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ABSTRACT

Yes-associated protein 1 (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) (YAP/
TAZ) are transcriptional coactivators that regulate genes involved in proliferation and
transformation by interacting with DNA-binding transcription factors. Remarkably, YAP/TAZ are
essential for cancer initiation or growth of most solid tumors. Their activation induces cancer stem
cell attributes, proliferation, and metastasis. The oncogenic activity of YAP/TAZ is inhibited by the
Hippo cascade, an evolutionarily conserved pathway that is governed by two kinases, mammalian
Ste20-like kinases 1/2 (MST1/2) and Large tumor suppressor kinase 1/2 (LATS1/2), corresponding to
Drosophila’s Hippo (Hpo) and Warts (Wts), respectively. One of the most influential aspects of YAP/
TAZ biology is that these factors are transducers of cell structural features, including polarity, shape,
and cytoskeletal organization. In turn, these features are intimately related to the cell’s ability to
attach to other cells and to the surrounding extracellular matrix (ECM), and are also influenced by
the cell's microenvironment. Thus, YAP/TAZ respond to changes that occur at the level of whole
tissues. Notably, small GTPases act as master organizers of the actin cytoskeleton. Recent studies
provided convincing genetic evidence that small GTPase signaling pathways activate YAP/TAZ,
while the Hippo pathway inhibits them. Biochemical studies showed that small GTPases facilitate
the YAP-Tea domain transcription factor (TEAD) interaction by inhibiting YAP phosphorylation in
response to serum stimulation, while the Hippo pathway facilitates the YAP-RUNX3 interaction by
increasing YAP phosphorylation. Therefore, small GTPase pathways activate YAP/TAZ by switching
its DNA-binding transcription factors. In this review, we summarize the relationship between the
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Hippo pathway and small GTPase pathways in the regulation of YAP/TAZ.

Inhibition of YAP/TAZ by the Hippo pathway

YAP contains two consecutive WW domains and was
originally identified as a Yes-associated protein [1]. TAZ
is a YAP paralog in mammals and displays a similar
domain organization, but has only one WW domain.
The schematic depiction of YAP, TAZ, and their Dro-
sophila homolog Yorkie (Yki) is illustrated in Figure 1.
The biological function of YAP as a transcriptional coac-
tivator was first demonstrated by the observation that
YAP interacts with Runt related transcription factor 2
(RUNX2)/PEBP20A and strongly enhances RUNX2-
mediated transactivation activity [2]. TAZ was also
shown to function as a transcriptional coactivator of
RUNX2 [3]. The important biological function of YAP
was highlighted 10 years later when Yki was identified as
an endpoint effector of the Hippo pathway in flies.
The Hippo pathway includes Hpo and Wts kinases,
which inhibit cell proliferation and activate apoptosis.

Interestingly, Yki, a homolog of YAP, was identified as a
Wis-interacting protein by yeast two-hybrid screening
[4]. Functionally, the overexpression of Yki results in
massive tissue overgrowth (increase in cell number), a
phenocopy of the loss of function of Hpo or Wts. Mecha-
nistically, Wts phosphorylates and inactivates Yki by
sequestering the protein in the cytoplasm. Thus, the
Hippo core components can negatively regulate Yki by
phosphorylation. Importantly, the components of the
Hippo pathway are structurally conserved in mammals
[5]. MST1/2 and LATS1/2 are mammalian homologs of
fly Hpo and Wts, respectively (Figure 2). Therefore,
when Drosophila Yki was identified in 2005 as the down-
stream target of the Hippo tumor suppressor [4], studies
on YAP shed new light on the context of the potentially
conserved Hippo pathway in mammalian cells and its
cellular and physiological role in cell proliferation and
apoptosis. Soon after the identification of Yki, several
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Figure 1. The schematic drawing of YAP, TAZ, and Yki. The key
features of YAP, TAZ, and Yki are indicated (e.g., WW domain
(WW) and TEAD-binding region (TB)). The major Hippo target
sites where phosphorylation creates a binding site for 14-3-3
proteins are also highlighted (5127 of YAP, S89 of TAZ, and 5168
of Yki).

landmark studies established the paradigm of the con-
served Hippo pathway as the major signaling cascade
regulating organ size in vivo and cell contact inhibition
of proliferation in vitro [6]. It was concluded that the
cell-to-cell interactions upon confluence trigger the
Hippo pathway, resulting in the phosphorylation of Yki/
YAP, and leading to cytoplasmic sequestration.

