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Abstract

Vascular endothelial growth factor (VEGF) stimulates endothelial cells to promote developmental 

and pathological angiogenesis. It also targets tumor cells, especially cancer stem cells (CSCs), to 

affect tumor initiation, progression and recurrence directly. Recent work has uncovered the 

importance of YAP/TAZ, transcriptional co-activators, in mediating VEGF signaling. One theme 

that has emerged from this work is that VEGF signaling impacts Rho family GTPase activity and 

cytoskeletal dynamics, which contribute to YAP/TAZ activation, and that YAP/TAZ-mediated 

transcriptional changes sustain Rho family GTPase activity and cytoskeletal dynamics to impact 

vascular growth and remodeling in endothelial cells and the acquisition of stem-like traits in tumor 

cells. These findings are significant because of their pathophysiological importance and their 

connection to other receptor-mediated pathways. This review discusses these findings and 

highlights areas for future study.

Gloss

Vascular endothelial growth factor (VEGF) is essential for angiogenic processes including the 

vascularization of organs during development and nascent tumors, which fuels their growth and 

dissemination. These processes are mediated by VEGF receptors expressed on endothelial cells. 

Some tumor cells also express VEGF receptors and VEGF signaling in these cells is associated 

with aggressive behavior, including the acquisition of stem-like traits. Understanding how VEGF 

impacts endothelial and tumor cells is a problem of paramount importance given the potential 

benefit of inhibiting this signaling as a therapeutic strategy. In this review with one figure and 60 

references, Elaimy and Mercurio describe recent work revealing the importance of YAP and TAZ, 

transcriptional effectors in the Hippo pathway, in mediating VEGF signaling. The confluence of 

VEGF and YAP/TAZ signaling results in transcriptional and cytoskeletal alterations that promote 

angiogenesis and the acquisition of stem-like traits in tumor cells.
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Introduction

Vascular endothelial growth factor (VEGF) was identified and isolated as an endothelial 

cell-specific mitogen that has the capacity to induce developmental and pathological 

angiogenesis (1, 2). More recent work has revealed the ability of VEGF to target tumor cells, 

especially cells with stem-like traits, referred to as cancer stem cells (CSCs) and, 

consequently, contribute to tumor initiation, progression and recurrence directly (3). These 

vital functions of VEGF are mediated by specific receptors expressed on endothelial and 

tumor cells including receptor tyrosine kinases (VEGFR1 and VEGFR2) and the neuropilins 

(NRPs), which function as VEGF co-receptors (4–8). The mechanisms by which these 

VEGF receptors execute these diverse functions are of paramount importance because of 

their potential as therapeutic targets. Not surprisingly, VEGF-mediated signaling events have 

been studied intensely but much remains to be learned. In particular, a better understanding 

of how VEGF signaling impacts the cell biology that underlies vascular growth and 

remodeling (angiogenesis) and self-renewal (CSCs) is needed. In this direction, recent work 

has uncovered a convergence of VEGF and Hippo signaling that has the potential to provide 

considerably new insight into angiogenesis and CSC function.

The Hippo pathway is critical for development because it restricts proliferation and controls 

organ size (9). Inhibition of this pathway results in the activation of YAP and TAZ, 

transcriptional co-activators that have profound effects on cell behavior. Active YAP and 

TAZ reside in the nucleus where they associate with the TEA domain (TEAD) family of 

transcription factors and regulate the expression of numerous target collectively known as a 

YAP/TAZ “signature”. Several cues, such as high cell density and polarity, can activate the 

core Hippo tumor suppressor pathway and thereby inhibit YAP/TAZ. This pathway consists 

of a kinase cascade mediated by the MST 1/2 kinases, which phosphorylate and activate the 

LATS 1/2 kinases (10). Activated LATS 1/2 directly phosphorylates YAP/TAZ at several 

conserved residues, with serine 127 of YAP and serine 89 of TAZ being the major and most 

heavily studied LATS 1/2 phosphorylation sites. YAP/TAZ phosphorylation creates 14–3-3 

binding sites, which results in their cytoplasmic retention, separation from the TEAD family 

of transcription factors and functional inactivation (10, 11). In addition to core MST/LATS 

kinase Hippo signaling, YAP/TAZ activity can be controlled by several other molecular 

factors termed the “extended” Hippo pathway. Although the core Hippo pathway and its 

extended components are well-characterized (12), a rigorous understanding of signaling at 

the cell surface that leads to inactivation of the Hippo pathway and contributes to enhanced 

