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The Hippo pathway is a cellular signalling network, which plays major roles in organ homeostasis
and development [1–5]. However, when this cellular signalling pathway is perturbed, diseases such as
cancer, excessive fibrosis, metabolic disorders and impaired immune responses occur [1–6]. The current
significant interest in the pathway continues to reveal new links between diseases and the Hippo
pathway, as well as to provide new insights into what role the Hippo pathway plays in normal
development, regenerative processes, organ size control [2–5], and cellular homeostasis, including
fundamental processes such as cell size regulation [7,8]. This Special Issue provides an up-to-date
overview of this exciting cellular signalling pathway.

The Hippo pathway is a serine/threonine kinase cascade that mediates the phosphorylation
and, thereby, inactivation of the transcriptional co-regulators YAP and TAZ. A range of scaffolding
proteins plays central roles in the dynamic regulation of this pathway. YAP/TAZ does not bind
DNA directly and, therefore, utilizes transcription factors to mediate its transcriptional response.
Phosphorylated YAP/TAZ is sequestered in the cytoplasm and subsequently does not bind to nuclear
localised transcription factors [1].

In this special issue, Gundogdu and Hergovich authoritatively highlight the Mps one Binder
(MOB) scaffolding proteins as central players. They further emphasize not only the disease relevance
of the precise regulation of the MOBs and their direct involvement in the kinase regulation of the
Hippo pathway, but also the MOBs’ important function in scaffolding other kinase complexes [9].
Next, Huh, Kim, Jeong, and Park analyse the regulation of the TEADs, the main transcription factors
used by YAP/TAZ [10]. This is an exciting area of research that up until recently has been understudied.
Targeting the transcription factors directly, instead of focusing on YAP/TAZ, could be a fertile avenue
to pursue, especially considering the current challenges in targeting the Hippo pathway. Hillmer and
Link then describe how YAP/TAZ modulates the chromatin through TEADs and a range of additional
cofactors [11]. YAP/TAZ-mediated chromatin remodelling is a field that, due to recent technological
advances, has revealed major mechanistic insights into how YAP/TAZ either activates or represses
gene transcription. Hillmer and Link provide a concise overview of these recent developments and
also summarise outstanding questions that need addressing in the years to come [11].

Luo and Yu then highlight the importance of G-protein-coupled receptors (GPCRs) as one of the
main upstream regulators of the Hippo pathway [12]. Their discussion focuses on how mutations [13,14],
as well as altered GPCR activity [13,15], might drive tumourigenesis in multiple tissues via elevated
YAP/TAZ activity. Luo and Yu examine how this GPCR–Hippo axis can be targeted in cancer [12].

Rognoni and Walko (featured on the front page) discuss the importance of YAP/TAZ in skin
physiology, including in wound healing processes [16]. The mammalian skin is a well-structured
organ with distinct cell layers. The skin is therefore an intriguing model organ to study in the
context of the Hippo pathway, as it highlights the importance of the mesoscale organisation and the
context-specific temporal and spatial regulation of YAP/TAZ [16]. Wound healing that is not resolved
causes excessive fibrotic scarring. Kim, Choi, and Mo follow on and continue the discussion on
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how dysregulated YAP/TAZ drives fibrosis in multiple organs and also elaborate on its consequences
for cancer development and its therapeutic implications [17]. Most types of solid tumours have high
YAP/TAZ activity, and the majority of these cancers appear addicted to YAP/TAZ hyperactivity [18,19].
Advanced prostate cancer is one of the leading cancers killing men worldwide. This prevalent cancer
therefore urgently needs improved therapeutics [20]. Omar Salem and I detail the role of the Hippo
pathway in prostate cancer. We interrogate how impaired Hippo pathway activity contributes to this
deadly disease [21].

Tumour growth needs additional blood supply, as cancer cells require both nutrients and oxygen.
Malignant progression is consequently often paralleled by an angiogenic switch, where the vasculature
transitions from a quiescent to a proliferative state [22]. In addition, angiogenesis also facilitates
metastasis. The role and importance of angiogenesis in cancer development and growth is therefore
well established [22]. Angiogenesis is also important in a range of healthy processes, such as embryonic
development and wound healing. Azad, Ghahremani, and Yang highlight YAP/TAZ’s critical roles in
endothelial cells during angiogenesis not only in healthy but also in pathological processes, such as
tumour vascular mimicry [23]. Brandt, North, and Link take advantage of the recent technical
developments using CrispR to generate lats2 knockout zebrafish. Interestingly, fish with somatic
loss of function mutations of lats2, but not lats1, develop peripheral nerve sheath tumours [24].
The comparative low cost of maintaining zebrafish, the relative ease of genetic manipulations, the
fast embryonic development, and the ability to carry out robust drug screens [25] will likely continue
to make this a powerful model organism for research aiming at obtaining further fundamental
insights into hyperactive-YAP/TAZ-driven human disease. Finally, Yamauchi and Moroishi [26] give an
up-to-date and commanding overview of the Hippo pathway’s role in the adaptive immune system [27].
Upstream core kinase components play pivotal roles in adaptive immunity and in both pro- and
anticancer immune responses. Interestingly, these processes occur both independently of as well as
through YAP/TAZ regulation [27–30].

The pioneering discovery of the Hippo pathway in Drosophila melanogaster [31] and the subsequent
recognition that the major pathway components are greatly conserved in mammals have firmly
established the need for both powerful model organisms and in vitro cellular model systems as means
to obtain detailed insights into fundamental biological processes driven by the Hippo pathway [1–6].
Recent discoveries reveal that a wide range of diseases are driven by dysfunctional Hippo pathway
activity and drive the continued interest in the pathway [1–6]. The articles in this Special Issue written
by leading experts cover a wide range of diseases that are driven by perturbed Hippo pathway activity.
Research into the Hippo pathway is a fascinating field that continues to hold great promise, and which
will undoubtedly produce further major discoveries in years to come.

Acknowledgments: I want to especially thank the contributors to the Special Issue as well as to acknowledge
the expert reviewers who reviewed submissions in a timely, fair, and constructive manner. Ongoing work in the
Gram Hansen Lab is funded by a University of Edinburgh Chancellor’s Fellowship and the Worldwide Cancer
Research charity.
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Abstract: The family of MOBs (monopolar spindle-one-binder proteins) is highly conserved in the
eukaryotic kingdom. MOBs represent globular scaffold proteins without any known enzymatic
activities. They can act as signal transducers in essential intracellular pathways. MOBs have diverse
cancer-associated cellular functions through regulatory interactions with members of the NDR/LATS
kinase family. By forming additional complexes with serine/threonine protein kinases of the germinal
centre kinase families, other enzymes and scaffolding factors, MOBs appear to be linked to an even
broader disease spectrum. Here, we review our current understanding of this emerging protein
family, with emphases on post-translational modifications, protein-protein interactions, and cellular
processes that are possibly linked to cancer and other diseases. In particular, we summarise the roles
of MOBs as core components of the Hippo tissue growth and regeneration pathway.

Keywords: Mps one binder; Hippo pathway; protein kinase; signal transduction; phosphorylation;
protein-protein interactions; structure biology; STK38; NDR; LATS; MST; STRIPAK

1. Introduction

The family of MOBs (monopolar spindle-one-binder proteins) is highly conserved in
eukaryotes [1–4]. To our knowledge, at least two different MOBs have been found in every eukaryote
analysed so far. For example, in unicellular organisms such as yeast the MOB proteins Mob1p and
Mob2p are expressed by two independent genes [5]. In multicellular organisms such as flies, at least
four different MOBs, termed dMOBs (Drosophila MOB proteins), have been reported [4]. In humans,
as many as seven different MOB proteins, termed hMOBs (human MOB proteins), are encoded by
different gene loci. Since each hMOB has been given several names over the years, we have simplified
the nomenclature of hMOBs as follows [1]: hMOB1A (UniProtKB: Q9H8S9; also termed MOBKL1B,
MOBK1B, Mob1a, MOB1α, Mob4b, MATS1 and C2orf6), hMOB1B (UniProtKB: Q7L9L4; also termed
MOBKL1A, Mob1b, Mob4a and MATS2), hMOB2 (UniProtKB: Q70IA6; also termed MOBKL2, Mob2
and HCCA2), hMOB3A (UniProtKB: Q96BX8; also termed MOBKL2A, Mob3A, MOB-LAK, MOB2A,
Mob1C), hMOB3B (UniProtKB: Q86TA1; MOBKL2B, Mob3B, MOB2B, Mob1D and C9orf35), hMOB3C
(UniProtKB: Q70IA8; also termed MOBKL2C, Mob3C, MOB2C and Mob1E) and hMOB4 (UniProtKB:
Q9Y3A3; also termed MOBKL3, Class II mMOB1, MOB3, Phocein/PHOCN, PREI3, 2C4D, and CGI-95).
Given the very high identity between hMOB1A and hMOB1B (Figure 1), we refer to hMOB1A/B also
as hMOB1 in this review.

Cells 2019, 8, 569; doi:10.3390/cells8060569 www.mdpi.com/journal/cells5
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Figure 1. Primary sequence identities of the fly and human MOBs. The identities between primary
sequences are displayed. Identities were defined using EMBOSS needle for pairwise alignments
(https://www.ebi.ac.uk/Tools/psa/emboss_needle/). The UniProtKB nomenclature for hMOBs can
be found in the introduction section of the main text. The UniProtKB names for dMOBs are as
follows [4]: dMOB1 (aka Mats and CG13852)–Q95RA8, dMOB2 (aka CG11711)–Q8IQG1, dMOB3 (aka
CG4946)–Q9VL13, and dMOB4 (aka CG3403)–Q7K0E3.

In comparing the sequence identities of MOB proteins expressed in fly and human cells (Figure 1),
it becomes apparent that hMOB1 is highly conserved in flies. dMOB1 is 85% identical to hMOB1 and
functionally conserved, since exogenous expression of hMOB1A rescues the phenotypes associated with
dMOB1 loss-of-function [6,7]. Among other MOBs, hMOB1 is the most closely related to hMOB3A/B/C
and dMOB3 (Figure 1). hMOB2 is not as well conserved as hMOB1, since hMOB2 aligns similarly with
dMOB1 and dMOB2. hMOB3A is very similar to hMOB3B and hMOB3C, being also 64% identical to
dMOB3. hMOB4 is 80% identical to dMOB4, and hMOB4 and dMOB4 do not show any significant
identity overlaps with other MOBs (Figure 1). A phylogenetic tree analysis of the dMOBs and hMOBs
showed that hMOB1A, hMOB1B and dMOB1 cluster together into one subgroup (Figure 2). Likewise,
hMOB2 and dMOB2, as well as hMOB3A, hMOB3B, hMOB3C and dMOB3 form separate subgroups,
respectively. It is noteworthy that hMOB4 and dMOB4 also form a subgroup of their own, representing
the most distant subgroup of MOBs (Figure 2). However, in spite of these striking sequence similarities,
it is currently unknown whether loss-of-function of dMOB2, dMOB3 or dMOB4 can be functionally
compensated by the expression of the corresponding hMOB family member. Nevertheless, research
covering the past two decades has uncovered important aspects of MOBs that seem to be universally
valid for all members of the MOB family. In summary, it was found that MOBs mainly function as
intracellular co-regulatory proteins. In particular MOBs can directly bind to protein kinases, and
thereby influence the activities of their binding partners. As such, before discussing MOBs in flies and
mammals, we will provide a brief introductory background on MOBs studied in unicellular organisms
such as yeast.