However, the role of RUNX proteins (Lozenge (Lz) in
Drosophila) as DNA-binding partners of YAP in the
Hippo pathway was unclear. Instead, the TEAD family
DNA-binding transcription factors were shown to inter-
act with YAP [7]. Several recent studies demonstrated
that TEADs in mammals and Scalloped (Sd) in the fly
are major transcriptional factors mediating the biological
outcome of YAP and TAZ (YAP/TAZ) and YKki, respec-
tively, that are governed by the Hippo pathway. For
example, TEADs are essential in mediating YAP-depen-
dent gene expression and functional outcomes, including
cell growth, oncogenic transformation, and epithelial-to-
mesenchymal transition (EMT) [8]. Similarly, a Yki
mutant that is not capable of interacting with Sd was
unable to induce tissue overgrowth in vivo [9]. These
results suggested that the oncogenic activities of YAP/
TAZ are dependent on their interaction with TEADs
and that their activities are inhibited by the Hippo path-
way (Figure 2). A recent integrative analysis, using epige-
nomic and transcriptomic approaches, revealed that
TEAD4 is the major transcription factor through which
YAP drives cell proliferation and EMT [8].

Mechanisms for the activation of YAP/TAZ

For years, LATS1/2-mediated phosphorylation was the
only known mechanism that regulates YAP/TAZ. This
led to the assumption that inactivation of the Hippo
pathway may be a major mechanism for the activation of
YAP/TAZ in cancer [10, 11]. However, Hippo pathway
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Figure 2. Hippo signaling pathway. MST1/2 (Hpo in Drosophila)
phosphorylates LATS1/2 (Wts in Drosophila) and activates the
kinase activity of LATS1/2. The activated LATS1/2 phosphorylates
YAP/TAZ (Yki in Drosophila). The phosphorylated YAP/TAZ are
released from their DNA-binding partners, TEADs (Sd in Drosoph-
ila), and exported to the cytoplasm through the interaction with
14-3-3. Thereby, the Hippo pathway inactivates the oncogenic
activity of YAP/TAZ. MST1/2 can be activated by multiple path-
ways. The MST1/2 -> LATS1/2 -> YAP/TAZ pathway is known as
the canonical Hippo signaling pathway. LATS1/2 can be regulated
by a MST1/2-independent mechanism. YAY/TAZ can be phos-
phorylated by various kinases other than LATS1/2. The pathways
regulating YAP/TAZ in a MST1/2-independent manner are known
as non-canonical pathways.

mutations are extremely rare in human tumors [12]. In
fact, inactivation of LATS1/2 is inconsequential, or only
partially relevant for YAP/TAZ regulation. In addition,
inactivation of Hippo pathway components in mice ulti-
mately leads to tumor development but requires a longer
latency than in mice overexpressing YAP [13]. These
results suggest that inactivation of the Hippo pathway is
not sufficient to induce tumorigenesis without additional
YAP activity. Thus, it appears that the Hippo pathway is
not the only mechanism that regulates YAP/TAZ. These
regulatory elements include cellular mechano-transduc-
tion, RHO-GTPase signaling, inflammation, metabolism,
and, to a certain extent, contact inhibition and G pro-
tein-coupled receptor (GPCR) signaling.

Activation of YAP/TAZ by RHO family small
GTPases

The RHO family of GTPases, a subfamily of the RAS
superfamily, consists of small (~21 kDa) G proteins.
RAS homolog family member A (RHOA), RAS-related
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C3 botulinum toxin substrate 1 (RAC1), and Cell divi-
sion cycle 42 (CDC42) are the most well-characterized
and are established master regulators of cytoskeletal
dynamics and morphology [14, 15]. RHO-GTPases are
overexpressed in numerous cancers, including breast,
lung, colon, head and neck, bladder, and gastric tumors
[16]. A prominent feature of the Hippo pathway is that
stress fibers (F-actin) are increased at low cell densities
and inhibit the Hippo pathway, thereby reducing YAP
phosphorylation and promoting nuclear YAP accumula-
tion [17]. Therefore, small GTPase signaling governs
actin cytoskeleton dynamics and affects the Hippo path-
way, suggesting cross-talk between small GTPase signal-
ing and the Hippo pathway.