YAP/TAZ activity is still emerging. What has been shown recently in several studies is that 

VEGF receptor signaling can promote YAP/TAZ activation in endothelial and tumor cells. A 

common theme that has emerged from these studies is that VEGF signaling impacts Rho 

family GTPase activity and cytoskeletal dynamics, which contribute to YAP/TAZ activation, 

and that YAP/TAZ-mediated transcriptional changes sustain GTPase activity and 

cytoskeletal dynamics to affect vascular growth and remodeling in endothelial cells and the 

acquisition of stem-like traits in tumor cells (Figure 1). These findings are significant 

because of their pathophysiological importance and their connection to other receptor-

mediated pathways. This review discusses these findings and highlights areas for future 

study.
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YAP/TAZ as Effectors of VEGF Signaling in Developmental Angiogenesis

The vascularization of tissues during development is a precisely orchestrated angiogenic 

process mediated primarily by VEGF that involves profound changes in endothelial cells 

including proliferation, sprouting, directed migration and re-organization of cell-cell 

junctions (13). These diverse functions of endothelial cells are mediated, in part, by 

transcriptional and cytoskeletal alterations, but the mechanisms responsible for these 

alterations are still being elucidated. For this reason, recent reports describing VEGF-

mediated YAP/TAZ activation in promoting developmental angiogenesis are a significant 

advance. One study observed VEGF-mediated YAP/TAZ activation in a variety of 

endothelial cells in vitro (14). They also performed endothelial-cell specific deletions of 

YAP/TAZ in mice and demonstrated their importance in embryonic and postnatal vascular 

development. YAP/TAZ deletion resulted in an impaired vascular response to VEGF 

indicating that YAP/TAZ are important regulators of angiogenesis downstream of VEGF. 

The mechanism proposed by which VEGF activates YAP/TAZ involves VEGFR2 activation 

of Src family kinases and subsequent cytoskeletal rearrangements mediated by Src activation 

of Rho family GTPases. Inhibiting VEGF-VEGFR2-Src-Rho GTPase signaling promoted 

LATS-mediated YAP/TAZ phosphorylation. This finding is consistent with reports that 

cytoskeletal by Rho GTPases mediated by upstream G-protein coupled receptor signaling 

(GPCR) activates YAP/TAZ (15–17), which can be due to inhibition of LATS kinases (16, 

17). A positive feedback loop enabled by YAP/TAZ-dependent transcriptional changes was 

also described that sustains cytoskeletal alterations and Rho GTPase activity. More 

specifically, chromatin immunoprecipitation sequencing (ChIP-Seq) analysis revealed that 

the VEGF-VEGFR2-Src-Rho GTPase signaling axis promotes YAP/TAZ dependent 

expression of several cytoskeletal remodeling genes, including myosin 1C (14). This finding 

is significant because myosin 1C has been implicated in VEGFR2 trafficking from the Golgi 

apparatus to the plasma membrane (18). Consequently, enhanced YAP/TAZ activity was 

shown to be critical in retaining VEGFR2 on the cell surface and promoting a feedforward 

loop sustaining VEGF-VEGFR2-Src-Rho family GTPase activation of YAP/TAZ that 

contributes to developmental angiogenesis (14).

Another interesting study concluding that VEGF activates YAP/TAZ in endothelial cells 

focused more on the cell biology of how YAP/TAZ influence angiogenesis (19). Analysis of 

mice with endothelial-specific deletion of YAP/TAZ revealed defects in sprouting at the 

vascular front where tip endothelial cells are exposed to VEGF, which was associated with 

defective filopodia and lumen formation. A reduction and disarrangement of endothelial cell 

junctions was also observed in the YAP/TAZ knock-out mice. This phenotype was attributed 

to the ability of YAP/TAZ to modulate the actomyosin cytoskeleton in response to VEGF by 

sustaining activation of a Rho family GTPase, CDC42. Although the mechanism by which 

