TAZ and β-Catenin by Wnt

Our study reveals a mechanism of YAP/TAZ regulation via alternative Wnt signaling and 

the functional significance of YAP/TAZ as downstream effectors. Wnt3a simultaneously 

activates both YAP/TAZ and β-catenin, although distinct signaling mechanisms are utilized. 

Wnt3a–induced YAP/TAZ activation was insensitive to DKK1 inhibition and LRP5/6 

knockout, whereas β-catenin activation by Wnt3a was sensitive to both. FZD1-induced 

YAP/TAZ activation was also intact in LRP5/6 DKO and β-catenin KO cells. Moreover, 

deletion of β-catenin had no effect on either YAP/TAZ protein levels or their degradation. 

Furthermore, Wnt5a/b activates YAP/TAZ, but not β-catenin. Interestingly, Wnt5a/b ligands 

are not only upstream activators, but also downstream target genes of YAP/TAZ-TEAD, 

indicating a potential positive feedback loop.

These results are dissimilar with previous reports that show Wnt3a–induced YAP/TAZ and 

β-catenin activation share a common mechanism and function via interaction with the 

destruction complex, which was independent of the Hippo pathway (Azzolin et al., 2014; 

Azzolin et al., 2012). Notably, recent unbiased proteomic studies have not identified the 

destruction complex as YAP/TAZ interacting proteins while these studies have validated 

many known YAP/TAZ binding partners (Couzens et al., 2013; Kohli et al., 2014; Kwon et 

al., 2013; Wang et al., 2014). Consistent with our results, Byun et al. also showed that 

Wnt3a activates TAZ by dephosphorylating Lats1/2 target sites, demonstrating the link 

between Wnt3a and Hippo pathway (Byun et al., 2014).

YAP/TAZ-TEAD Target Genes Inhibits Wnt/β-Catenin Signaling

The depth of research underscores the complex interplay between Hippo-YAP/TAZ and 

Wnt/β-catenin signaling. However, the field lacks a unified model regarding the inhibitory 

mechanism of YAP/TAZ in Wnt/β-catenin signaling. Consistent with our observations, other 

reports show that YAP/TAZ inhibit Wnt/β-catenin signaling in vivo and in vitro (Barry et al., 

2013; Imajo et al., 2012; Varelas et al., 2010). Several studies show that this inhibition is 

achieved by cytosolic YAP/TAZ via binding and suppressing Dvl2 or β-catenin.

Here, we show that nuclear and transcriptionally competent YAP/TAZ exert an inhibitory 

effect on Wnt/β-catenin signaling based on the following evidence. YAP/TAZ induce the 

expression of secreted Wnt inhibitors, and conditioned medium from active TAZ expressing 

cells blocks Wnt3a–induced β-catenin accumulation. The transcriptionally defective 

YAP/TAZ mutants fail to suppress Wnt/β-catenin signaling. Inhibition of YAP/TAZ-TEAD 

function, either by pharmacological inhibitor verteporfin or TEAD knockdown, abolishes 

the antagonistic effect of Wnt5a/b on β-catenin-induced biological responses. Finally, 

Lats1/2 DKO cells show reduced β-catenin activity due to hyperactive YAP/TAZ. 

Consistent with this notion, Seo et al. reported that SOX2-induced YAP-TEAD activation 

inhibits Wnt/β-catenin signaling by inducing DKK1 (Seo et al., 2013). LPA, which is a 

potent activator of YAP/TAZ, antagonizes Wnt/β-catenin signaling and blocks Wnt3a–

mediated differentiation of hESC (Blauwkamp et al., 2012). In addition, Gα12/13 and RhoA, 

which activate YAP/TAZ, were shown to inhibit Wnt/β-catenin signaling (Regard et al., 
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2011; Rodrigues et al., 2014). Together, these results support the model that YAP/TAZ 

antagonize Wnt/β-catenin signaling via TEAD-mediated gene transcription.