Ridley and Hall reported that activation of RHOA by
GTP binding induces the formation of F-actin stress
fibers [18]. It is now well known that RHO/RAC stimu-
late RHO-associated protein kinase (ROCK) and p21-
activated kinase (PAK), which induce LIM kinase-1
(LIMK) activity and inactivate cofilin, resulting in
F-actin accumulation [19]. F-actin sequesters angiomo-
tin (AMOT), an inhibitor of YAP, and thereby promotes
YAP activation and nuclear translocation [20]. Attach-
ment of cells to ECM induces YAP activation and
nuclear translocation through RHOA-mediated F-actin
accumulation [21]. Activation of YAP/TAZ by RHO-
mediated F-actin dynamics is required for survival of
human embryonic stem cells (hESC) [22]. Geq also pro-
motes the YAP-dependent growth of uveal melanoma
cells through RHO/RAC-mediated F-actin accumulation
[23]. RHOA signaling is also involved in activation of
Sphingosine-1-phosphatate (S1P)-mediated YAP and
myocardin-related transcription factor A (MRTF-A).
MRTF and YAP/TAZ are major mechanosensitive tran-
scriptional co-activators that link cytoskeleton organiza-
tion to gene expression [24]. Activation of MRTF-A and
YAP regulates RHOA-mediated CCN1 (also known as
CYR61) expression [25]. Serum starvation of cells indu-
ces cytoplasmic localization of MRTF-A and YAP, and
S1P treatment leads to increased nuclear accumulation
of MRTF-A and YAP [25].

Cell mechanics and the status of the cytoskeleton rep-
resent a central mechanism in the control of YAP/TAZ
activity. A rigid ECM maintains active YAP/TAZ in the
nucleus, while more elastic matrices lead to YAP/TAZ
inactivation. This regulation requires RHO GTPase
activity, but appears to be independent of the Hippo/
LATS pathway, because depletion of LATS1/2 does not
block YAP and TAZ regulation in cells cultured in soft
gels [26]. However, two studies reported that RHO-
mediated F-actin accumulation induces YAP activity
through inhibition of LATS kinase activity [17, 21].
Lysophosphatidic acid (LPA) and S1P induce Giy3-

mediated RHO activation, and then activate YAP/TAZ
through inhibition of LATS1/2 kinase activity [27]. Also,
cyclic stretch induces YAP activity through JNK-medi-
ated binding of LIM domains containing 1 [LIMDI1
(LATS inhibitor)] to LATS1 [28]. These reports show
that RHO signaling regulates YAP activity in a LATS-
dependent manner. Therefore, RHO signaling regulates
YAP activity via LATS-dependent and -independent
mechanisms.

A large body of data implicates RHO-GTPases in the
pathogenesis of kidney disease. Kidney podocytes are
highly specialized, terminally differentiated cells that
form the final barrier to urinary protein loss. Scott et al.
determined that the deletion of Cdc42, but not of Racl
or RhoA, in mouse podocytes results in congenital
nephrotic syndrome and glomerulosclerosis [29]. Blatt-
ner et al. also showed that Cdc42 is necessary and Racl is
dispensable for the maintenance of podocyte structure
and function [30]. Notably, the deletion of Yap or Cdc42
in mouse podocytes results in very similar defects [31].
Histologically, both mutant mice exhibited features char-
acteristic of focal segmental glomerulosclerosis (FSGS),
which is the most common primary glomerular disease
[31]. In human primary FSGS, Cdc42 expression [32]
and Yap expression [31] are markedly lower than in nor-
mal glomerular podocytes. These results suggest that
Cdc42 and Yap are involved in nephrogenesis and that
Cdc42 may be an upstream regulator of Yap. This possi-
bility was further investigated by Reginensi et al. They
found that the deletion of either Cdc42 or Yap in cap
mesenchyme cells, the precursors of podocytes, causes
essentially the same defects as those found in nephrogen-
esis [33]. Mechanistically, the deletion of Cdc42 reduces
the nuclear localization of Yap, leading to lower levels of
Yap-dependent gene expression. These results provide
strong evidence that Yap is a downstream target of
Cdc42 signaling in nephron progenitor cells.