6
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Figure 2. Phylogenetic relationships within the fly and human MOB protein family. The phylogenetic
tree was defined using Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) together with
the Jalview 2.10.5 software using phylogenetic calculation based on the neighbour-joining method.
The UniProtKB nomenclature for the analysed proteins is defined in the legend of Figure 1.

More than two decades ago Mob1p, the first MOB (monopolar spindle-one-binder) protein, was
described in budding yeast [1,5,8]. It turned out that Mob1p is a central component of the mitotic exit
network (MEN) and the septation initiation network (SIN) of budding and fission yeast, respectively
(summarised in refs. [8–12]). Mechanistically, budding yeast Mob1p in complex with the Dbf2p
protein kinase (a budding yeast counterpart of mammalian NDR/LATS kinases [13]) regulates the
release of phosphatase Cdc14p to promote exit from mitosis through a series of dephosphorylation
events. Similarly, fission yeast Mob1p bound to Sid2p (a fission yeast counterpart of mammalian
NDR/LATS kinases) controls the Clp1p phosphatase (the equivalent of Cdc14p) to support the SIN.
Mob2p, another member of the MOB family [1], was uncovered together with Mob1p in budding
yeast [5]. Subsequent research revealed that Mob2p coordinates morphogenesis networks in budding
and fission yeast [1,13], as well as fungal species [14]. In budding yeast, Mob2p in complex with Cbk1p
(the second NDR/LATS kinase expressed in budding yeast [13]) controls the RAM (regulation of Ace2p
activity and cellular morphogenesis) signalling network. In fission yeast, Mob2p associated with
Orb6p (the second NDR/LATS kinase in fission yeast) coordinates a similar morphogenesis network.

In summary, yeast cells express two different MOB proteins, Mob1p and Mob2p. While Mob1p
controls mitotic exit, Mob2p is a regulator of cell morphogenesis and polarized growth. Mob1p and
Mob2p function in complex with different members of the NDR/LATS kinase family. Depending
on the yeast species Mob1p binds to Dbf2p or Sid2p whereas Mob2p associates with Cbk1p or
Orb6p, respectively. Consequently, in yeast Mob1p and Mob2p act as part of independent and
non-interchangeable complexes containing different NDR/LATS kinases in order to regulate diverse
cellular processes (please consult refs. [1,13] for a more detailed discussion of these points).

2. An Overview of MOBs in Drosophila melanogaster

Since 2005, MOBs have been studied in multicellular organisms. In contrast to yeast, fly cells
encode four different MOB proteins [4]. Lai and colleagues found that dMOB1 (also termed Mats for
MOB as tumour suppressor) is an essential regulator of cell proliferation and cell death in fruit flies [7].
Follow up studies established dMOB1 as a core component of the Hippo tissue growth control pathway
(for more details see subchapter 4 of this review). Briefly, as a core component of the Hippo pathway,
dMOB1 acts as a co-activator of the Warts protein kinase [15–17], one of two NDR/LATS kinases in
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D. melanogaster [13]. Intriguingly, dMOB1 also genetically interacts with Tricornered (Trc) [4], the
second NDR/LATS kinase in flies [13]. Thus, dMOB1 does not bind specifically to a single NDR/LATS
kinase, as observed for yeast Mob1p [1]. In addition, dMOB1 can form a complex with the Hippo
(Hpo) protein kinase [18], with Hpo being able to phosphorylate dMOB1 [18] as well as Warts and
Trc [19]. The importance of these protein-protein interactions and phosphorylation events is discussed
in subchapters 4, 5 and 6. Noteworthy, dMOB1 can further play a role in mitosis (summarised in
refs. [1,20,21]).

Unlike those of dMOB1, the biological functions of dMOB2, dMOB3 and dMOB4 are yet to
be completely understood. Based on the work by the Adler laboratory, it seems that dMOB2 can
play a role in wing hair morphogenesis, possibly by forming a complex with Trc [4]. However, the
precise mechanism of action remains unknown. Moreover, dMOB2 supports the development of
photoreceptor cells [22] and the growth of larval neuromuscular junctions in flies [23]. It is possible
that these neurological roles are linked to the association of dMOB2 with Tricornered [4]. So far, only
Trc has been established as a bona fide binding partner of dMOB2.

Interestingly, like dMOB1 and dMOB2, dMOB3 can also genetically interact with Trc [4], but any
function or direct binding partners of dMOB3 have remained elusive. Similar to dMOB2, dMOB4 has
been linked to a neurological function. More precisely, dMOB4 was found to play a role as a regulator
of neurite branching [24]. Furthermore, dMOB4 depletion in fly cells results in defective focusing of
kinetochore fibres in mitosis [25]. Possibly some of these roles of dMOB4 could be linked to dMOB4
being part of the Striatin-interacting phosphatase and kinase (STRIPAK) complex (see subchapters 6
and 7 for more details). Yet, these possible connections have yet to be experimentally explored.

In summary, based on current evidence it is tempting to conclude that, unlike in yeast, individual
dMOBs can interact (at least genetically) with Warts and Trc, the two NDR/LATS kinases expressed in
fly cells. Conversely, individual NDR/LATS kinases can interact with different dMOBs. Therefore, it
appears that in multicellular organisms such as flies, the binding of MOBs is not restricted to a unique
member of the NDR/LATS kinase family.

3. An Overview of MOBs in Human Cells

hMOB1A and hMOB1B are also known as hMOB1, since hMOB1B is 96% identical to hMOB1A (see
Figure 1 and refs. [1,3,26]). hMOB1A and hMOB1B are mainly cytoplasmic proteins [27,28]. However,
upon targeting to the plasma membrane of mammalian cells hMOB1 can trigger a binding-dependent
activation of the human NDR/LATS kinases [27,29]. hMOB1 can form complexes with NDR1 (aka
STK38), NDR2 (aka STK38L), LATS1 and LATS2, all four human NDR/LATS kinases [1,13]. These
interactions are mediated through one unique and highly conserved domain in NDR/LATS kinases [29].
Like dMOB1 [18], hMOB1 can also bind to the MST1/2 kinases [30], the human counterparts of
Hpo [31–34]. The significance and regulation of these interactions is discussed in much detail in
subchapters 5 and 6. hMOB1 can further associate with other proteins, although the importance of
these additional interactions is yet to be defined (see subchapter 6). In cases whereby a new hMOB1
binding partner has been validated by conventional interaction assays, we have included the discussion
of this novel aspect in the appropriate subchapters. Nevertheless, the protein-protein interactions of
hMOB1 with NDR/LATS kinases is the best understood. For a summary of the cellular roles of hMOB1
please consult subchapter 7 and ref. [1].

In contrast to hMOB1, a significant portion of hMOB2 is nuclear [27,28]. Intriguingly, hMOB2
forms a complex with NDR1/2, while hMOB2 neither associates with LATS1/2 [1,35] nor MST1/2 [36].
hMOB2 can compete with hMOB1 for NDR1/2 binding, since hMOB2 interacts with the same domain
on NDR1/2 as hMOB1 [27,28]. However, the binding modes of hMOB1 and hMOB2 to NDR1/2 seem
to differ [1,35]. hMOB2 can also interact with RAD50, a core component of the MRE11-RAD50-NBS1
(MRN) DNA damage sensor complex, thereby playing a role in cell cycle-related DNA damage
signalling [37]. Whether the hMOB2/RAD50 complex is linked to NDR1/2 signalling is yet to be
defined [38]. For a summary of the cellular roles of hMOB2, see subchapter 7 and refs. [1,38].
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Based on their similarities hMOB3A, hMOB3B and hMOB3C are sometimes also referred to as
hMOB3 [39]. Like hMOB1, hMOB3s are mainly cytoplasmic proteins [28,40]. The best-understood
binding partner of hMOB3s is the MST1 kinase [39]. Given the high sequence similarities between
hMOB3s and hMOB1 (Figure 1), it was rather surprising that hMOB3s do not bind to any NDR/LATS
kinase [35]. Nonetheless, large-scale interactome studies suggest that hMOB3s may have other binding
partners in addition to MST1/2 (see ref. [1] and this review). Our current understanding of the cellular
roles of hMOB3s is summarised in subchapter 7.

hMOB4 (aka Phocein) is best known as part of the multi-component STRIPAK (Striatin-interacting
phosphatase and kinase) complex [41–44]. hMOB4 can bind to two distinct regions of Striatin [45].
Besides the Striatin-associated hMOB4, the core STRIPAK complex contains serine/threonine protein
phosphatase 2 (PP2A) subunits such as PP2Ac and PP2A-A, as well as the Striatins as PP2A regulatory
subunits. STRIPAK also encompasses CCM3 (cerebral cavernous malformation 3; also known as
PDCD10) as well as the MST3 (aka STK24), MST4 (aka MASK or STK26) and STK25 (aka YSK1
or SOK1) protein kinases, the three members of the GCKIII (germinal centre kinase III) subfamily
of Sterile 20 kinases [46]. In addition, the core complex contains STRIP1/2 (aka FAM40A/B). Two
mutually exclusive STRIPAK complexes have been defined based on additional components such as
CTTNBP2-like adaptors, SLMAP (sarcolemmal membrane-associated protein) or others [47]. However,
although the STRIPAK complex has been linked to the Hippo pathway (see subchapter 4), the precise
role(s) of hMOB4 in the STRIPAK complex has remained of a more speculative nature. In this regard,
hMOB4 has been reported to form a complex with MST4 in a phosphorylation-dependent manner [48],
an aspect that is discussed briefly in subchapter 6. The cellular functions of hMOB4 are discussed in
subchapter 7.

