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Abstract. Yes-associated protein (YAP) acts as a tran-
scriptional co-activator in gene expression and cell
proliferation control by binding to the transcriptional factor
TEA domain (TEAD) of the Hippo signaling pathway in the
nucleus, and also acts as a regulator by binding to another
transcriptional co-activator, B-catenin of the Wnt signaling
pathway. Whether YAP preferentially acts as a transcriptional
co-regulator of the activity of the Hippo signaling pathway or
as a regulator in the Wnt signaling pathway depends on the cell
type. Nuclear YAP upregulates the expression of -catenin,
while cytoplasmic YAP has a negative effect on this expres-
sion. The present mini-review focused on the important roles
of YAP and further discussed the cross-links between the Wnt
and Hippo signaling pathways. The Wnt and Hippo signaling
pathways are both related to the development of fibrosis or
cancer. The current review discussed treatment approaches for
these conditions based on the two pathways. YAP, the intersec-
tion of these two signaling pathways, has the potential to be
developed as a novel treatment target, according to previous
basic studies on fibroblasts and cancer cells.
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1. Introduction

Yes-associated protein (YAP) is a transcriptional co-activator
in the Hippo signaling pathway, a pathway that is universally
regarded as a key regulator of organ size and tissue homeostasis
by controlling cell proliferation and apoptosis. A recent study
revealed that Hippo is even able to reprogram different cell
types into their corresponding tissue-specific stem cells (1).
In the upstream part of the Hippo signaling pathway, Ste20
family kinases [macrophage stimulating 1 (Mstl) and Mst2]
are activated and cause a kinase cascade reaction. Furthermore,
these two proteins phosphorylate tumor suppressor homolog
large tumor suppressor kinases (Lats), and Lats kinases then
phosphorylate YAP (2-5). Phosphorylated YAP associates
with 14-3-3 protein and remains in the cytoplasm while
unphosphorylated YAP controls the gene expression by
binding to transcriptional factor TEA domain (TEAD) in the
nucleus (6-8). The Hippo signaling pathway may be affected
by various factors, including mechanical stress, cell polarity,
extracellular stimulus and interaction of upstream regulating
factors. Furthermore, the promotion of osteogenic differentia-
tion activity was observed in response to mechanical stimuli
using magnetically responsive coatings, as reported in previous
studies by our group (9,10); the literature search and analysis
for the present review aimed to identify whether Hippo is the
major signaling pathway in controlling this process.

YAP is also a regulator in the Wnt signaling pathway by
binding to [3-catenin, another transcriptional co-activator in Wnt.
This pathway serves an important role in homeostatic mecha-
nisms, and B-catenin expression regulates various biological
processes, such as cell proliferation, differentiation, adipogenesis
and aging (11,12). A recent study revealed that in neural stem cells,
the binding of -catenin-YAP has a stronger function compared
with YAP-TEAD (13). Furthermore, elucidation of the linking
role of YAP of the Hippo and Wnt signaling pathways may facili-
tate the understanding of the regulation and homeostasis and may
have a clinical significance for future treatment strategies.
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2. YAP complex in Hippo and Wnt signaling pathways

Since YAP does not have any DNA-binding domains, it acts
via target transcriptional factors to stimulate gene expression.
TEAD is one of these transcriptional factors and chromatin
immunoprecipitation-on-chip experiments indicated that
TEAD occupies a more similar set of gene promoters to YAP
compared with other transcriptional factors (6,14). The same
results have also been demonstrated via gene set enrichment
analysis, suggesting that this is not a random event.

Inthe Wnt signaling pathway, YAP is a downstream effector
of the non-canonical Wnt axis. Previously, it was indicated that
YAP and B-catenin are recruited to genes via the TEAD and
T cell factor (TCF)/lymphoid enhancer factor-1 family of tran-
scriptional factors, respectively (7). The present understanding
is that YAP is involved in regulating tissue differentiation and
migration of tumor cells by binding to -catenin (15). In cells
where the Wnt signaling pathway is inactivated, YAP binds
to the destruction complex together with [-catenin in the
cytoplasm, which is not only useful for B-catenin's localization
in the cytoplasm but also essential in B-catenin inactivation
(Fig. 1A). This process does not have any effect on the stability
of B-catenin but suppresses its transcriptional activity (15). In
cells where the Wnt signaling pathway is activated, YAP is
released from the destruction complex, and without guidance
from the destruction complex, YAP migrates from the cyto-
plasm to the nucleus and serves its role to activate the Hippo
pathway (Fig. 1B) (16,17).