These findings prompt the question of how Cdc42
regulates the nuclear localization of Yap. When podo-
cytes are injured, Cdc42 and its downstream effector,
Neural Wiskott-Aldrich syndrome protein (Nwasp), are
downregulated. Subsequently, the loss of stress fibers,
caused by Cdc42/Nwasp deficiency, results in lower Yap
levels and podocyte apoptosis [32]. Importantly, the level
of stress fibers is regarded as a regulator of Yap [26, 33].
Therefore, the Cdc42-Nwasp-stress fiber signal pathway
may play a central role in regulating Yap activity and
podocyte apoptosis.

These studies indicated that YAP/TAZ are critical
mediators of fibrosis in podocytes. Fibrosis, which is
defined as the excessive accumulation of extracellular
matrix, is a common pathological process in soft tissues
and organs, including not only kidney but also lung,



liver, and skin [34-39]. The activation of YAP and TAZ
was recently found to be involved in the induction of
fibrosis in lung and liver. In idiopathic pulmonary fibro-
sis, both YAP and TAZ levels are elevated, and display a
predominantly nuclear localization [36]. Moreover, YAP
and TAZ knockdown in mouse lung and liver fibroblasts
reduces the levels of proteins associated with myofibro-
blast differentiation [36]. In addition, mice heterozygous
for TAZ show a remarkable resilience to bleomycin-
induced pulmonary fibrosis [40].

Activation of YAP/TAZ by GPCRs

GPCRs recognize numerous extracellular signals and
transduce them to heterotrimeric G proteins that further
transmit these intracellular signals to the appropriate
downstream effectors, and thereby play a main role in
various signaling pathways [41]. An important discovery
came about with the demonstration that soluble ligands
signaling through GPCR and RHO can promote YAP/
TAZ nuclear localization and transcriptional activities
[27]. Mechanistically, LPA and S1P trigger Go,/13- and
Gorgr1-coupled GPCRs to activate RHO-GTPases. Acti-
vation of RHO-GTPases serves as a key mediator in the
activation of YAP/TAZ from upstream GPCRs. The role
of GPCR-RHO as an upstream regulator of YAP/TAZ
was further confirmed by the observations that YAP
mediates the oncogenic activity of mutant Gogy; in the
development of uveal melanoma and that the YAP inhib-
itor verteporfin blocks the growth of uveal melanoma
tumor cells harboring Garo/;; mutations [42]. In addition,
the genes encoding Gerg and Gay; are frequently mutated
in uveal melanoma [42]. Stimulation of GPCRs by LPA
and S1P treatment induces the expression of the YAP
target genes CTGF, CYR61, and ankyrin repeat domain 1
(ANKRDI) [42].

Recent studies show that the overexpression of onco-
genic Gag also promotes nuclear localization of YAP in
cell culture and in human tumors. The mechanism by
which oncogenic Gog activates YAP is unclear. One
study purported that Gey ultimately affects LATS-medi-
ated phosphorylation of YAP [27], while another sug-
gested that Gay promotes changes in AMOT in the
cytoskeleton independently of LATS [23]. Therefore,
GPCR-activated Goarg-, Gaizgz- and  Gojye-coupled
receptors typically stimulate cell proliferation, similar to
the function of activated YAP/TAZ [43]. However,
GPCR signaling does not always activate YAP/TAZ.
While Gag/11-, Getyz/13-, and Geryjo-coupled receptors can
inhibit LATS1/2 kinase activity, Ga,-coupled receptors
can activate LATS1/2 kinase ([Fig 3).27] Go, signaling
can induce YAP/TAZ phosphorylation mainly via cyclic
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Figure 3. Regulation of YAP activity by GPCR and WNT-RHO-
GTPase signaling. Involvement of small GTPases in the regulation
of YAP/TAZ is summarized. When GPCR is activated, GTP-bound
Ga proteins activate YAP through RHO-GTPase and RAS-GTPase
and promote several cellular responses. Gej, Gero, Gorg, and Geryo,
13 activate YAP by inhibiting LATS1/2 kinase activity and stabiliz-
ing F-actin. On the other hand, Ga; inhibits YAP activity. RHO-
GTPases can stabilize F-actin through the regulation of the ROCK-
LMK-COFILIN pathway and PAK. RAS activates YAP by inhibiting
SOCS5/6. The WNT-FZD-ROR1/2 pathway can activate YAP
through G(X12/13.

adenosine phosphate (cAMP) and protein kinase A
(PKA).