Gα12/13 and YAP/TAZ: Implications in Alternative Wnt Signaling

Although the heterotrimeric Gproteins, such as GαO or Gαq, have been implicated in both 

Wnt/β-catenin and alternative Wnt signaling, the requirement of Gα proteins and the GPCR 

nature of FZD remain controversial in the field (Dijksterhuis et al., 2014; van Amerongen, 

2012). Here, we provide the first genetic and biochemical evidence supporting the 

involvement of Gα12/13, and its role in alternative Wnt-YAP/TAZ signaling. Both genetic 

deletion and shRNA-mediated knockdown of Gα12/13 abolish YAP/TAZ activation in 

response to Wnt3a or Wnt5a/b treatment and FZD1 expression. However, Gα12/13 is not 

required for Wnt3a–induced β-catenin accumulation. Consistent with our model, Regard et 

al. showed that Gα12/13 antagonize Wnt/β-catenin signaling (Regard et al., 2011). In 

addition, we identify Rho GTPases, RhoA and Rac1, as downstream mediators of Gα12/13 in 

the alternative Wnt-YAP/TAZ axis. Together, we propose FZD as a bona fide Gα 12/13-

coupled GPCR, linking alternative Wnt signaling to YAP/TAZ activation.

During development, alternative Wnt ligands, FZD, Gα12/13, RhoA/Rac1, and Yki/YAP 

share similar functions in PCP (Habas et al., 2001; Lin et al., 2005; van Amerongen, 2012; 

Zecca and Struhl, 2010), however functional engagement between these components has 

been enigmatic. Here we demonstrate the link between PCP components and YAP/TAZ, and 

further show that CELSR2 can also augment FZD-induced YAP/TAZ activation. These data 

suggest the involvement of alternative Wnt-YAP/TAZ signaling axis in PCP. In addition, 

Wnt5a and ROR1/2 are potent inducers of tumor metastasis and their expression correlates 

with decreased patient survival in various human malignancies (Anastas and Moon, 2013). 

Here, we identified YAP/TAZ as potent effectors of Wnt5a and ROR1, and WNT5A as a 

direct target gene of YAP/TAZ. We further show positive correlations between YAP/TAZ 

and WNT5A expression in various cancer cells as well as in PIK3CA mutations. Therefore, 

elucidation of the alternative Wnt-YAP/TAZ signaling axis will not only expand 

mechanistic insights, but also provide therapeutic targets in the alternative Wnt pathway.

EXPERIMENTAL PROCEDURES

RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR (qRT-PCR) Analysis

Cells or tissues were harvested for RNA extraction using RNeasy Plus mini kit (Qiagen). 

RNA samples were reverse-transcribed to complementary DNA (cDNA) using iScript 

reverse transcriptase (Bio-Rad). qRT-PCR was performed using KAPA SYBR FAST qPCR 

kit (Kapa Biosystems) and the 7300 real-time PCR system (Applied Biosystems). 

Expression levels are normalized to HPRT. Detailed list of primer sequence information are 

provided in the Extended Experimental Procedures.

Generation of Knockout Cells Using CRISPR/Cas9 Genome Editing

pSpCas9(BB)-2A–Puro (PX459; Addgene plasmid #48139) and lentiCRISPRv2 (Addgene 

plasmid #52961) were gifts from Dr. Feng Zhang (Ran et al., 2013; Sanjana et al., 2014). 

The 20 nucleotide guide sequences were designed using the CRISPR design tool at http://
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www.genome-engineering.org/crispr or were taken from archived guide sequences from the 

Genome-scale CRISPR knock-out (GeCKO2) library (Sanjana et al., 2014). Single guide 

RNAs (sgRNAs) were cloned into PX459 expression vector containing the human codon-

optimized Cas9. HEK293A cells were transfected using PolyJet DNA in vitro Transfection 

Reagent according to the manufacturer’s instructions. In addition, sgRNAs were cloned into 

the lentiviral vector lentiCRISPRv2. Lentivirus was prepared in 293T cells, and the viral 

supernatant was collected, and added to MEFs or 3T3-L1 cells with polybrene. 16 hr after 

infection, the media was changed. 24 hr post transfection, cells were selected with 

puromycin for 2–3 days. Following removal of puromycin, cells were allowed to recover in 

regular growth media for 24 hr before being single-cell sorted by FACs (UCSD; Human 

Embryonic Stem Cell Core, BDInflux) into 96-well plate format. Single clones were 

expanded and screened by protein immunoblotting, genomic sequencing, and functional 

assays. Detailed list of guide sequence information are provided in the Extended 

Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Wnt ligands promote YAP/TAZ activation via the alternative Wnt signaling 

pathway.

• Alternative Wnt-YAP/TAZ signaling consists of Wnt-FZD/ROR-Ga12/13-Rho-

Lats1/2-YAP/TAZ.

• YAP/TAZ mediate alternative Wnt signaling-induced osteogenesis and cell 

migration.