3. YAP serves a key role in controlling organ size

YAP induces cell proliferation, which is of great signifi-
cance for tissue growth and organ development. In humans,
connective tissue growth factor (CTGF) is a YAP-regulated
target gene and the interaction between YAP and TEAD is
a necessity to induce it. It is reported that blocking CTGF by
mutating TEAD causes Sveinsson's chorioretinal atrophy (6).
In Drosophila, large eyes were observed in subjects that
overexpressed both the YAP homolog Yorkie and the TEAD
homolog Scalloped, and animals only expressing Yorkie have
small eyes (6). Another experiment in Drosophila demon-
strated that YAP is involved in organ size control via the Wnt
signaling pathway, and mutation of YAP leads to excessive
proliferation of imaginal discs (8). Furthermore, Wnt controls
cell proliferation and apoptosis, and is involved in tissue and
organ development. Silencing of YAP attenuates the effect
of B-catenin, suggesting that YAP effectively modulates the
transcriptional activation of Wnt/B-catenin signaling mole-
cules (18). In mice, nuclear f-catenin accumulation causes
cystic kidneys (19), and transgenic mice that expressed an
activated mutant of B-catenin developed cysts (20). Therefore,
it was indicated that YAP may be essential for the normal
functioning of Wnt/f3-catenin.

4. YAP is a transcriptional co-activator or a regulator
depending on the cell type

Only a small number of previous studies have investigated
whether YAP-TEAD or YAP-f catenin has the more signifi-
cant function, as they are influenced and modulated by each
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other. That is to say, the role of YAP in the body, as a tran-
scriptional co-regulator or a regulator, requires further studies.
It has been indicated that the cell type is the major factor
determining the role of YAP. For instance, in neural stem cells,
the binding activity of YAP-B-catenin was reported to have a
stronger function on neuronal differentiation compared with
TEAD (13), which is different from previous results obtained
with mesenchymal stem cells (21). Furthermore, these results
are surprising because YAP is a well-known transcriptional
co-activator that binds to TEAD in the Hippo pathway, but it
acts as a regulator of the Wnt signaling pathway. Whether the
cell is healthy is also an influencing factor. It was revealed that
YAP knockout is able to overcome the rapid demise of mice
with adenomatous polyposis coli (APC) deficiency, and it was
suggested that both the Wnt and the Hippo pathway may be
involved in this process (16). In healthy cells, 3-catenin/Wnt
controls homeostasis and YAP acts as a regulator. In cells
exposed to different conditions, such as APC deficiency,
tumorigenesis or regeneration, YAP prefers the transcrip-
tional co-regulatory activity in the Hippo pathway. Therefore,
whether YAP acts as a transcriptional co-activator in the
Hippo pathway or a regulator in the Wnt pathway depends
on the cell type. While the underlying mechanisms remain
elusive, it was proved that rigid matrix stiffness promotes the
nuclear localization and activity of YAP (22). It was speculated
that different cell types may activate different mechanisms
according to matrix stiffness, thereby determining the role of
YAP. Therefore, further studies are required to elucidate the
underlying mechanisms.

While YAP-TEAD and YAP--catenin are discussed sepa-
rately, they may occasionally bind toeach other. YAPis the target
of Wnt/B-catenin,and it is able to directly bind to the N-terminal
domain of -catenin. The TCF-f3-catenin-YAP-TEAD complex
then transfers into the nuclear and locates to the common gene
of TEAD and TCF (Fig. 2). A previous study revealed that
the B-catenin-induced localization to the Oct4 distal enhancer
is TEAD-dependent and also demonstrated the occurrence of
the YAP-TEAD-B-catenin trimeric complex (23). Thus, the
crosstalk between Hippo and Wnt is complex.