4. An Overview of MOBs and the Hippo Pathway

The Hippo tissue growth control and regeneration pathway represents a key signalling cascade
in flies and mammals [16,49–51]. By co-ordinating death, growth, proliferation, and differentiation
on the cellular level the Hippo pathway controls organ growth, tissue homeostasis and regeneration.
Hence, the deregulation of Hippo signalling has been linked to serious human diseases, such as
cancers [50,52,53]. At the molecular level, a conserved Hippo core cassette is fundamental for
the regulation of the co-transcriptional regulators YAP and TAZ, two main effectors of the Hippo
pathway [51,54]. To date, the MST1/2 (aka STK4/3; Hpo in D. melanogaster) and LATS1/2 (aka Warts
in flies) protein kinases are the best understood members of the Hippo core cassette. In this regard,
MOB1 acts as central signal transducers in the Hippo core cassette. Upon activation of the Hippo
pathway MST1/2 phosphorylate LATS1/2 and MOB1, thereby supporting the formation of an active
MOB1/LATS complex (see subchapter 6 for molecular details), which is essential for development and
tissue growth control [6]. Activated LATS1/2 in complex with MOB1 then phosphorylate YAP/TAZ
on different Ser/Thr residues, thereby inhibiting nuclear activities of YAP/TAZ through cytoplasmic
retention and/or degradation of phosphorylated YAP/TAZ [51,54]. Markedly, the NDR1/2 protein
kinases (aka STK38 and STK38L; the closest relatives of LATS1/2 [13]), can also phosphorylate and
thereby constrain YAP1 to the cytoplasm [55,56]. Similar to LATS1/2, NDR1/2 can stably associate with
MOB1 [1,6] and are direct effector substrates of MST1/2 [55,57]. As already mentioned, MST1/2 also
phosphorylate MOB1 [30]. Hence, LATS1/2, NDR1/2 and MOB1 represent well-established substrates
of MST1/2 [1,55,57,58]. Taken together, the core of the Hippo pathway comprises distinct kinases, such
as MST1/2, LATS1/2 and NDR1/2, which act together with the fundamental signal adaptor MOB1.

By directly interacting with the MST1/2, LATS1/2 and NDR1/2 kinases (aka Hpo, Warts and Trc in
flies) MOB1 functions as a key signal transducer in the Hippo pathway. However, although dMOB1
and MOB1 are essential in flies and mice [6,7,59], hMOB1 appears to be dispensable in human cells, at
least in transformed HEK293A cells [60]. hMOB1A/B double-knockout (DKO) cells were viable in spite
of drastically impaired LATS1/2-mediated YAP/TAZ phosphorylation upon serum deprivation [60].
Very similar to LATS1/2 DKO cells, YAP/TAZ remained nuclear and co-transcriptionally active in
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hMOB1A/B DKO cells. Even more puzzling, hMOB1 phosphorylation by MST1/2 does not seem to be
required for LATS1/2 activation in HEK293A cells [60], although biochemical evidence strongly suggests
that MST1/2-mediated phosphorylation of hMOB1 is needed for LATS1/2 binding (see subchapters
5 and 6). To make things even more complicated, hMOB1 can associate with other intracellular
regulatory proteins besides binding to kinases of the Hippo core cassette (see subchapter 6). Therefore,
it is quite possible that hMOB1 as a central Hippo component is acting in diverse cancer-associated
cellular processes.

Until recently [37], NDR1/2 were the only reported binding partners of hMOB2 [1,35]. More
specifically, it was documented that hMOB2 could compete with hMOB1 for NDR1/2 binding,
with hMOB2 counteracting hMOB1 as a co-activator of NDR1/2 [1,35,61]. In this context,
Zhang et al. studied Hippo signalling in a hMOB2 knockout hepatocellular carcinoma (HCC)
cell line [62]. They found that MST1/2-mediated phosphorylation of NDR1/2 was induced,
while MST1/2-mediated phosphorylations of hMOB1 and LATS1/2 were decreased upon hMOB2
knockout [62]. LATS1/2-mediated phosphorylation of YAP was also reduced in hMOB2 knockout cells,
while MOB2 overexpression resulted in opposite effects [62]. Subsequently, the authors concluded that
loss of hMOB2 can favour hMOB1 binding to NDR1/2, thereby reducing the pool of hMOB1 available
for LATS1/2 binding. Conversely, hMOB2 overexpression may reduce hMOB1 binding to NDR1/2,
thereby freeing hMOB1 to bind to LATS, resulting in the activation of Hippo signalling upstream of
YAP [62]. However, this study [62] did not examine whether this molecular reprogramming of binding
partners could be a possible consequence of cell cycle effects upon hMOB2 loss-of-function. Given that
loss of hMOB2 can trigger a p53-dependent G1/S cell cycle arrest [37] and that NDR/LATS are associated
with cell cycle progression [20,21], it will certainly be necessary to re-examine these HCC-based hMOB2
knockout cells to ensure the changes in NDR1/2, LATS1/2, and hMOB1 phosphorylation upon hMOB2
loss [62] are not merely reflecting indirect effects triggered by an underlying cell cycle arrest/delay.

Like hMOB1 and hMOB2, the group of hMOB3 signal transducers has been linked to the Hippo
pathway. It was found that hMOB3s can directly bind to MST1, while they do not bind to any member
of the NDR/LATS kinase family [35,39]. Considering that hMOB3s share high sequence similarities
with hMOB1 (Figure 1) this was unexpected. Nevertheless, hMOB3s have at least one aspect in
common with hMOB1, namely the direct binding to the MST1/2 kinases. More specifically, hMOB3s
require two conserved positively charged residues to bind to MST1 [39], with both positively charged
residues also being essential for the formation of a stable complex between hMOB1 and MST1/2 [6].
However, current evidence suggests that hMOB3 binding to MST1 is inhibitory and hMOB3s can act
upstream of apoptotic MST1 signalling [39], while hMOB1 seems to mainly function downstream of
MST1/2 [1,30,51]. Therefore, it is possible that hMOB3 competes with hMOB1 for MST1/2 binding, like
hMOB2 is competing with hMOB1 for NDR1/2 binding, but these competitive interactions are likely to
involve different interaction domains (see subchapter 6).

Intriguingly, hMOB4 has likewise been connected with the Hippo pathway. In fly and human
cells, the hMOB4-containing supramolecular STRIPAK complexes [43,63] have been implicated in
Hippo signalling on diverse regulatory levels [48,64–69]. However, to our knowledge, the specific
contributions of hMOB4 to the crosstalk between Hippo and STRIPAK signalling remain undetermined.
Nevertheless, the MST4 kinase, a relative of MST1/2 [46], was shown to form a complex with hMOB4,
with the overall structure of the hMOB4/MST4 complex resembling the hMOB1/MST1 complex [48].
But one of the key residues (Lys105) that promotes MOB1 binding to MST1 [6] is not conserved in
hMOB4 (Figure 3). Notably, the phospho-Ser/Thr binding motif of hMOB1 [70] seems to be present in
hMOB4, while key residues such as Glu51 of MOB1 that mediate NDR/LATS binding [6,71,72] are not
conserved in hMOB4 (Figure 3). Therefore, the binding mode of MST4 and other GCKIIIs to hMOB4 is
yet to be completely understood [73].

Different members of the Ste20-like kinase family can phosphorylate, and thereby activate,
NDR/LATS kinases (summarised in ref. [57]). Briefly, MST1/2 phosphorylate NDR/LATS in human cells.
Moreover, MAP4K (mitogen-activated protein kinase kinase kinase kinase)-type kinases can regulate
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NDR/LATS kinases through phosphorylation. In addition, MST3, MST4 and STK25, all members of
the GCKIII subfamily of Ste20-like kinases [46], can phosphorylate NDR kinases in human and fly
cells [57,74]. Strikingly, hMOB1 can bind to MST1/2, while hMOB4 is part of the GCKIII-containing
STRIPAK complex. In this regard, the MAP4K-type kinase MINK1 was also identified as a component
of the STRIPAK complex [75]. Consequently, it will be very interesting to properly map the binding
patterns of hMOBs across the Ste20-like kinase family. Potentially, an array of different Ste20-like
kinases is regulated by and/or regulates diverse hMOBs upstream of NDR/LATS signalling.

5. Post-Translational Modifications (PTMs) of MOBs

As already exemplified by the description of the Hippo pathway, signal transduction cascades
transmit extra- and intra- cellular inputs through a broad array of protein kinases [76]. Thus, the
phosphorylation status of signal transducers and effectors is finely orchestrated by interactions between
kinases and phosphatases to achieve pathway regulation. Consequently, it is not surprising that MOBs
can be regulated by phosphorylation events. In this subchapter, we summarise current knowledge
on specific phosphorylation events of MOBs. Where appropriate, we also mention PTMs other
than phosphorylations.

About two decades ago, yeast Mob1p was already described as a phospho-protein [5] that can be
phosphorylated by Cdc15p (the yeast counterpart of the fly Hippo kinase) [77]. The phosphorylation
of dMOB1 by Hippo was subsequently reported in fly cells [18]. However, Avruch and colleagues were
the first to define the specific phosphorylation events that linked Hippo kinases such as MST1/2 with
the regulation of hMOB1 [30,58]. More precisely, hMOB1 is specifically phosphorylated on Thr12 and
Thr35 by MST1/2, thereby supporting complex formation between hMOB1 and NDR/LATS kinases [30].
Considering that the then available crystal structure of hMOB1A did not cover the N-terminal 32
residues [3], the precise molecular mechanism remained poorly understood for a long time [1].
However, Kim et al. recently deciphered the high-resolution crystal structure of full-length hMOB1 in
its auto-inhibited form, and further reported the structural composition of a complex between hMOB1
and the N-terminal regulatory domain (NTR) of LATS1 [71]. These structures enabled the Hakoshima
laboratory to define how hMOB1 is released from its auto-inhibitory conformation [71]. They found
that hMOB1 phosphorylation on Thr12 and Thr35 accelerates the dissociation of the Switch helix, a
long flexible positively-charged linker, from the LATS1-binding surface within hMOB1. Consequently,
they uncovered a “pull-the-string” mechanism through which hMOB1 is rendered accessible for LATS1
binding [71], a model supported by an independent recent study [78]. This discovery was significant,
since it helped to understand an important aspect of the molecular regulation of the core of the Hippo
pathway [51,72].

Of note: in addition to the phosphorylation of Thr12 and Thr35 by MST1/2 [30], other PTMs of
hMOB1, such as the phosphorylation of Tyr26 and Ser38, have been reported [79]. While the function
of Ser38 phosphorylation has remained unclear, Tyr26 phosphorylation of hMOB1 has very recently
been attributed an important role in tyrosine kinase signalling [80]. Gutkind and colleagues found that
focal adhesion kinase (FAK) phosphorylates hMOB1 on Tyr26, thereby preventing the formation of a
functional hMOB1/LATS complex and thus causing Hippo signalling to remain inactive [80]. It remains
to be tested whether this new exciting regulatory mechanism of hMOB1 by Tyr26 phosphorylation also
affects hMOB1/NDR complex formation. In addition, one should note that Ser23 of hMOB1 has also
been observed [79], with Ser23 of hMOB1 representing a possible ATM target site [81], suggesting a
possible link of hMOB1 to the DNA damage response (DDR). Last, but not least, it has been reported
that GSK3β can destabilize hMOB1 by phosphorylating serine 146 of hMOB1 in the context of neurite
outgrowth downstream of the PTEN-GSK3β axis [82]. Therefore, hMOB1 can be regulated by different
phosphorylation events performed by diverse kinases.

In contrast to hMOB1, the only reported PTMs for hMOB2 are modifications with ubiquitin (or
NEDD8) at Lys23, Lys32 and Lys131 [83,84]. The precise nature and functions of these three PTMs are
currently unknown. In addition, the hMOB2 protein contains several putative ATM phosphorylation
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sites, which possibly are linked to the DDR function of MOB2 [81]. However, phosphorylation of
hMOB2 has yet to be documented.