• YAP/TAZ antagonize Wnt/β-catenin signaling by inducing secreted Wnt 

inhibitors.
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Figure 1. Wnt Ligands Activate YAP/TAZ Through Alternative Wnt Signaling
(A) Transgenic expression of Wnt1, but not ΔNβ-catenin, induce YAP/TAZ accumulation in 

mice. Representative images of YAP/TAZ expression level in Wnt1- and ΔNβ-catenin-

expressing hyperplastic mammary glands. Mammary gland tissues from 3 month-old 

MMTV-Wnt1 and MMTV-ΔNβ-cat transgenic mice were stained with either YAP or TAZ 

antibodies. Scale bars, 200 µm.

(B) Western blot analysis of YAP/TAZ and CTGF in tissues isolated from Wnt1 and ΔNβ-

catenin-expressing hyperplastic mammary glands.
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(C) TAZ accumulation by Wnt3a is insensitive to DKK1. MCF10A cells were serum-

starved for 16 hr, and then treated with Wnt3a (100 ng/ml) alone, or in the presence of 

DKK1 (200 ng/ml).

(D) Wnt5a and Wnt5b promote YAP/TAZ accumulation. MCF10A cells were serum-staved 

and stimulated with either Wnt5a (400 ng/ml) or Wnt5b (400 ng/ml). Upper arrowhead 

indicates phosphorylated band of Dvl2.

(E) YAP/TAZ activation by Wnt ligands is insensitive to RSPO1 and DKK1. ST2 cells were 

serum-starved and stimulated for 4 hr with Wnt3a or Wnt5a in the presence of RSPO1 (100 

ng/ml) or DKK1 (200 ng/ml). Lower arrowhead corresponds to the dephosphorylated, active 

form of YAP on a phos-tag gel.

(F) Differential effects of Wnt ligands and inhibitors on YAP/TAZ and β-catenin. Control 

and Wnt3a stable L cells were serum-starved then stimulated for 4 hr with indicated 

recombinant proteins or C3 transferase (2 µg/ml), a RhoA inhibitor.

(G and H) Alternative Wnt signaling induces YAP/TAZ nuclear localization. MEFs were 

serum-starved then pretreated with either DMSO (G) or cycloheximide (CHX, 10 µg/ml) (H) 

for 1 hr. After Wnt5b stimulation (400 ng/ml) for 4 hr, cells were fixed for 

immunofluorescence with anti-YAP/TAZ antibody. Scale bar, 20 µm.

See also Figure S1.
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Figure 2. The Wnt-FZD/ROR-Gα12/13-Rho-Lats1/2 Pathway Activates YAP/TAZ
(A) FZD1 expression activates endogenous YAP/TAZ. HEK293A cells were transfected 

with FZD1, then serum-starved for 16 hr before harvest. Lower arrowhead in YAP phos-tag 

blot represents dephosphorylated YAP. Upper arrowhead in Dvl2 blot represents 

phosphorylated Dvl2.

(B) FZD1 expression promotes YAP/TAZ nuclear localization. HEK293A cells were 

transfected with FZD1. After starvation for 16 hr, cells were fixed for immunofluorescence 

with anti-YAP/TAZ antibody. Scale bar, 20 µm.
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(C) ROR1 potentiates FZD-induced YAP/TAZ activation.

(D) Knockdown of Gα12/13, but not Gαq/11, suppresses FZD1-induced YAP/TAZ activation.

(E and F) Knockout of Gα12/13, but not Gαq/11, blocks Wnt5b-induced YAP/TAZ 

activation. Experiments in DKO MEFs were performed within 5 days after Cre infection. 

DKO cells were serum-starved then stimulated with Wnt5b (400 ng/ml). Cre infection 

efficiency was confirmed by Gα13 and Gαq blots.

(G) Rho GTPases mediate FZD1-Gα12/13-induced YAP/TAZ activation. FZD1 was co-

transfected with dominant negative (DN) or constitutively active (CA) Rho GTPase mutants 

in control or Gα12/13 depleted HEK293A cells, respectively.

(H) Expression of Rho-GDI inhibits FZD1, LPAR1, and LPA-induced YAP/TAZ activation.

(I) Lats1/2 are required for YAP/TAZ activation by FZD1. HEK293A cells with deletion of 

Sav1, Mst1/2, or Lats1/2 were transfected with FZD1 then serum-starved for 16 hr before 

harvest.

(J) Lats1/2 are required for Wnt3a–induced TAZ activation. WT and Lats1/2 DKO MEFs 

were serum-starved then stimulated with Wnt3a (100 ng/ml).

(K) Inhibition of Lats1 kinase activity by FZD1. In vitro kinase assay was performed with 

immunoprecipitated Lats1 and recombinant YAP protein.