YAP/TAZ contribute to CDC42 activation was not addressed, it was presumed to involve 

transcriptionally competent YAP/TAZ in the nucleus. This point is mentioned because 

another study, which did not consider VEGF signaling, concluded that cytoplasmic YAP 

regulates CDC42 in the migration of endothelial tip cells (20). This observation is somewhat 

surprising but a prior study not involving VEGF signaling found that cytoplasmic YAP 

influences cytokinesis through its regulation of Rho GTPases and Rho GTPase regulatory 

proteins (21). It will be important to assess whether VEGF signaling affects cytoplasmic 

Elaimy and Mercurio Page 3

Sci Signal. Author manuscript; available in PMC 2019 May 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



YAP and to understand its role in angiogenesis. A broader issue is the role of nuclear vs. 

cytoplasmic YAP in the regulation of Rho GTPases and their regulation by both 

transcriptional and non-transcriptional mechanisms. Also, it is likely that YAP and TAZ 

differ in this regard. Although both YAP and TAZ are prone to degradation in the cytoplasm, 

cytoplasmic TAZ may not have a non-transcriptional function because it has a significantly 

shorter half-life than YAP and is highly unstable in the cytoplasm (9, 22, 23).

Other recent studies have used different approaches to arrive at the conclusion that 

YAP/TAZ are key effectors of VEGF-mediated angiogenesis. The use of a novel 

bioluminescence-based biosensor that monitors LATS kinase activity in combination with a 

library of small molecule kinase inhibitors revealed that VEGFR signaling inhibits LATS 

activity and, consequently, promotes YAP/TAZ activation in endothelial cells (24). The 

mechanism identified involves VEGFR-mediated PI3K/MAPK activation that suppresses 

activation of MST1/2, which impedes their ability to activate the LATS kinases. Based on 

this information, this study also demonstrated that YAP/TAZ are critical for VEGF-induced 

angiogenesis in vivo. They also found that YAP/TAZ control the expression of 

angiopoietin-2 and CYR61, proteins that had been previously implicated in angiogenesis 

(25). Another study observed that VEGF stimulation of endothelial cells reduced YAP 

phosphorylation and increased its nuclear localization, hallmarks of YAP activation (26). 

This result prompted the generation of transgenic mice (Tie2Cre-YAPTg) in which YAP was 

overexpressed in endothelial cells resulting in increased retinal angiogenesis. Interestingly, 

YAP was shown to partner with STAT3 and promote nuclear STAT3 localization, and 

evidence was provided that the YAP/STAT3 complex enhances angiogenic functions in vitro. 

One mechanism proposed is that YAP increases the STAT3-mediated transcription of 

angiopoietin-2, which is related to the conclusion of the previous study (14).

The studies described demonstrating that VEGF signaling activates YAP/TAZ in endothelial 

cells have proposed different signaling mechanisms (Src-Rho family GTPase, PI3K/MAPK 

and STAT3). Future work should focus on whether these pathways can be integrated into a 

unified mechanism for VEGF-VEGFR-mediated YAP/TAZ activation in endothelial cells. 

The possibility that a central tenet of this mechanism involves VEGF-mediated activation of 

Rho family GTPases and the consequent impact on cytoskeletal dynamics and mechanical 

tension seems likely, especially given the existing literature on YAP/TAZ activation by 

mechanical forces (27). Nonetheless, it is premature to exclude other modes of YAP/TAZ 

activation. It is also important to note that other studies had implicated Hippo signaling in 

angiogenesis (28), but they did not assess the potential role of VEGF signaling in regulating 

this pathway. This issue is timely because a recent study implicated BMP signaling and 

discounted the involvement of VEGF in YAP/TAZ regulation of sprouting angiogenesis in 

the mouse retina (29). Clearly, more work is needed to define the contribution of VEGF 

signaling to YAP/TAZ activation in developmental angiogenesis and to assess its 

relationship to other signaling pathways. The possibility that YAP/TAZ can be activated in 

endothelial cells by blood flow independently of VEGF and Hippo signaling also needs to be 

considered (30).
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Role of VEGF-mediated YAP/TAZ Activation in Cancer Cells

The seminal finding that VEGF-mediated angiogenesis is a hallmark of cancer sparked 

intense interest in the identification of signaling pathways in tumor-associated endothelial 

cells that are driven by VEGF and how they can be exploited for therapeutic purposes (31). 