Similar to hMOB1, several phosphorylations of hMOB3s have been observed. Phosphorylations
of hMOB3A on Thr15, Thr26 and Ser38, hMOB3B on Thr25 and Thr77, and hMOB3C on Thr14, Thr25
and Ser37 have been documented [79]. Ser37 of hMOB3C may represent an ATM targeting site [81]. Of
note, the sequence motifs surrounding Thr15 and Ser38 of hMOB3A are quite similar to Thr12 and
Thr35 of hMOB1 (Figure 3), hence raising the possibility that hMOB3A is possibly phosphorylated on
Thr15 and/or Ser38 by MST1/2 in a similar fashion as reported for hMOB1 [30]. However, regulatory
roles for any of these putative phosphorylation events are yet to be reported.

Last but not least, specific PTMs of hMOB4 are also of potential interest. In this regard, Ser147
and Tyr141 phosphorylations of hMOB4 have been observed [79]. Ser147 phosphorylation of hMOB4
is possibly performed by the DDR-linked ATM kinase [81], proposing that hMOB4 is linked to DNA
damage signalling. However, no regulatory roles for any of these phosphorylation events have been
described so far.

6. Protein-Protein Interactions of MOBs

Given that MOBs do not have any known enzymatic activities, one wonders how they contribute
to intracellular signalling. Based on the currently available knowledge, the answer to this question
is that MOBs are globular scaffold proteins that can regulate other factors such as protein kinases by
direct protein-protein interactions [1]. Therefore, we will focus in this subchapter on summarising how
MOBs form protein complexes and thereby help to regulate molecular machineries.

As already mentioned, hMOB1 can bind directly to MST1/2, LATS1/2 and NDR1/2. Interestingly,
these interactions can occur in a phosphorylation-dependent manner. However, before discussing
this important aspect in much detail, one should first note that hMOB1 can also associate with other
signalling complexes. Current evidence suggests that hMOB1 can bind to at least seven apparently
mutually exclusive and independent proteins in a sometimes phosphorylation-dependent fashion:
(1) the NDR1/2 kinases, (2) the LATS1/2 kinases, (3) the MST1/2 kinases, (4) the PP6 phosphatase
module, (5) the atypical guanine nucleotide exchange factors 6 to 8 (DOCK6-8), (6) the ubiquitin ligase
Praja2, and (7) yet poorly characterized proteins, including leucine rich repeats and calponin homology
domain containing (LRCH1-4) proteins and cytokine receptor like factor 3 (CRLF3) [1,6,30,65,78,85,86].
Notably, Xiong et al. found that the phosphorylation-dependent binding of hMOB1 to the PP6 and
DOCK6-8 complexes appears to differ from that elucidated for protein kinase binding, with hMOB1
preferentially interacting with MST1/2 and NDR/LATS, and not the DOCK6-8 and PP6 modules [78].
Future investigations are needed to properly understand the underlying cellular functions of complexes
containing hMOB1 and non-kinase binding partners such as PP6, DOCK6-8 and others.

While hMOB1 can bind to a variety of components, the complex formations with MST1/2
and NDR/LATS kinases are the only protein-protein interactions understood in detail. In Hippo
core signalling, hMOB1 acts as a central signal adaptor helping to regulate NDR/LATS
activation [1,6,13,71,72,87,88]. On the one hand, a stretch composed of highly conserved hydrophobic
and positively charged residues N-terminal of the catalytic domains of NDR/LATS kinases, termed
N-terminal regulatory domain (NTR), is essential for hMOB1 binding to NDR/LATS kinases to promote
their activities. On the other hand, a conserved cluster of negatively charged residues on hMOB1 is
needed for the interaction with NDR/LATS [1,3,6,13,28,71,72,87,88]. MST1/2 phosphorylation of hMOB1
on Thr12 and Thr35 regulates hMOB1 binding to the NTRs of NDR/LATS [6,30,71,72], although hMOB1
can also from a complex with NDR1/2 in a phosphorylation-independent manner [6]. In summary,
hMOB1 binds to NDR/LATS kinases through highly conserved residues on hMOB1 and NDR/LATS
kinases in a manner that can be regulated by MST1/2 phosphorylation of hMOB1.

hMOB1 binding to NDR/LATS has multiple functions. First, hMOB1 binding helps to stimulate
auto-phosphorylation on a Ser residue located in the T-loop (also known as activation segment) of
NDR/LATS kinases (summarised in [1,13,87,89]). Second, MOB1 also acts as an allosteric activator
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of NDR/LATS by mediating MST1/2-mediated trans-phosphorylation of a Thr residue located in the
hydrophobic motif (HM) outside of the catalytic domain of NDR/LATS [6,28,78,87–91]. Third, it
was biochemically shown that stable hMOB1 binding to MST2 can function as an important step in
activating the MST1/2-LATS1/2 kinase cascade [72,92], although stable MOB1/MST1/2 binding seems
dispensable for development and tissue growth control [6,90] and a stable hMOB1/MST1/2 complex
is not required for efficient MST1/2-mediated phosphorylation of hMOB1 [6]. Since some of these
hMOB1 functions appear to contradict each other, Manning and Harvey [93] proposed a unifying
model, wherein hMOB1 acts before and after MST1/2-mediated phosphorylation of LATS1/2 and
hMOB1. Notably, this model is similar, but still different, from the model proposed for NDR1/2
activation by MST1/2 and hMOB1 [6,88]. In this regard, somewhat surprisingly, T-loop and HM
phosphorylations of LATS1/2 can also occur without increased MST1/2-mediated phosphorylation of
hMOB1 on Thr12/Thr35 [94], suggesting that hMOB1/LATS complex formation can be dispensable for
efficient LATS1/2 phosphorylation in certain settings. Nevertheless, hMOB1/LATS complex formation
appears to be essential for development and tissue growth control [6].

Taken together, these data show collectively that hMOB1/NDR and hMOB1/LATS complexes
are not equal, thereby allowing cells to process diverse biological inputs through diverse hMOB1
signalling. hMOB1 as an adapter protein can help to differentially regulate NDR/LATS kinases by
concurrently forming complexes with NDR/LATS and their upstream activator kinases such as MST1/2
and by allosterically activating the auto- and trans-phosphorylation activities of NDR/LATS.

Interestingly, recent structural and biochemical analyses of the catalytic domain of NDR1, lacking
the entire NTR domain, have suggested that the regulation of NDR1 activity by the elongated activation
segment and by hMOB1 binding may represent mechanistically distinct events [89]. This notion
is supported by the biochemical and structural dissection of the yeast Cbk1p-Mob2p complex [95].
However, much more work is needed to fully understand how the regulation of NDR/LATS kinases
is orchestrated by hMOB1 binding to the NTR, activation segment and HM phosphorylations–three
molecular events that possibly represent three distinct regulatory levels. In particular, the role of
MST1/2-mediated phosphorylation of hMOB1 is yet to be completely understood with regard to
the regulation of NDR1/2, in particular when considering that phospho-hMOB1 displays a much
higher affinity for NDR1/2 than unphosphorylated hMOB1 [6,78], while LATS1/2 can only bind to
phospho-MOB1 [6].

In contrast to NDR1/2 kinases, hMOB1 seems to associate with LATS1/2 and MST1/2 in a
purely phospho-dependent manner [6,65,69–72,78,92]. In the case of MST1/2, the direct interactions
involve several auto-phosphorylation sites in MST1/2 that help to recruit hMOB1 [51,65,69,72,78,92].
Noteworthy, these interactions involve a phospho-Ser/Thr binding pocket of hMOB1, encompassing
the positively charged residues Lys153, Arg154 and Arg157 of hMOB1 [70]. These three key residues
appear to be conserved in hMOB1 and hMOB4, while hMOB3s have only two conserved positively
charged residues (Figure 3). However, phospho-peptide binding properties of hMOB2, hMOB3s and
hMOB4 are yet to be reported.

Based on the structure of a short fragment of MST2 (371 to 400) bound to hMOB1 lacking the first
50 amino acids, Ni et al. [72] defined two MOB1/MST2 interfaces, namely one supportive binding site
(residues 390 to 398 of MST2) and one main phospho-Thr binding site, centring around phosphorylated
Thr378 of MST2 and the phospho-Ser/Thr binding pocket of hMOB1. However, other important sites
involved in hMOB1 binding on MST2, such as phospho-Thr349, phospho-Thr356, and phospho-Thr364,
were not examined on the structural level [72]. This notion [72] that Thr378 of MST2 (Thr380 of MST1,
respectively) is not the sole main interaction site on hMOB1 is supported by other studies [78,92].
At least six different phospho-threonine sites on MST1 (Thr329, Thr340, Thr353, Thr367, Thr380
and Thr387) contribute to hMOB1 binding [78,92]. Intriguingly, Pro106 of hMOB1 contributes to
phospho-Thr binding on MST1 [72,78,92], and the positively charged Lys104 and Lys105 of hMOB1
are crucial for MST1/2 binding, while being expendable for NDR/LATS binding [6]. Thus, it is quite
possible that Lys104/Lys105 together with Pro106 of hMOB1 may bond with multiple negatively
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charged phosphorylated Thr residues on MST1/2. Notably, the Lys104/Lys105/Pro106 motif of hMOB1
is conserved in dMOB1, hMOB3s and dMOB3 (Figure 3). Alterations of Arg108 and Lys109 in hMOB3A,
corresponding to Lys104 and Lys105 in hMOB1 (Figure 3), abolish MST1 binding [39], suggesting that
the Lys104/Lys105/Pro106 binding motif of hMOB1 is functionally conserved.

Figure 3. Comparison of the primary protein sequences of human and fly MOBs. Primary protein
sequences were aligned using Clustal Omega as defined in the legend of Figure 2. The sites of Thr12,
Tyr26 and Thr35 phosphorylations of hMOB1A are highlighted in light blue. Important interaction
sites of hMOB1A that were verified by different experimental approaches are displayed in yellow.
The key residues of the phospho-Ser/Thr (pSer/Thr) binding pocket of hMOB1A are shown in green.
For more details on key residues of hMOB1 that are involved in kinase binding please consult
refs. [3,6,70–72,78,92,95]. The UniProtKB nomenclature for the analysed proteins is defined in the
legends of Figures 1 and 2.

Notably, phospho-Thr378 of MST2 can also bind to SLMAP [68], in addition to hMOB1 [69], and a
T-loop mutation of MST2 reduces the MST2/SLMAP interaction [65] in the context of STRIPAK-Hippo
signalling. Thus, the multisite auto-phosphorylation of the MST1/2 linkers appears to function as a
molecular platform able to integrate different Hippo signalling events [68,69].