(L) Components of the alternative Wnt-YAP/TAZ signaling axis.

See also Figure S2.
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Figure 3. Wnt3a Activates YAP/TAZ Independent of LRP5/6
(A) Wnt3a activates YAP/TAZ in LRP5/6 DKO cells. LRP5/6 DKO MEFs were starved for 

16 hr then stimulated with Wnt3a (100 ng/ml). LRP5/6 deletion was confirmed by western 

blot.

(B) LRP5/6 are required for Wnt3a–induced expression of β-catenin target gene Axin2, but 

not YAP/TAZ target gene Ctgf. Wnt3a–induced expression of Axin2 and Ctgf mRNA was 

measured by qRT-PCR in control and LRP5/6 DKO MEFs for 0, 2, 4 hr.

(C and D) Experiments similar to panels A and B were performed in 3T3-L1 cells. Data are 

presented as mean ± SEM.

See also Figure S3.
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Figure 4. YAP/TAZ Mediate Alternative Wnt Signaling in Osteogenesis and Cell Migration
(A) Transgenic expression of Wnt4 induces YAP/TAZ activation. Representative images of 

YAP/TAZ expression levels in femur sections from 2-month-old WT and OB-Wnt4 mice. 

Scale bar, 50 µm.

(B and C) ALP staining (B) and activity (C) in MSC after treatment with normal culture 

media (control), osteoinduction media (OI), and Wnt4 (100ng/ml) for 3 days. Depletion of 

YAP/TAZ by siRNA impairs Wnt4-induced ALP activity.
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(D) ARS staining in MSCs after treatment with OI and Wnt4 (100ng/ml) for 7 days. 

Depletion of YAP/TAZ by siRNA impairs Wnt4-induced calcium deposition in MSCs.

*P < 0.05, **P < 0.01 (Student’s t-test), n.s.: P > 0.05 by one-way ANOVA with Tukey’s 

post-hoc test.

(E) YAP/TAZ mediate FZD1-induced cell migration. Migration of HEK293A cells 

transfected with indicated constructs were assessed by transwell cell migration assays. Data 

are presented as mean ± SEM.

(F) Depletion of TEAD blocks Wnt5b-induced wound closure. A scratch was made across a 

confluent monolayer of stable TEAD knockdown MCF10A cells, and Wnt5b-induced 

wound closure (400 ng/ml) was monitored for 12 hr.

See also Figure S4.
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Figure 5. YAP/TAZ Induce Secreted Inhibitors of Wnt/β-Catenin Signaling
(A and B) Inhibition of Wnt/β-catenin signaling by nuclear YAP/TAZ. Stable MCF10A–

YAP-5SA (A) and TAZ-4SA (B) cells were serum-starved, then stimulated with Wnt3a (100 

ng/ml).

(C) Impaired Wnt/β-catenin signaling in Lats1/2 DKO cells. Axin2 mRNA level was 

measured in Wnt3a (100 ng/ml) stimulated Lats1 KO and Lats1/2 DKO MEFs. Data are 

presented as mean ± SEM. *P < 0.05 (Student’s t-test).

Park et al. Page 24

Cell. Author manuscript; available in PMC 2016 August 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(D) Inhibition of Wnt/β-catenin signaling by TAZ-4SA conditioned media. HEK293A cells 

were pretreated for 2 hr with conditioned media (CM) from control and TAZ-4SA-

expressing MCF10A cells then stimulated with Wnt3a (100 ng/ml). In lanes 4–6, DKK1 

(200 ng/ml) was added in control-CM.

(E) RNA-seq data in YAP-overexpressing (YAP-OE) MCF10A cells. The fold-induction of 

each gene is ranked among 22,341 genes.

(F-I) Induction of YAP target genes among the Wnt ligands (F), DKK family (G), BMP 

ligands (H), and IGFBP family (I). Fold-change by YAP is indicated above each bar graph. 

Ligands without corresponding number were undetectable or below threshold in RNA-seq 

analysis.

(J) Inhibition of β-catenin/TCF target genes by YAP.

(K) Induction of secreted Wnt inhibitors in YAP transgenic mouse liver. qRT-PCR analysis 

in the liver of YAP transgenic (YAP Tg) and control (WT) mice fed with 0.2 mg/ml 

doxycycline for 2 weeks. n = 3 mice per group; Data are represented as mean ± SEM. *P < 

0.05, **P < 0.01 (Student’s t-test).