The importance of VEGF in cancer has been amplified by the realization that VEGF 

signaling is critical for the function of some cancer cells, especially CSCs. CSCs are defined 

as a subpopulation of cells that exhibit properties of stem cells including self-renewal and 

function in tumor initiation, differentiation into heterogeneous cancer cell lineages, and 

therapy resistance (32). Autocrine VEGF signaling has emerged as an essential pathway for 

sustaining self-renewal and other CSC functions in several types of cancer (3). Interestingly, 

many of these studies, but not all, have highlighted a key role for the NRPs (NRP1 and 

NRP2) in mediating this signaling and discounted the contribution of VEGFRs (33–36). 

This latter observation has significant implications for therapy because the most common 

anti-VEGF drug (bevacizumab) blocks the binding of VEGF to receptor tyrosine kinases but 

not to NRPs (37). This observation may explain, in part, the dismal efficacy of bevacizumab 

for many cancers (38, 39), and it highlights the potential benefit of targeting the NRPs 

directly as an approach to inhibiting VEGF signaling in CSCs. For this reason, 

understanding how VEGF-NRP signaling impacts CSCs is a timely and significant problem, 

which sets the stage for the recent work implicating YAP/TAZ in this mechanism.

There is now compelling evidence that YAP/TAZ are essential for the function of CSCs, as 

well as other aspects of aggressive tumor behavior (40). This finding raises the important 

issue of how YAP/TAZ activity is regulated to impact CSCs and the behavior of aggressive 

cancers. Presumably, this regulation occurs by factors and conditions in the tumor 

microenvironment but not much is known about the nature of these signals. There is 

evidence, for example, that the matrix protein laminin 511 is a component of a CSC niche 

and that the engagement of this laminin with a splice variant of the α6β1 integrin (α6Bβ1) 

sustains TAZ activity in breast CSCs (41).

The recent report that autocrine VEGF signaling mediated by NRP2 promotes the self-

renewal of breast CSCs by sustaining TAZ activation is significant because it links a key 

component of the tumor microenvironment (VEGF) with TAZ activation as a mechanism 

that underlies CSC function (42). This study highlighted a critical role of Rac1 in TAZ 

activation by VEGF-NRP2 signaling, which is consistent with the key role for Rho family 

GTPases in promoting YAP/TAZ activation observed in endothelial cells (19, 26). One 

mechanism proposed by which Rac1 contributes to TAZ activation involves p21-activated 

kinase (PAK), a Rac-activated kinase, that phosphorylates Merlin, the protein encoded by 

the Neurofibromatosis Type 2 gene, on Ser518 (43–45). This phosphorylation is known to 

inhibit LATS phosphorylation (12, 46–48) and, consequently, facilitate YAP/TAZ activation 

(42, 49). An essential component of this mechanism is the repression of β2-Chimaerin, a 

Rac GAP, by TAZ and the consequent activation of Rac1 resulting in a positive feedback 

loop driven by VEGF-NRP2 signaling that sustains TAZ activation. This study also found 

that a TAZ/TEAD complex binds to the promoter region of the β2-Chimaerin gene and 

contributes to its repression. Another study in gastric cancer, which did not involve VEGF 

signaling, found that the expression of ARHGAP29, a Rho GAP, is controlled by YAP, 
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which modulates Rho signaling to promote a metastatic phenotype (50). These observations 

reveal the ability of YAP/TAZ-dependent transcription to impact CSCs and promote 

metastasis by regulating the expression of Rho family GAPs.

Interestingly, the available data, albeit limited, indicate that VEGF-mediated YAP/TAZ 

activation in CSCs can be mediated by NRPs and not involve VEGFRs (42, 51). This 

conclusion is substantiated by a study on prostate cancer cells, which found that VEGF-

NRP-mediated Rac1 activation is VEGFR-independent (52). As alluded to above, however, 

there is evidence that VEGF signaling in CSCs can be mediated by VEGFRs but these 

studies did not involve an assessment of YAP/TAZ activation (53–55). Given that NRPs 

function as co-receptors and lack intrinsic signaling properties (56–58), the issue of how 