Connection between the RAS pathway and the
Hippo pathway

Mammals possess three RAS genes (H-RAS, N-RAS, and
K-RAS) that encode proteins that cycle between the inac-
tive GDP-bound and the active GTP-bound forms [44,
45]. RAS mutations are found in more than 30% of
human tumors, with K-RAS mutations accounting for
~85% of all RAS mutations in human cancers [46, 47].
Although active RAS mutants are able to transform
nearly all immortalized cell lines, they are usually unable
to transform normal primary cells, except in the presence
of a cooperating oncogene or in association with the loss
of certain tumor suppressor genes [48]. Introduction of
oncogenic Ras into primary mouse cells generally results
in cell cycle arrest mediated by higher levels of a variety
of cyclin-dependent kinase inhibitors, or in apoptosis
[49]. Subsequent studies revealed that oncogenic Ras
strongly stimulates the activation of p53 through the
induction of p19*™ (p14**¥ in humans), which represses
the p53 inhibitor Mdm2 [50, 51]. The existence of
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additional p53-independent pathways in Ras-induced
apoptosis was also indicated by the ability of Ras®'*V to
promote apoptosis when the Ras-induced increase in
NFkb activity is suppressed in p53~'~ mouse embryo
fibroblasts [52]. Thus, multiple pathways exist for Ras-
induced apoptosis as a defense mechanism against
transformation.

Khokhlatchev et al. identified an additional p53-inde-
pendent pathway, whereby active K-RAS initiates apo-
ptosis through the direct recruitment of its putative
effector NORE, which is stably associated with the proa-
poptotic MST1 [53]. Subsequent studies revealed that
oncogenic K-RAS signaling is linked to the Hippo path-
way in two distinct ways. First, oncogenic RAS signaling
promotes the association of MST2 with RASSF1A (heter-
odimerizing with NORE) and LATSI. This induces the
phosphorylation of YAPI, allowing its translocation to
the nucleus and binding to p73, resulting in transcription
of the proapoptotic target gene p53 upregulated modula-
tor of apoptosis (PUMA) [54]. These results reveal a new
pathway (oncogenic K-RAS — RASSF1A — MST1/2
— LATS1/2 — YAP-p73 — PUMA) and demonstrate
an additional connection between the RAS and the
Hippo pathways. The surprising finding that LATS-
dependent YAP phosphorylation can promote YAP
translocation to the nucleus (and binding to p73) and
thereby cause activation of gene expression, is opposite
to the classic role of LATS-dependent phosphorylation,
which keeps YAP out of the nucleus. Several studies sup-
port the observation that phosphorylated YAP is local-
ized to the nucleus under some conditions [7, 17, 55].
Second, LATSI binds to and sequesters the ubiquitin
ligase MDM2, leading to the stabilization of the tumor
suppressor p53 and the induction of apoptosis [56]. Sim-
ilarly, Aylon et al. reported that LATS2 is required for
the p53-dependent oncogenic stress checkpoint [57].
These findings indicate the involvement of additional
distinct pathways (oncogenic K-RAS — RASSF1A —
MST1/2 — LATS1/2 - MDM2 — p53 pathway). Alto-
gether, these results suggest connections between the
RAS pathway and the Hippo pathway.

Recently, another relationship between oncogenic
K-RAS and YAP was identified. In almost all cases of
oncogene-induced tumors, resistance to cancer therapy
and tumor relapse occur. Since somatic K-RAS muta-
tions are found in the most common activating lesions
in humans, including pancreatic, lung, and colon cancer
[47], the identification of potential resistance mecha-
nisms is of great therapeutic relevance. Kapoor et al. and
Shao et al. examined the long-term effects of the shut-
down of oncogenic K-Ras in established pancreatic can-
cer and lung cancer in mice [58, 59]. All tumors initially
regressed but began to relapse after about 2 weeks.

Notably, Yap was induced in relapsed mouse tumors and
enabled their maintenance after the suppression of onco-
genic K-Ras. These studies identified Yap as a central
driver of compensation for the loss of K-Ras signaling in
K-Ras-dependent cancer.