5. YAP has both negative and positive influences on the
Wnt signaling pathway

It has been reported that cytoplasmic YAP has a negative
regulatory effect on the Wnt signaling pathway (24). YAP is
phosphorylated by upstream factors in the Hippo pathway.
When Wnt is activated, phosphorylated YAP and (-catenin
are dislodged from the complex and two routes are involved
in the regulation of the Wnt signaling pathway. One of these
routes is that the phosphorylated YAP may impede nuclear
B-catenin localization by combining and sequestering
Dishevelled 2 in the cytoplasm (8,25). Alternatively, Src
homology 2 domain tyrosine phosphatase (SHP2), an amino
acid phosphatase, promotes the transcription of (3-catenin
after it translocates into the nucleus. Thus, once YAP locates
SHP?2 in the cytoplasm, Wnt signaling pathway activation is
dampened (Fig. 1B) (26-28).

A previous study revealed that in osteoblast-lineage
cells, reduced B-catenin protein expression was present in
YAP-deficiency cells in culture and in vivo, and the expression
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Figure 1. Cytoplasmic YAP has a negative regulatory effect on the Wnt signaling pathway. In the Hippo pathway, phosphorylated YAP binds to 14-3-3 protein
and remains in the cytoplasm, while unphosphorylated YAP migrates into the nucleus to bind to TEAD. (A) When Wnt signaling is inactive, the phosphory-
lated YAP and B-catenin are located in the cytoplasm by joining the destruction complex together with various other factors. (B) When Wnt signaling is
active, YAP and B-catenin dissociate from the complex. The phosphorylated YAP binds to Dvl and SHP2 in the cytoplasm and stops them from migrating into
the nucleus and activating [3-catenin-TCF binding. Mechanisms are highlighted with grey squares. TEAD, TEA domain; YAP, Yes-associated protein; Dvl,
Dishevelled; SHP2, Src homology 2 domain tyrosine phosphatases; TCF, T cell factor; Sav, salvador; Lats1/2, warts-Drosophila; Msts1/2, Hippo-Drosophila;
APC, adenomatous polyposis coli; GSK-3f, glycogen synthase kinase-3f3; 3-TrCP, f-transducin repeats-containing proteins; CDC, cell division cycle gene.
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Figure 2. YAP-TEAD-f-catenin-TCF complex. When Wnt signaling is
active, YAP binds to the N-terminal domain of $-catenin and moves into
the nucleus together. As YAP and 3-catenin interact with TEAD and TCF
separately, the complex locates to the common target gene of TEAD and
TCF. TEAD, TEA domain; YAP, Yes-associated protein; TCF, T cell factor;
Sav, salvador; Lats1/2, Warts-Drosophila; Msts1/2, Hippo-Drosophila; APC,
adenomatous polyposis coli; GSK-3f, glycogen synthase kinase-3f3; $-TrCP,
p-transducin repeats-containing proteins.

of YAP increases the expression of (3-catenin (29). Thus, YAP
has a positive effect on the Wnt signaling pathway. Similar

results were reported in other studies. For instance, using
an in vitro model of mouse chondrogenic cells, YAP was
demonstrated to upregulate (3-catenin to control chondrocyte
differentiation (30). In an in vivo study, YAP was indicated
to act via a P-catenin-dependent mechanism in muscle
cells to control neuromuscular junction formation and regen-
eration (31). The observed positive regulation was different
from those of previous studies, as the experimental subject
was nuclear YAP. As mentioned above, the roles of YAP
may differ depending on the cell type, and there may be cell
type-dependent differences in terms of whether the nucleus
or cytoplasm is the site for YAP to regulate -catenin. It was
speculated that in the nucleus, YAP and 3-catenin act together,
while they are negatively associated in the cytoplasm, which
is based on the result that YAP in the nucleus promotes SHP2
translocation into the nucleus, which activates the transcrip-
tion of P-catenin (27). However, as the positive regulatory
interaction between the two signaling pathways has only been
discovered in recent years, future investigations are required.