NRPs activate YAP/TAZ arises. One mechanism involves the ability of NRP2 to function as 

a co-receptor for the α6β1 integrin. This integrin associates with NRP2 in breast cancer cells 

and this interaction facilitates the signaling potential of this integrin, including its ability to 

activate FAK (34, 59), which is consistent with the report that VEGF-NRP2 activates Rac1 

in a FAK-dependent manner (42). This finding is consistent with the observation that NRP2 

and the α6β1 integrin are markers of breast CSCs (34, 60). A more recent study confirmed 

the importance of NRPs in regulating α6 integrin signaling in epidermal CSCs and the lack 

of VEGFR involvement (51). This study also found that VEGF-NRP signaling activates 

YAP by FAK/Src inhibition of LATS phosphorylation. In contrast to the previous report on 

the α6β1 integrin, however, this study argued that the α6β4 integrin interacts with NRP1 on 

the surface of CSCs and that this interaction promotes YAP activation. This discrepancy may 

reflect differences in α6 integrin expression between breast and epidermal CSCs. 

Nonetheless, these studies demonstrate that NRPs can promote YAP/TAZ activation without 

VEGFR involvement by co-opting integrin signaling. More work is needed, however, to 

exclude the involvement of VEGFRs in VEGF-mediated YAP/TAZ activation definitively, 

especially in light of their key role in YAP/TAZ activation in endothelial cells and other 

reports on cancer cells.

Concluding Comments

The role of YAP/TAZ activation in executing the functional consequences of VEGF 

signaling in endothelial and CSCs that has become apparent is providing new insight into the 

mechanisms that underlie angiogenesis and the acquisition of stem-like traits. A central 

theme that has emerged from these studies is the critical role of the Rho family of small 

GTPases in mediating the signaling events initiated by VEGF to activate YAP/TAZ. These 

GTPases contribute to YAP/TAZ activation indirectly by altering cytoskeletal dynamics as 

well as directly by inhibiting LATS phosphorylation. The transcriptional alterations that 

result from YAP/TAZ activation can initiate a positive feedback loop that sustains Rho 

GTPase activation. Although aspects of this signaling network had been established 

previously, the novelty of the recent studies highlighted in this review is the ability of VEGF 

and VEGF receptors to orchestrate this network. This mode of YAP/TAZ regulation is 

significant because VEGF signaling itself is tightly regulated during development and 

aberrantly activated by the tumor microenvironment, which provides a pathophysiological 

context for YAP/TAZ activation. Looking forward, a better understanding of how the 

different types of VEGF receptors (receptor tyrosine kinases and NRPs) contribute to 
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YAP/TAZ activation and their interaction with other surface receptors is needed. These 

studies should consider the role of mechanical forces imposed by the extracellular matrix 

and tissue microenvironment in VEGF receptor-mediated YAP/TAZ activation (Figure 1). 

Other areas ripe for investigation that are depicted in Figure 1 include delineating the 

specific contributions of different Rho GTPase family members to YAP/TAZ activation in 

the context of VEGF signaling. Also, much more needs to be learned about how YAP and 

TAZ affect gene expression to execute VEGF-mediated functions in endothelial and tumor 

cells and how YAP and TAZ may differ in this regard. The possibility that cytoplasmic YAP 

is regulated by VEGF signaling and contributes to angiogenesis and CSC function should 

also be considered (Figure 1). The impact of this work is likely to be substantial given the 

intense interest in targeting VEGF signaling as a therapeutic approach for inhibiting 

angiogenesis and CSC function.
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Figure 1. 
Schematic depicting the confluence of VEGF and YAP/TAZ signaling that has been 

described in endothelial and tumor cells. The central theme that has emerged is that VEGF 

signaling mediated by VEGFR2 and NRPs increases the activity of Rho family GTPases 

resulting in LATS inhibition and YAP/TAZ activation. Integrins have a key role in this 

signaling by associating with NRPs and engaging the extracellular matrix (ECM). VEGF 

signaling can involve Src-mediated Rho activation and the consequent activation of 

YAP/TAZ by cytoskeletal (CSK) dynamics. VEGF signaling can also inhibit LATS by a 
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Rac1-dependent mechanism that involves PAK inhibition of Merlin. An important issue is 

whether these two mechanisms function in concert to promote YAP/TAZ activation in 

response to VEGF signaling. YAP/TAZ-mediated transcription can alter the expression of 

genes involved in CSK remodeling and Rho and Rac1 activation, establishing a positive 

feedback loop.
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