In contrast to MST1/2, the LATS1/2 kinases must not be phosphorylated to bind to
phospho-MOB1 [6,71,72]. Nevertheless, the phosphorylation of LATS1/2 on serine 690 and 653,
respectively (corresponding to threonine 74 and 75 in NDR1 and NDR2), are very likely to represent
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another regulatory layer. LATS1 S690A, LATS2 S653A, NDR1 T74A and NDR2 T75A mutants display
diminished binding to MOB1 [27–29,87,88,96,97] and the crystal structure of phospho-MOB1 bound to
a LATS1 fragment highlighted the importance of serine 690 of LATS1 for MOB1 binding [72]. In this
regard, hMOB1 must be phosphorylated to bind to LATS1/2 [6,71,72], with Asp63 of hMOB1 being
essential and providing the selectivity for LATS1/2 binding [6]. In this regard, the analysis of hMOB1
mutants with alterations of Lys153 and Arg154 revealed that the phospho-Ser/Thr binding interface of
hMOB1 is important for MST1/2 as well as LATS1/2 binding [6]. Consequently, Lys153 and Arg154 of
hMOB1 are very likely to represent central residues in a more general phospho-Ser/Thr binding domain
as already proposed by Rock et al. [70]. Notably, Lys153 and Arg154 of hMOB1 can also contribute to
Praja2 binding in the context of hMOB1 proteolysis [86].

In addition, the interactions of hMOB1 with NDR/LATS kinases can be modulated by Tyr26
phosphorylation of hMOB1 [80] and hMOB2 counteracting hMOB1 binding to NDR1/2 [35,62].
Comparable to hMOB2, the LIM domain protein TRIP6 can compete with MOB1 for binding to the
NTR of LATS1/2, thereby negatively interfering with LATS1/2 activation by hMOB1 [98]. Similarly,
phosphatidic acid-related lipid signalling can regulate the Hippo pathway by directly interacting with
LATS1/2, thus disrupting hMOB1/LATS complex formation [99]. In this context, one should note that
inactivation of the PTEN lipid phosphatase can interfere with the interaction of hMOB1 and LATS1/2
in gastric cancer [100]. Moreover, the Angiomotin scaffolds can support hMOB1-mediated LATS1/2
auto-phosphorylation [101].

The best understood binding partners of hMOB2, hMOB3s and hMOB4 were already mentioned
in subchapters 3 and 4. Briefly, two binding partners of hMOB2 have been established: the NDR1/2
kinases [1,35] and the RAD50 scaffold [37]. However, the physiological significance of these interactions
is yet to be fully defined [38], with hMOB2 possibly also having indirect effects on LATS1/2 signalling
by competing with hMOB1 binding to LATS1/2 [35,62].

hMOB3s have one established binding partner: the MST1 kinase [36]. In response to apoptotic
stimuli, hMOB3s bind to MST1 through conserved positively charged residues, thereby negatively
regulating apoptotic MST1 signalling in glioblastoma multiforme cells by inhibiting the MST1
cleavage-based activation process [36]. In this regard, it is crucial to note that hMOB3s do not
function like hMOB1 in the Hippo pathway as proposed recently [102]. While hMOB3s and hMOB1
share similar primary sequences (Figures 1 and 3), they differ significantly in their binding partners,
and hence their potential to regulate the core of the Hippo pathway. Nevertheless, one cannot rule out
the possibility that hMOB3 and hMOB1 may compete for MST1/2 binding, similar as already reported
for the competition of hMOB2 and hMOB1 for NDR1/2 binding [1,35].

As mentioned, hMOB4 is a core member of the STRIPAK complex, known to function as a
regulator of Hippo signalling [43,63]. Recently, it was reported that hMOB4 forms a complex with
MST4 [48], a distant relative of MST1/2 [46] and a known component of the STRIPAK complex [73]. It
was proposed that MST4 and hMOB4 may disrupt assembly of the hMOB1/MST1 complex through
alternative pairing [48]; however, this model has yet to be explored in more detail.

Taken together, we have started to understand the mechanistic importance of protein-protein
interactions involving hMOBs. However, some of our current working models have yet to be
consolidated by future studies, ranging from more structure biology to the testing of the significance of
selected protein-protein interactions in adequate biological model systems. In particular, we need to
comprehend how phosphorylation-triggered interactions of hMOBs help to coordinate the specificity
and robustness of essential signalling cascades. In this context, it will be vital to understand the
potential functional contribution of the abilities of hMOBs to engage with multiple ligands.
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7. Cancer-Associated Cellular Functions of MOBs

7.1. Roles in Mitosis and Cell Cycle Progression

Since we are only briefly summarising here the mitotic functions of hMOB1, for a detailed
overview of the cell cycle roles of hMOB1 see refs. [20,21]. Initially, a kinase-targeting RNAi screen
found that the NDR1 kinase, a binding partner of hMOB1 and hMOB2 [1], is possibly involved in
regulating spindle orientation [103]. Yao and colleagues subsequently discovered a new level of
hMOB-mediated NDR1 regulation in mitosis [61]. More precisely, PLK1 phosphorylates NDR1 at Thr7,
Thr183 and Thr407 upon mitotic entry, thereby eliciting PLK1-dependent suppression of NDR1 activity
to ensure correct spindle orientation in mitosis [61]. Mechanistically, PLK1-mediated phosphorylation
of NDR1 switches NDR1 binding from hMOB1 to hMOB2, thereby interfering with the binding of
hMOB1 to NDR1 and subsequent NDR1 activation [61]. The involvement of hMOB1 in mitosis is
further supported by the finding that hMOB1 knockdown displays a negative genetic interaction with
the PTTG1 gene [104], with PTTG1 encoding Securin, a well-established regulator of chromosome
segregation [105]. Noteworthy, hMOB1 can localise to kinetochore structures of mitotic cells [106] and
contributes to cell abscission and centriole re-joining after telophase and cytokinesis [107].

Knockdown of hMOB4 can also cause mitotic spindle defects in human cells [108]. Similarly,
dMOB4 depletion results in mitotic defects in fly cells [25]. However, it is currently not known
whether this function is related to the MOB4-containing STRIPAK complex. In contrast to hMOB1 and
hMOB4, the depletion of hMOB2 results in a G1/S cell cycle arrest [37,109]. More specifically, hMOB2
knockdown triggers a p53-dependent G1/S cell cycle arrest [37] that is discussed in more detail in
subchapter 7.2. hMOB3s have no known role in mitosis.

7.2. Roles in the DNA Damage Response (DDR)

Considering the possible involvement of NDR1/2 in the DDR [38], one would predict that
regulators of NDR1/2, such as hMOB1 [1], may also play a role in the DDR. Interestingly, this
seems to be the case, since hMOB1 knockdown appears to be sufficient to cause spontaneous DNA
double-strand break formation [110] and increased γH2AX phosphorylation in human cells [111].
The single knockdown of hMOB3A or hMOB4 can also result in increased γH2AX phosphorylation in
cells [111], while hMOB3C knockdown cells seem to display an increased homologous recombination
repair frequency [112]. Collectively, these reports propose that hMOB1, hMOB3 and hMOB4 are
possibly linked to DNA damage signalling. However, it is yet to be established whether any of these
possible DDR functions are linked to binding to kinases of the Hippo core, such as NDR/LATS, or
components of the STRIPAK complex.

Regarding hMOB2 we have a somewhat clearer understanding regarding the DDR [38]. Given
that a genome wide screen for novel putative DDR factors identified hMOB2 (aka HCCA2) as a
potential candidate [113], we sought to understand how hMOB2 might function as part of the DDR.
Subsequent experiments uncovered that loss of hMOB2 causes the accumulation of DNA damage,
which activates the DDR kinases ATM and CHK2, consequently activating a p53 dependent G1/S
cell cycle checkpoint in the absence of any exogenously induced DNA damage [37]. Complementary
experiments showed that hMOB2 promotes cell survival and G1/S cell cycle arrest upon exposure to
diverse DNA damaging agents [37]. Unexpectedly, hMOB2 seems to act in the DDR independent of
NDR signalling [37], therefore, the biological significance of the hMOB2/NDR complex remains poorly
understood [38]. Mechanistically, hMOB2 can interact with RAD50, facilitating the recruitment of the
MRE11-RAD50-NBS1 (MRN) DNA damage sensor complex and activated ATM to DNA damaged
chromatin [37]. However, this mechanistic link does not appear to be relevant in all DDR settings,
suggesting that additional mechanisms should be considered [38].

Of note, other independent studies support the notion that hMOB2 represents a new player
in the DDR. hMOB2 knockdown cells displayed an increased sensitivity to exogenously induced
DNA-damage and a defective G2/M cell cycle checkpoint in response to ionizing radiation (IR) [113].
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Furthermore, patient-derived fibroblasts with MOB2 loss-of-function exhibited increased susceptibility
to exogenously induced DNA-damage [114]. hMOB2 knockdown in non-small cell lung cancer
(NSCLC) cell lines is also a promising strategy to increase the susceptibility to IR in the context
of radio-sensitization [115]. In addition, the search for mutator alleles which increase the rate of
germline mutations has revealed the hMob2 gene as one of the top hits [116]. Thus, current evidence
collectively suggests that the involvement of MOB2 in the response to DNA damage is important to
maintain genomic stability. hMOB2 can be part of the DDR by playing roles in DDR kinase signalling,
cell survival and cell cycle checkpoints upon exposure to DNA damage. However, we have yet to
understand how hMOB2 operates as a DDR protein on the molecular level [38]. Furthermore, we must
comprehend which types of DNA damage repair mechanism(s) are linked to hMOB2 and whether this
knowledge can be clinically exploited for precision medicine.

7.3. Apoptosis and Autophagy

hMOB1 has been linked to apoptotic signalling [1]. hMOB1 as a co-activator of human NDR
kinases plays an important role in the formation of a MST1-NDR-hMOB1 complex, thereby supporting
MST1-mediated phosphorylation of NDR1/2 upon the induction of apoptosis [91,117]. Interestingly,
the apoptotic role of hMOB1 was further linked to cell fate decisions in response to autophagic stress
conditions. Precisely, upon investigating the activation of NDR1 in macroautophagy, we observed that
NDR1 is stimulated in a hMOB1-dependent manner upon autophagy induction [118]. Considering
further that NDR1′s kinase activity also plays an important role in mitophagy, the removal of damaged
mitochondria by selective autophagy [119], it is likely that hMOB1 as a co-activator of NDR1/2
possibly functions in different autophagic processes. Taken together, hMOB1 seems to assist NDR1/2
to coordinate autophagic and apoptotic events.