Activation of YAP/TAZ by WNT signaling

Wnt5a and Wnt3a signals are transduced through the
Frizzled (FZD)/ receptor tyrosine kinase like orphan
receptor 1 (ROR) pathway [60]. The FZD family recep-
tors and the ROR1/2 co-receptors promote the activation
of several alternative (non-canonical) Wnt signaling
pathways, while the LRP5/6 co-receptors are linked to
the activation of the canonical Wnt signaling pathway.
Konsavage et al. demonstrated that Wnt signaling pro-
motes cancer cell proliferation through the upregulation
of YAP [61, 62]. Subsequent studies revealed that WNT-
FZD/ROR signaling inhibits LATS1/2 kinase activity via
Ga15/13-RHO and then induces YAP/TAZ activation
([Fig 3).62, 63]

Interestingly, the activation of YAP/TAZ inhibits
canonical WNT-B-catenin signaling. For example, WNT
pathway inhibitors [Dickkopf 1 (DKK1), Bone morphoge-
netic protein 4 (BMP4), and Insulin like growth factor
binding protein 4 (IGFBP4)] are the major target genes
of YAP/TAZ-TEAD [63]. Previously, Li and Iyengar sug-
gested that the Gery pathway represses canonical WNT-
B-catenin signaling [64]. Taken altogether, these results
suggest that YAP/TAZ activated by the alternative WNT
pathway, induces WNT inhibitors, thereby inhibiting
canonical WNT-g-catenin signaling. YAP/TAZ would
mediate the biological functions of alternative WNT sig-
naling, including gene expression, osteogenic differentia-
tion, and cell migration [64].

Reciprocal regulation of YAP by RAC signaling
and the Hippo pathway

The RUNX family of transcription factors plays a pivotal
role in normal development and neoplasia [65]. RUNX1
is essential for hematopoiesis and is often mutated in leu-
kemia. Likewise, RUNX2 is required for osteogenesis,
and mutations in this gene are associated with bone dis-
ease [65]. RUNX3 is a well-documented tumor suppres-
sor that is frequently inactivated by DNA hyper-
methylation in various kinds of cancers [65]. The identi-
fication of YAP/TAZ as transcriptional coactivators was
based on the observation that YAP/TAZ dramatically
enhances RUNX2-mediated transcription [2, 3]. How-
ever, the YAP/TAZ-RUNX interaction was not further
investigated for a long time, most likely due to the fixed
concept that YAP/TAZ stimulates proliferation while



RUNX family members stimulate differentiation. Recent
studies highlight that RUNX3 is another important
DNA-binding partner of YAP-TAZ. Qiao et al. and Jang
et al. uncovered a tripartite signaling complex of
RUNZX3, TEAD, and YAP, in which a direct interaction
between RUNX3 and TEAD reduces the affinity of
TEAD for DNA and thereby inhibits the proliferative
effects of the TEAD-YAP complex [7, 66]. For example,
introduction of RUNX3 resulted in lower expression of
CTGF and CYR61, which are known as targets of TEAD-
YAP complex associated with cell growth and transfor-
mation [66].

In a separate study, Jang et al. performed a large-scale
functional genetic screening to elucidate the genetic
modifiers of RUNX expression using Lz, a Drosophila
homolog of mammalian RUNX family members [7]. The
screen revealed genetic interactions between the Lz, Rac,
and Hippo pathways. An analysis of the gene interac-
tions revealed that the defective phenotype resulting
from oncogenic Yki was markedly suppressed by Lz and
enhanced by Rac-Triple functional domain protein (Trio)
[7]. Molecular analysis using mammalian homologs
revealed that, in serum-deprived or high cell density con-
ditions, LATS1/2-mediated YAP phosphorylation facili-
tated the dissociation of the YAP-TEAD4 complex and
the formation of the YAP-RUNX3 complex. When cells
were stimulated to proliferate by serum deprivation fol-
lowed by serum treatment, activated RAC-TRIO signal-
ing inhibited LATS1/2-mediated YAP phosphorylation.
Consequently, YAP dissociated from RUNX3 and associ-
ated with TEAD, thereby replacing the YAP-RUNX3
complex with YAP-TEAD. RUNX3 contributed to both
the formation and dissociation of the YAP-TEAD com-
plex, via the formation of a YAP-TEAD-RUNX3 ternary
complex. Therefore, RAC and Hippo signaling regulate
YAP activity by exchanging the YAP-binding partners
TEAD4 and RUNX3 [7]. These results identified a novel
regulatory mechanism mediated by the Hippo and RAC-
TRIO pathways that switches the binding partner of
YAP (Figure 4).