6. Inspiration of new routes for future treatment

Treatment of fibrosis. Fibrosis is a pathological process that
results from the deposition and insufficient resorption of
extracellular matrix (ECM). The Wnt signaling pathway
serves a pivotal role in fibroblast activation and the epithe-
lial-to-mesenchymal transition process (32), contributing to the
dynamic deposition of ECM and an increase of ECM stiffness.
Thus, Wnt has been proposed as a target of fibrosis treatment.
ICG-001 (33), Klotho (34) and poricoic acid (35) have all been
indicated to attenuate Wnt and reverse fibrosis. In recent years,
the Hippo pathway has been suggested to be involved in the
development of fibrosis (36). YAP may be considered as a
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novel target for the treatment of fibrosis, as the diminishment
of nuclear YAP localization is associated with inhibition of
the Wnt signaling pathway. Previous studies aimed to control
nuclear YAP localization to treat fibrosis (37,38). Furthermore,
it was demonstrated that highly specific inhibitors may be
developed based on the protein-protein interactions located
at the intersection of the Hippo and Wnt signaling pathways,
which may be used as a novel target (39).

Treatment for cancer. In cancer stroma, fibrotic processes
occur to various degrees, which may lead to fibrosis, and
there is a close association between fibrosis and cancer.
The Wnt and Hippo signaling pathways modulate the
features of cancer cells (40-42), and identifying targets on
these two signaling pathways has been a hot research topic.
Certain previous studies have also focused on both pathways
simultaneously (43-45).

The Wnt signaling pathway has been indicated to be
involved in cancer regulation via persistent activation
of P-catenin signaling (12,46). The involvement of the
YAP-p-catenin complex is important. For instance, in colon
cancer, the B-catenin-YAPI1-T-box transcription factor 5
complex was identified to promote the survival and transfor-
mation of [-catenin-active cancer cell lines. By examining
the top 50 genes in proliferating (-catenin-active cells, a
significant enrichment of proteins associated with YAP was
identified (47). In hepatoblastoma cells, only the combination
of B-catenin and YAP caused rapid cell proliferation and
then induced cancer, but this effect was not observed with
B-catenin or YAP alone (46). Based on these results, Ras
association domain family 1A gene was used to inhibit the
binding of YAP (23), and ICG-001, a small molecule inhibitor,
was used as a target for head and neck cancer by regulating
[-catenin/Wnt (48).

YAP binds to TEAD to induce proliferation while entering
the nucleus, and is degraded when binding to 14-3-3 protein
in the cytoplasm (25); this is also the mechanism in the Hippo
signaling pathway resulting in dysregulated cell proliferation.
In previous studies, different medicines, such as verteporfin
or protoporphyrin IX (49,50), were considered to be possible
treatments for various cancer types (51,52). The mechanism
of action of these medicines is to inhibit the Hippo pathway
by altering or disrupting the binding interface of YAP and
TEAD (53). In addition, certain studies are aiming to utilize
the role of Hippo in tumor immunity to treat non-small cell
lung cancer (54) and malignant pleural mesothelioma (55);
however, this is a novel area of research and requires further
investigation.

A new direction for future cancer treatment has been
discovered by studying the crosstalk between Wnt and Hippo.
Based on the crosstalk between these two signaling pathways,
it has been proposed that overexpression of cytoplasmic YAP
may restrict the Wnt signal and thus reduce the proliferation
of cancer cells (56,57). Furthermore, aberrant oncogenic Wnt
signaling has been demonstrated to be detrimental for the
abnormal proliferation of cancer cells, but had no obvious
effect on normal stem cells; thus, it is a favorable strategy for
future cancer therapy (16). As this mechanism has only been
investigated in cells or mouse models, additional research is
necessary prior to clinical use.
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7. Conclusion

In conclusion, YAP not only serves a role in the Hippo pathway
to act as a co-regulator of transcription activity but also acts as
a regulator in the Wnt signaling pathway, and knockdown of
YAP causes metabolic disorders and results in abnormal organ
size. Depending on the cell type, YAP exerts different roles
by activating different mechanisms. Nuclear YAP upregulates
B-catenin and cytoplasmic YAP negatively modulates the
Wnt signaling pathway. As these two signaling pathways are
involved in physiological metabolism and homeostasis, YAP
may be used as a novel target for the treatment of fibrosis
and cancer. While this has been recently investigated in the
laboratory, the crosstalk between the Hippo and Wnt signaling
pathways is complex and further research is required in the
future.
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