7.4. Centrosome Biology

By functioning as a co-activator of human NDR kinases, hMOB1 can also play a role in centrosome
duplication [28]. However, although hMOB1 can localise to centrosomes [106,120], we do not know
whether the centrosomal pool of hMOB1 is the main supporter of centrosome duplication. Based on
data from a large-scale screen hMOB1 appears to bind to DIPA [121,122], which is of potential interest,
considering that DIPA was found on centrosomes [123]. Moreover, the NDR2 kinase was recently
connected with ciliogenesis, a cellular process that utilises the mature mother centriole at the base of
cilia extrusions [124,125]. Considering further that active (phosphorylated) NDR1/2 can localise to the
mother centriole in a cell cycle dependent fashion [28], it is quite tempting to speculate that hMOB1 as
a main regulator of NDR1/2 is linked to the ciliogenesis. This notion is supported by additional lines
of evidence:

First, upon studying different canine models for retinal degeneration, it was found that hMOB1
expression was specifically elevated in the early retinal degeneration model [126], an autosomal recessive
disorder caused by a NDR2 mutation [127]. Possibly this reflects the cellular attempt to compensate for
NDR2 loss-of-function. Second, murine NDR1/2 kinases are important for regulation of proliferation
of terminally differentiated cells in the retina [128]. Third, increased levels of phospho-Thr35 MOB1
were observed in a fish model for photoreceptor ciliogenesis and retinal development [129]. Fourth,
MOB1 accumulates at the basal bodies and MOB1 depletion delays ciliogenesis in Tetrahymena [130].
Therefore, MOB1 appears to represent a Hippo component that provides a link between the Hippo
pathway and ciliogenesis in the context of diseases such as retinal degeneration and possibly also
polycystic kidney disease [131–139].

7.5. MOBs and RAS Onco-Proteins

Oncogenic Ras signalling occurs frequently in many human cancers. However, no effective
targeted therapies are currently available to treat patients suffering from Ras-driven tumours. In this
regard, a systematic screen uncovered YAP1, a key effector of Hippo signalling [17,140], as a significant
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component of oncogenic RAS signalling [141]. Specifically, YAP1 overexpression is sufficient to rescue
cell viability in a KRAS-dependent fashion [141]. Interestingly, the same screen also identified hMOB2
and hMOB3C as possible factors in oncogenic RAS signalling [141]. hMOB2 overexpression could
decrease cell viability in a KRAS-dependent manner, while hMOB3C overexpression restored cell
viability without any obvious effects on MEK and PI3K signalling [141]. Another genome-wide
RNAi screen identified a synthetic lethal interaction between hMOB3A loss-of-function and oncogenic
KRAS [142]. Perhaps the RAS-related function of hMOB2 is linked to hMOB2/NDR complex formation,
since NDR1/2 were recently linked to oncogenic RAS signalling [119,143]. Future research is warranted
to probe these interesting links.

8. MOBs and Cancer

8.1. Lung cancer

hMOB1A mRNA levels are low in human lung cancer samples [144]. Consequently, Suzuki and
colleagues studied inducible conditional MOB1 knockout mice in the context of lung physiology and
cancer, revealing that mice with postnatally MOB1 loss-of-function did not develop spontaneous
lung adenocarcinomas [145]. Unexpectedly, urethane treatment-induced lung tumour formation
was decreased upon postnatal MOB1 deletion [145], suggesting that MOB1 rather functions as a
cancer-promoting factor in this setting. Thus, it will be very interesting to elucidate which functional
protein-protein interaction(s) involving MOB1 perform this pro-cancer role. Noteworthy, hMOB3B
seems to interact with NT5C2 [121]. Given that NT5C2 has been used as a prognostic marker in lung
cancer [146], it is tempting to speculate that hMOB3s might be of clinical relevance in lung cancer.

8.2. Pancreatic Cancer

Chen et al. found that miR-181c can directly and selectively repress hMOB1, MST1, LATS2, and
SAV1 expression in human pancreatic cancer cells [147]. Inhibition of miR-181c increased the protein
levels of hMOB1 and other Hippo components. In contrast, overexpression of miR-181c suppressed
them, resulting in increased pancreatic cancer cell survival and chemoresistance [147]. Moreover,
deregulated expression of the long non-coding RNA (lncRNA) UCA1 has been implicated in diverse
human cancers, such as pancreatic cancer. UCA1 can interact with hMOB1, LATS1, and YAP to
form shielding composites, thereby allowing YAP activation in pancreatic cancer cells [148]. Thus,
deregulation of hMOB1 as part of the Hippo pathway can play a significant role in the progression
of pancreatic cancer. Of note, expression levels of hMOB4 were found elevated in pancreatic cancer
samples [48]. Thus, diverse hMOBs are of potential interest in clinical studies of pancreatic cancer.

8.3. Liver Cancer

The Thr12 phosphorylation levels of hMOB1 were significantly decreased in human liver cancer
samples [94]. Mice with liver-specific Mob1 null alleles are prone to develop liver cancers [149]. Given
that this phenotype is the most severe among mutant mice lacking a Hippo signalling component in
the liver [150], it is fair to conclude that MOB1 constitutes a critical hub of Hippo signalling in livers
and possibly also other tissues. In this regard, it is noteworthy that increased expression of hMOB2
mRNA was associated with hepatocellular carcinoma development and progression [151]. However,
due to the lack of MOB2 loss-of-function animal models it is currently unclear whether deregulated
MOB2 expression can drive liver cancer development.

Given that co-infections with hepatitis delta virus (HDV) and hepatitis B virus (HBV) accelerate
the development of hepatocellular carcinoma (HCC) [152], one should also note that hMOB1 can
associate with CCDC85B (aka DIPA) [121,122], which is known to play a role in HDV replication [153].
hMOB1 also interacts with the hepatitis C virus (HCV) non-structural protein NS5A, although no
relationship between the hMOB1A-NS5A interaction and HCV replication has been observed [154].
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Nevertheless, the hMOB1-binding partners LATS1/2 represent host kinases that can phosphorylate
NS5A at a highly conserved residue required for optimal HCV replication [155].

8.4. Haematological Malignancies

By studying the effects of 3-deazaneplanocin A (DZNep), a histone methyltransferase EZH2
inhibitor, on human T-cell acute lymphoid leukaemia (T-ALL) cells, Shen et al. found that DZNep
treatment reduced histone methylation in hMOB1 promoters, resulting in an upregulation of hMOB1
expression associated with inhibited growth of T-ALL cells [156]. Thus, MOB1 levels may represent an
indicative marker for DZNep treatments of T-ALL patients.

As mentioned, hMOB3 may interact with NT5C2 [121]. Given that NT5C2 expression levels
can serve as a prognostic marker in haematological malignancies [157,158] and NT5C2 mutations
were linked to ALL [159], it is therefore tempting to deduce that a link between hMOB3s and NT5C2
might be of clinical significance with regard to haematological cancers. In this regard, one should
further note that altered expression levels of hMOB3A and hMOB3B were observed in mantle cell
lymphoma [160,161]. However, animal studies that functionally link the deregulation of MOB3 with
haematological malignancies are missing to date.

8.5. Breast and Ovarian Cancers

Kim et al. found that hMOB1 knockdown decreased the viability of breast cancer cell lines [162],
suggesting that hMOB1 is supporting the survival of breast cancer cells. Changes in the methylation of
the hMOB1 promoter were observed in triple negative breast cancer cells [163]. Likewise, a systematic
study across cancer cell lines revealed that MOB1 knockdown results in decreased viability of ovarian
cancer cells [164], suggesting that hMOB1 is supporting the survival of ovarian cancer cells. Of note,
single knockdown of hMOB3A, hMOB3B or hMOB3C also decreased the viability of breast cancer
cells [162].

8.6. Colon Cancer

The mRNA levels of hMOB1A are low in human colorectal cancer samples [165]. Recently, a
study of mice with intestinal epithelial cell-specific depletion of MOB1 uncovered a link between
MOB1 and intestinal homeostasis through the regulation of Wnt signalling [166]. Considering that
the disruption of intestinal homeostasis by the deregulation of other Hippo components can result in
colon cancer [167], it is quite likely that loss of MOB1 as a central component of the Hippo pathway
is also associated with colon cancer development and/or progression. Of note, single knockdown of
hMOB3A, hMOB3B or hMOB3C in human colon cancer cells displays a negative genetic interaction
with the PTEN phosphatase [104].

8.7. Prostate Cancer

A single nucleotide polymorphisms (SNP) in the hMob2 gene has been revealed to be a prostate
cancer susceptibility loci [168]. The mRNA levels of hMOB3B were significantly decreased in prostate
cancer, suggesting that hMOB3B may act as a tumour suppressor in prostate cancer [169]. Moreover,
the hMOB3B promoter region is also hypermethylated in a significant number of prostate cancer
samples [170]. Thus, loss of hMOB3B might promote prostate cancer development and/or progression.

8.8. Glioblastoma

On the one hand, it was found that decreased hMOB1 levels help to sustain glioblastoma
growth [86]. On the other hand, the protein levels of hMOB3s are significantly upregulated in samples
derived from patients suffering from glioblastoma multiforme [36]. Therefore, it appears that hMOB1
and hMOB3s may be considered in clinical assessments of glioblastoma samples.

19



Cells 2019, 8, 569

8.9. Human Cancer Cell Lines

Based on genome-scale loss-of-functions screens using a broad spectrum of diverse human cancer
cell lines, one is tempted to conclude that the single knockdown or knockout of hMOB1A, hMOB1B,
hMOB3A, hMOB3B, hMOB3C or hMOB4 can decrease the survival of some cancer cells [171–174].
However, these findings have yet to be validated, and even more importantly, are most likely limited
in their nature, since possible compensatory redundancies in the MOB1 and MOB3 groups were not
examined. Of note, the status of hMOB3B together with a few other markers can serve as predictor
of acquired and intrinsic resistance to epidermal growth factor receptor tyrosine kinase inhibitors,
including gefitinib, erlotinib, and afatinib [175].

9. MOBs and Other Diseases

9.1. Neurobiology

MOB2 loss-of-function impairs the correct neuronal positioning within the developing cortex,
thereby associating MOB2 inactivation with a disorder such as periventricular nodular heterotopia [114].
Moreover, MOB2 plays a part in PKA-mediated signalling in astrocytes [176]. Similarly, MOB2 plays a
neurological function in invertebrates, since dMOB2 expression is necessary and sufficient to regulate
the growth of larval neuromuscular junctions in flies [23].

Chromatin immunoprecipitation followed by deep sequencing identified the hMOB3A gene as a
target for the NRF1 (Nuclear respiratory factor 1), a transcription factor linked to neurodegenerative
diseases [177]. Recombinant hMOB3A and hMOB3B can bind to β-amyloid, suggesting that hMOB3s
are possibly linked to Alzheimer disease and other atrophies [178]. Interestingly, the same study found
that hMOB1 can also associate with β-amyloid [178].

hMOB4 is mainly expressed in the central and peripheral nervous system [179]. Striatin-1, a
core component of the STRIPAK complex, appears to require hMOB4 binding to fulfil its neurological
function [180]. This notion is supported by the observation that dMOB4 also plays a role in the
regulation of axonal transport, neurite elongation, and synapse formation in flies [24].

Taken together, each member of the MOB family seems to have at least one neurological function,
with the neurological roles of MOB2 and MOB4 being the best understood.