RUNX3 is downregulated in gastric cancers by hyper-
activated YAP-TEAD, and the ectopic expression of
RUNX3 suppresses the growth of these tumors [7, 66].
Thus, a failure of YAP-RUNX3 complex formation is
expected to be associated with gastric tumorigenesis.
Since the Hippo pathway effectively inactivates YAP, the
role of the YAP-RUNX3 complex in tumorigenesis is
likely not limited by YAP inactivation. If phosphorylated
YAP is simply an inactive form of YAP, the interaction
between inactivated YAP and RUNX3 would be dispens-
able. However, ectopic expression of RUNX3 in gastric
cancer cells reduces tumorigenicity, and the tumor-
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Figure 4. Reciprocal regulation of YAP activity by RHO signaling
and the Hippo pathway. YAP, TEAD, and RUNX3 form a ternary
complex that does not interact with the TEAD- binding sites.
When RAC-TRIO signaling is activated, LATS1/2 is inhibited and
YAP phosphorylation is decreased. Then, RUNX3 dissociates from
the ternary complex, resulting in a YAP-TEAD complex which
binds to TEAD-binding sites. When the Hippo pathway is acti-
vated, LATS1/2 is activated and YAP phosphorylation is increased.
Then, TEAD dissociates from the ternary complex to form a YAP-
RUNX3 complex. Therefore, Hippo pathway-mediated YAP phos-
phorylation not only inhibits YAP-TEAD complex formation but
also facilitates YAP-RUNX3 complex formation.

suppressive activity of RUNX3 is dependent on its ability
to interact with YAP in the nucleus [7, 66]. In addition,
the phospho-YAP/RUNX3 complex is detected only in
the nucleus [7]. Therefore, phosphorylated YAP may
serve another function by exchanging TEAD for RUNX3
before it is exported to the cytoplasm. For example,
when proliferating cells stop growing, they must turn on
genes that are required for cell cycle arrest and turn off
growth-related genes. The switch between the growth-
promoting YAP-TEAD4 complex and the growth-sup-
pressing YAP-RUNX3 complex may alter the pattern of
gene expression. This interpretation is supported by the
observation that YAP activates RUNX-mediated tran-
scription of Osteocalcin [2] and Itch [67]. Additional
studies are required to elucidate the role of the YAP-
RUNX3 complex in cell cycle regulation.

Prospects

The Hippo kinase cascade has long been considered a
major regulator of YAP/TAZ via its ability to phosphory-
late YAP/TAZ and inhibit their activities. This idea was
based on the assumption that the default activity of
YAP/TAZ is oncogenic. However, recent studies have
identified novel upstream regulatory elements that acti-
vate YAP/TAZ, including RHO, RAC, CDC42, and RAS
signaling. Therefore, YAP/TAZ activities can be acti-
vated or inactivated by multiple pathways. Furthermore,
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the assumption that the default role of YAP/TAZ is
oncogenic should also be reconsidered. Although YAP/
TAZ interacts with various DNA-binding transcription
factors, as well as with TEADs, only TEADs are consid-
ered to be the major partners of YAP/TAZ. This is
mainly due to the assumption that YAP/TAZ most often
plays an oncogenic role. Recent studies report that
RUNX3 interacts with phosphorylated YAP in the
nucleus and that the tumor suppressor activity of
RUNX3 is enhanced by this interaction. These findings
challenge the paradigm that YAP/TAZ coactivators are
oncogenes and that TEADs are the major partners of
these coactivators. YAP/TAZ were originally identified
as coactivators of RUNX2. As the identification of other
factors (small GTPases) that activate YAP/TAZ chal-
lenged the idea that the Hippo pathway is the major reg-
ulator of YAP/TAZ, future studies focusing on the
activities of coactivators with various DNA-binding part-
ners will further contribute to knowledge in this field.
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