See also Figure S5.
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Figure 6. WNT5A/B Are YAP/TAZ-TEAD-Mediated Wnt Target Genes
(A) TEAD induce Wnt5a/b and inhibit Wnt/β-catenin signaling. Stable MCF10A-4SA and 

4SA/S51A cells were serum-starved for 16 hr then stimulated with Wnt3a (100 ng/ml).

(B) WNT5A promoter region contains two TEAD binding sequences (TBS; GGAATG). 

Arrows underline primers used to amplify the region with each TBS.

(C) TEAD1 binds WNT5A promoter. ChIP experiment using anti-TEAD1 antibody was 

performed in TAZ-4SA-MCF10A cells. CTGF, positive control; GAPDH and WNT5A–CR 
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(coding region), negative controls. Data are presented as mean ± SEM. *IgG versus anti-

TEAD1 antibody, P < 0.05 (Student’s t-test).

(D) Activation of YAP/TAZ-Wnt5a/b axis by FZD1/ROR1. Stable MCF10A–FZD1/ROR1 

cells were stimulated with Wnt3a (100 ng/ml). Note that Wnt3a induces Wnt5a/b 

accumulation in control cells (lanes 1–3).

(E) VP suppresses FZD1/ROR1-induced WNT5A gene expression. TEAD target genes, 

WNT5A and CTGF, and TCF target gene MYC mRNA were measured in MCF10A–FZD1/

ROR1 (F+R) cells after VP (7 mM) treatment for 0, 2, 4 hr. Data are presented as mean ± 

SEM. *Compared to no VP treatment, P < 0.05 (Student’s t-test).

(F and G) TEAD mediates Wnt3a–induced WNT5A and WNT5B gene expression. Wnt3a 

(100 ng/ml) treatment for 0, 2, 4 hr induced mRNA expression of WNT5A (F) and WNT5B 

(G) in MCF10A and 3T3-L1 cells, respectively. In TEAD knockdown cells, Wnt3a–induced 

WNT5A/B expression was impaired. Data are presented as mean ± SEM. *Control versus 

shTEAD at 4 hr, P < 0.05 (Student’s t-test).

(H) Effect of oncogenic PIK3CA mutations on YAP/TAZ activation. PIK3CA-E545K and 

H1047R knockin MCF10A were starved for 16 hr then harvested.

(I) VP (7 µM) suppresses PIK3CA-H1047R–induced WNT5A and CTGF gene expression. 

Data are presented as mean ± SEM. *Compared to no VP treatment, P < 0.05 (Student’s t-

test).

(J) VP (7 µM) induces β-catenin/TCF target genes in PIK3CA-H1047R knockin cells.

See also Figure S6.
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Figure 7. Alternative Wnt-YAP/TAZ-TEAD Axis Antagonizes Wnt/β-Catenin Signaling in 
Adipogenesis
(A and B) Wnt5b promotes YAP/TAZ accumulation (A), and nuclear translocation (B) in 

3T3-L1 preadipocytes. Scale bar, 20 µm (B).

(C and D) Differential regulation of YAP/TAZ-TEAD and β-catenin/TCF target genes by 

VP (7 µM) (C) and TEAD depletion (D).

(E) TEAD knockdown potentiates Wnt3a–induced Wnt/β-catenin signaling. Axin2 mRNA 

was measured after Wnt3a (100 ng/ml) stimulation for 0, 2, 4 hr in serum-starved control 

and shTEAD 3T3-L1 cells. Data are presented as mean ± SEM.
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(F) TEAD knockdown impairs Wnt5b-induced inhibition of Wnt/β-catenin signaling. Note 

that left y-axis is for control, and right y-axis is for shTEAD 3T3-L1 cells. Data are 

presented as mean ± SEM.

(G) Wnt5a antagonizes Wnt/β-catenin signaling in adipogenesis. Control and stable 3T3-L1-

Wnt5a cells were treated with Wnt3a (0, 50, 100 ng/ml) after induction of adipogenesis. 

Experiment was terminated within 6 days after ADM treatment to compare panels 2 and 6. 

Stable expression of Wnt5a derepressed Wnt3a–induced adipogenesis inhibition.

(H) TAZ and TEAD mediate the antagonistic effect of Wnt5a on Wnt3a in adipogenesis. In 

control cells, pretreatment of Wnt5a (400 ng/ml) impaired the effect of Wnt3a (100 ng/ml) 

in adipogenesis. In contrast, Wnt5a did not antagonize the effect of Wnt3a in TAZ or 

TEAD-knockdown 3T3-L1 cells.

See also Figure S7.
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