9.2. Immunity and Virology

Quite likely hMOB1, based on its associations with NDR/LATS and MST1/2 kinases [1] is linked
to immunological functions as summarised in ref. [57]. In addition, it was reported that the conserved
Legionella pneumophila effector kinase LegK7 can phosphorylate MOB1 and thereby mimic MST1/2
activation to shut down the Hippo effectors YAP/TAZ, resulting in the promotion of bacterial growth
and infection [181]. In this regard, the other hMOBs are possibly also associated with immune signalling
in health and disease. More precisely, a SNP in the hMOB2 gene is associated with altered cytokine
levels, in particular interleukin 9 (IL-9) levels [182]. SNPs in the hMOB3B gene are associated with
rheumatoid arthritis [183], osteoarthritis [184] and asthma [185]. Moreover, a genome-wide RNAi
screen identified hMOB4 as a possible regulator of cytokine secretion, since IL-8 levels were decreased
upon hMOB4 knockdown [186].

9.3. Diverse Disease Spectrum

In addition to links to neurological and immune diseases, the deregulation of hMOBs has also
been associated with other sicknesses as briefly summarised below. MOB1A/B-deficient mouse
epidermis cannot be engrafted successfully onto donor mice, thereby influencing skin engraftment
efficiency [187], suggesting a crucial role of MOB1 in the skin. Mice with chondrocyte-specific
MOB1A/B-deficiency display impaired chondrocyte homeostasis, leading to chondrodysplasia, thereby
linking MOB1 loss-of-function with a hereditary skeletal disorder [188]. Furthermore, an autosomal
SNP of hMob2 is associated with type 2 diabetes [189,190]. Last but not least, it is notable that the
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dysregulation of the hMOB4-containing STRIPAK complex correlates with a broad range of human
diseases including, diabetes, autism, cardiac disease and cerebral cavernous malformation (CCM)
in addition to cancer [43,44]. However, it remains to be determined the degree to which hMOB4 is
essential to support fundamental cellular processes such as cell proliferation, growth, differentiation,
migration and apoptosis.

10. Conclusions and Future Outlook

In summary, yeast cells express two different MOBs that act in independent and
non-interchangeable complexes formed with members of the conserved NDR/LATS kinase family. In
contrast, in multicellular organisms such as flies and humans, MOBs do not exclusively bind to a unique
NDR/LATS kinase. Fly cells express at least four different dMOBs, while the human genome encodes
at least seven different hMOB genes. hMOBs have been implicated in different crucial intracellular
functions through forming complexes with diverse binding partners (Figure 4; see also subchapter
6). By associating with members of the NDR/LATS kinase family, hMOB1 has central roles in Hippo
signalling (Figure 4, left panel). Importantly, hMOB1 also binds directly to MST1/2 as part of the Hippo
core cassette (Figure 4, left panel). By forming a complex with the MRN DNA damage sensor complex,
hMOB2 has been linked to DNA damage signalling (Figure 4, middle left panel). Similar to hMOB1,
hMOB3s can associate with MST1 in the context of apoptotic signalling, but unlike hMOB1, hMOB3s
do not interact with NDR/LATS kinases (Figure 4, middle right panel). Last but not least, hMOB4 has
been documented as a core member of the STRIPAK complex (Figure 4, right panel).

Although the four branches of MOB signalling can be depicted as four separate signal transduction
cascades, one should note that it is quite likely that they are interconnected (Figure 4, see dashed grey
lines). For example, it is known that hMOB2 can oppose certain functions of the hMOB1/NDR complex
by competing with hMOB1 for NDR1/2 binding. Hence, it could well be that hMOB2 is interlinked
with the Hippo pathway through interfering with hMOB1-regulated processes. Another example is the
possible connection of hMOB3s with the Hippo pathway. Perhaps hMOB3s can compete with hMOB1
for MST1/2 binding and thereby meddle with hMOB1-regulated Hippo signalling. Furthermore,
hMOB4 as part of the STRIPAK complexes may help to connect the GCKIII upstream kinases with
NDR1/2 as members of the Hippo pathway. As is apparent from these examples, it is conceivable
that hMOB2, hMOB3s and hMOB4 are interconnected with hMOB1-regulated Hippo signalling to
some degree (Figure 4, see dashed grey lines). Certainly, future research is warranted to address these
predicted crosstalks between different hMOB-containing complexes.

Some characteristics of MOB proteins are conserved from yeast to man, but MOB signalling is
surely more complex in multicellular organisms. Therefore, one future challenge is to fully comprehend
and appreciate this complexity. Despite great progress in understanding how MOBs can help to regulate
their binding partners, much more remains to be accomplished in this regard. For instance, more
research is needed to fully understand how hMOBs are fine-tuning the activities of NDR/LATS kinases,
with particular emphasis on delineating the in vivo implications of MST1/2-mediated phosphorylation
of hMOB1. In this context, we also must understand which protein-protein interactions of hMOBs
are essential on the cellular and organismal levels. For example, multiple binding partners of hMOB1
have been reported, but we have only begun to appreciate the physiological importance of a fraction of
these hMOB1-focused complexes. The molecular and biological understanding of the significance of
hMOB2/NDR, hMOB2/MRN, hMOB3/MST1 and hMOB4/STRIPAK complexes has also remained a
pressing question that is yet to be dissected in much detail. Possibly, forthcoming studies on MOBs
from organisms such as fungi, parasites, bacteria and plants [1,181,191,192] will help to provide
breakthroughs in this regard; studies of yeast MOBs have initially led the way [1,5,8].
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Figure 4. The four branches of MOB control. The “MOB1 branch”: In human cells, hMOB1
phosphorylated by MST1/2 promotes the activation of NDR1/2 and LATS1/2 in the context of Hippo
signalling and the regulation of other important cellular functions [1,55,57]. The “MOB2 branch”:
hMOB2 can interact with the MRN (Mre11-Rad50-Nbs1) DNA damage sensor complex, thereby
supporting DNA damage and consequently cell cycle signalling [37,38]. The “MOB3 branch”: hMOB3s
form a complex with MST1, in so doing regulating apoptotic signalling [39]. The “MOB4 branch”:
hMOB4 as part of the STRIPAK (Striatin-interacting phosphatase and kinase) complex is likely to
support the diverse cellular roles of the STRIPAK complex [43,44]. Notably, it is possible that these MOB
branches do not signal in isolation, but rather may be interlinked as highlighted by dashed grey lines.
For example, hMOB2 may connect with the “MOB1 branch” by competing with hMOB1 for NDR1/2
binding [35,62], the hMOB3s may link with the “MOB1 branch” through competing with hMOB1 for
MST1/2 binding [6,39], or hMOB4 as part of the GCKIII-containing STRIPAK complex may connect
with the “MOB1 branch” through GCKIII-mediated phosphorylation of NDR1/2 (see subchapter
4). Noteworthy, Hippo and STRIPAK signalling have already been found to be interconnected (see
subchapter 4), although, to our knowledge, the specific roles of hMOB4 have not been defined. hMOBs
are in green. MST1/2 and NDR/LATS kinases are in yellow and red, respectively. Established interactions
are highlighted by black lines, while putative interconnections between “MOB branches” are shown by
dashed grey lines. Phosphorylations are indicated by “P” in blue.

Taken together, future research is needed to improve the structural and biochemical understanding
of hMOB-regulated signalling in order to fully elucidate the molecular mechanisms underlying human
diseases, such as cancer, that are linked to the deregulation of hMOBs. In this regard, research
into the cellular functions of MOBs is also timely and relevant. The biological roles of MOBs must
likewise be addressed in appropriate animal models, such as transgenic mice. To date, only MOB1
knock-out animals have been reported. To our knowledge, transgenic mice allowing for studies
of the physiological functions of MOB2, MOB3s and MOB4 are currently not available. Hopefully
studies of disease-relevant cell biological roles of MOBs will soon be complemented by appropriate
loss-of-function animal models. Many research avenues must be pursued to adequately describe the
complexity of MOB signalling in multicellular organisms. Undoubtedly, exciting new discoveries
related to MOBs are to be expected over the coming years.
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Abstract: Transcriptional enhanced associate domain (TEAD) transcription factors play important
roles during development, cell proliferation, regeneration, and tissue homeostasis. TEAD integrates
with and coordinates various signal transduction pathways including Hippo, Wnt, transforming
growth factor beta (TGFβ), and epidermal growth factor receptor (EGFR) pathways. TEAD
deregulation affects well-established cancer genes such as KRAS, BRAF, LKB1, NF2, and MYC,
and its transcriptional output plays an important role in tumor progression, metastasis, cancer
metabolism, immunity, and drug resistance. To date, TEADs have been recognized to be key
transcription factors of the Hippo pathway. Therefore, most studies are focused on the Hippo kinases
and YAP/TAZ, whereas the Hippo-dependent and Hippo-independent regulators and regulations
governing TEAD only emerged recently. Deregulation of the TEAD transcriptional output plays
important roles in tumor progression and serves as a prognostic biomarker due to high correlation
with clinicopathological parameters in human malignancies. In addition, discovering the molecular
mechanisms of TEAD, such as post-translational modifications and nucleocytoplasmic shuttling,
represents an important means of modulating TEAD transcriptional activity. Collectively, this review
highlights the role of TEAD in multistep-tumorigenesis by interacting with upstream oncogenic
signaling pathways and controlling downstream target genes, which provides unprecedented insight
and rationale into developing TEAD-targeted anticancer therapeutics.

Keywords: TEAD; Hippo pathway; cancer; stem cell

1. Introduction

The TEAD family of transcription factors are the final nuclear effectors of the Hippo pathway,
which regulate cell growth, proliferation, and tissue homeostasis via their transcriptional target genes.
Since their initial discovery three decades ago, TEADs have been best studied in the context of the
Hippo-YAP/TAZ signaling pathway and tumorigenesis. To date, studies on TEAD activity are limited
to serving as the functional readout of the Hippo-YAP/TAZ pathway. However, recent evidence
suggests that nucleocytoplasmic shuttling, post-translational modifications, and crosstalk between
oncogenic signaling pathways are important determinants of TEAD activity both in vitro and in vivo.
Importantly, since the Hippo pathway components are hardly druggable, TEADs have emerged
as critical drug candidates to treat human diseases including cancer, cardiovascular diseases, and
neurodegenerative disorders. The current review underscores and reinterprets the oncogenic role of
TEADs in tumorigenesis in past reports from a TEAD point of view in order to provide unprecedented
insight and rationale into developing TEAD-targeted anticancer therapeutics.
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2. The TEAD Family of Transcription Factors

All four TEADs are transcription factors that are evolutionarily conserved and broadly expressed
in most tissues of the human body [1,2]. Each family member has multiple names TEAD1 (TEF-1/NTEF),
TEAD2 (TEF-4/ETF), TEAD3 (TEF-5/ETFR-1), and TEAD4 (TEF-3/ETFR-2/FR-19). Despite the high
homology and expression pattern shared between TEAD1-4, animal model experiments indicate that
each TEAD has tissue-specific roles, such as cardiogenesis, neural development, and trophectoderm
lineage determination, during embryonic development [3–8]. One of their major roles in cell biology is
to regulate cell proliferation and contact inhibition [9,10]. TEADs also share highly similar domain
architectures (Figure 1). TEAD N-terminus share a highly conserved 68-amino acid TEA/ATTS
DNA-binding domain, which binds to the MCAT element (5′-CATTCCA/T-3′) originally defined as
the GT-IIC motif (5′-ACATTCCAC-3′) of the simian virus 40 (SV40) enhancer [11–13]. Based on these
sequences, a synthetic TEAD luciferase reporter 8xGTIIC-luciferase plasmid, which contains eight
GT-IIC motifs, is being widely used to measure YAP/TAZ and TEAD activity [14]. Unlike several other
transcription factors, TEAD is known to be mostly bound to the DNA since the majority of TEADs
are found in the chromatin fraction [15]. However, they hardly exhibit any transcriptional activity by
themselves [16]. Hence, TEAD activity mainly relies on the C-terminus, in which all TEADs share their
transactivation domain in order to recruit transcriptional coactivators YAP/TAZ [17–20], corepressors
VGLL1-4 [21–26], chromatin remodeling factors NuRD [27], and the Mediator [28]. Although TEAD
has been recognized as the final effector of the Hippo-YAP/TAZ pathway, TEAD also interacts with
other signaling transduction pathway transcription factors including TCF, SMAD, OCT4, AP-1, and
MRTF [29–33] (Figure 2a). TEAD-driven transcriptional targets include well-established genes that
are involved in cell growth, proliferation, and tissue homeostasis. In addition to classical TEAD
target genes such as CTGF and CYR61 [18], recent studies also identify WNT5A/B [34], DKK1 [34,35],
TGFB2 [36], BMP4 [37], AREG [38], EGFR [39], PD-L1 [40–43], MYC [44,45], LATS2 [46], amino acid
transporters SLC38A1/SLC7A5 [47,48], and glucose transporter GLUT3 [49] as direct TEAD target genes
(Figure 2a). These signaling inputs, protein-protein interactions, and target genes further expand the
roles of TEAD to directly control Wnt, TGFβ, RTK, mTOR, and Hippo signaling in the context of
tumorigenesis, cancer immunity, stem cell pluripotency, metabolism, and development.

Figure 1. Domain architecture of human TEADs. The N-terminal DNA binding domain (DNA-BD) and
C-terminal YAP/TAZ binding domain (YAP/TAZ-BD) of TEAD1-4 harbor high similarity across four
different paralogs. The percent (%) represents the identity for each domain of TEADs compared to that
of TEAD1 [50]. TEAD post-translation modifications include palmitoylation and PKA-, PKC-mediated
phosphorylation that occur in the YAP/TAZ-BD and DNA-BD, respectively. Palmitoylation is required
for proper TEAD functions. TEAD cytoplasmic translocation occurs through protein-protein interaction
with p38 MAPK that binds the p38-binding motif within the DNA-BD of all TEADs.
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(a) 

 
(b) 

Figure 2. The regulatory mechanisms of TEAD in cancer biology. (a) Upstream signaling and
downstream transcriptional outputs of TEAD. Various oncogenic signal transduction pathways, such
as EGFR signaling, TGFβ signaling, Wnt signaling, GPCR signaling, and cancer genes (*), such as
KRAS, BRAF, LKB1, APC, GNAQ/11 regulate TEAD activity through multiple signaling mechanisms.
The TEAD transcriptional outputs have critical functions in tumorigenesis, stem cell maintenance,
cancer immunology, metabolism as well as formation of signaling feedback loops. (b) Role of TEAD in
multiple stages of tumorigenesis. TEAD activation via various oncogenic pathways play critical roles
in cancer biology including EMT, metastasis, drug resistance, and cancer stem cells.

3. Signaling Inputs and Transcriptional Outputs of TEAD

3.1. Hippo Pathway

Since TEADs exhibit minimal transcriptional activity by themselves, they require coactivators to
induce target gene expression [16]. The most well-established cofactors that activate TEAD-mediated
transcription are YAP and its paralog TAZ, which are transcriptional coactivators of the Hippo
pathway that play major roles in organ size control, cell proliferation, tumorigenesis, and stem
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cell self-renewal [51–54] (Figure 2a). The N-terminus of YAP/TAZ interact with the C-terminal
transactivation domain of TEAD to form a YAP/TAZ-TEAD complex that constitutes the nuclear
transcriptional module of the Hippo pathway [55]. On the other hand, the cytosolic kinase modules of
the Hippo pathway, which consists of MST1/2, MAP4K4, and LATS1/2, phosphorylate YAP/TAZ
at multiple sites. This promotes YAP/TAZ cytoplasmic retention, ubiquitination, and protein
degradation [56]. Cytoplasmic YAP/TAZ are degraded by both the ubiquitin-proteasome system and
autophagy [57–60], which renders TEAD transcriptionally inactive.

To date, numerous studies and ChIP-seq analyses highlight YAP/TAZ to be the major TEAD
coactivators. In MDA-MB-231 breast cancer cells that harbor genetic inactivation of the Hippo
pathway (NF2 null), approximately 80% of TEAD4-bound promoters and enhancer regions were
co-occupied with YAP/TAZ, while the TEAD consensus sequence was present in 75% of DNA-bound
YAP/TAZ peaks [32]. In MCF10A mammary gland epithelial cells, YAP and TEAD1 co-occupied 80%
of the promoters [18]. Furthermore, in glioblastoma cells, 86% of all YAP peak regions contained
at least one TEAD binding site [61]. Although YAP/TAZ can interact with different transcription
factors such as RUNX, p73, KLF4, TBX5, SMAD, and others, TEADs are the predominant factors that
facilitate YAP/TAZ recruitment to the chromatin. In mouse studies, dominant-negative TEAD2 was
found to be sufficient in suppressing YAP overexpression-, or NF2 inactivating mutation-induced
hepatomegaly and tumorigenesis, which indicates that TEAD mostly attributes to YAP-induced
tumorigenesis [62]. Although oncogenic driver mutations have not been reported in TEADs, numerous
studies demonstrate their pro-tumorigenic roles due to their crosstalk with other cancer genes, which
is discussed in later sections.

Furthermore, studies have shown that TEAD interaction is required for YAP/TAZ nuclear retention.
Osmotic stress-activated p38 MAPK induces TEAD cytoplasmic translocation independent of the
Hippo-YAP/TAZ pathway. In this context, YAP/TAZ fails to accumulate in the nucleus regardless of
its phosphorylation status [63]. In TEAD knockout cells, YAP/TAZ remained in the cytoplasm even
after treating YAP/TAZ activating stimuli such as LPA and serum [63], and, similarly, TAZ mutants
defective in terms of TEAD interaction showed impaired nuclear accumulation [64]. In addition, forced
expression of wild-type TEAD2, but not the YAP/TAZ binding deficient-TEAD2 mutant, induced
nuclear localization of YAP/TAZ, which was required for tumorigenesis [65]. These results suggest
a possible mechanism by which the TEAD interaction is required for YAP/TAZ accumulation and
activation in the nucleus.

Moreover, the TEAD transcriptional output also regulates Hippo-YAP/TAZ signaling via target
gene expression. TEAD target genes include important membrane transporters and secreted ligands
that act through autocrine or paracrine signaling. The AREG, WNT5A/B, and TGFB2 ligands
activate YAP/TAZ via EGFR [66,67], Frizzled/ROR [34,68,69], and TGFBR [70–72], respectively, while
SLC38A1/SLC7A5 and GLUT3 activate YAP/TAZ via mTORC1 [58] and glycolytic enzymes [49,73]
respectively. Therefore, these TEAD-dependent positive feedback loops function as a nexus that
coordinates important biological pathways and deregulation may lead to human malignancies. TEADs
also induce LATS2, NF2, and AMOTL2, which are major components of the Hippo pathway, to form
a negative feedback loop [46,74]. Thus, these TEAD-mediated feedback loops provide an efficient
mechanism by which the robustness and homeostasis of Hippo-YAP/TAZ regulation is established.

3.2. Wnt Pathway

The canonical Wnt/β-catenin pathway and alternative Wnt pathway are one of the best
characterized upstream signal transduction pathways that regulate TEAD. Crosstalk between the
Wnt and Hippo pathways converge on TEAD via destruction complex-dependent and -independent
mechanisms, which have been studied in the context of tumorigenesis, stem cell biology, and
development. In these contexts, TEAD activity is indispensable for Wnt-induced biological responses
(Figure 2a).
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Canonical Wnt/β-catenin pathway regulates TEAD and YAP/TAZ via both Hippo-dependent
and -independent mechanisms. Using immunoprecipitation assay, YAP/TAZ were shown to directly
interact with the β-catenin destruction complex consisting of Axin1, APC, and GSK3β [75,76]. Within
the destruction complex, YAP bridges β-TrCP E3 ligase to degrade β-catenin. Another study shows
that APC binds and activates the Hippo pathway components, LATS1 and Sav1, which, in turn,
inhibits YAP/TAZ [77]. In both cases, Wnt stimulation or loss-of-function mutations in APC trigger
YAP/TAZ nuclear translocation and TEAD-mediated transcription. Furthermore, YAP/TAZ mediates
>50% of the Wnt target genes induced by APC deletion in transformed mammary epithelial cells [75].
TEAD4 also directly interacts with TCF4, and the TEAD4-TCF4 complex directly links Wnt/β-catenin
and Hippo/YAP signaling at the transcription factor level [29]. Thus, TEAD transcriptional output
underlies the pathogenesis of APC mutation-induced colorectal tumorigenesis and Wnt-induced
crypt regeneration.

The alternative Wnt pathway, which is independent of β-catenin and the destruction complex, also
plays an important role in tumorigenesis, differentiation, development, and Wnt/β-catenin signaling
inhibition. The alternative Wnt ligand Wnt5A/B is a potent TEAD activator that signal via the
Frizzled/ROR1-Gα12/13-Rho GTPases-Hippo-YAP/TAZ pathway in the context of cancer progression
and mesenchymal stem cell differentiation [34]. Subsequent studies further demonstrate YAP/TAZ
and TEAD activation via the alternative Wnt pathway in the context of breast cancer progression,
chemotherapy resistance, stem cell maintenance, and macrophage polarization [68,69,78,79].

Moreover, the TEAD transcriptional output regulates the Wnt pathway. Major TEAD target
genes that inhibit Wnt/β-catenin pathway are DKK1 and WNT5A/B. These are well-established
secreted inhibitors of the canonical Wnt/β-catenin pathway [34,35]. Wnt3a stimulation induces
WNT5A/B gene expression via TEAD, which suppresses Wnt/β-catenin-induced mesenchymal stem
cell differentiation [34]. In addition, YAP represses WNT3 gene expression to inhibit the Wnt/β-catenin
pathway possibly via TEAD [80]. Although YAP has often been shown to inhibit Wnt-induced biological
responses in cancer and stem cells [35,81–83], the precise involvement of the TEAD transcriptional
output requires further investigation. Collectively, TEADs are activated via the upstream Wnt pathway,
while the TEAD transcriptional output concomitantly inhibits Wnt signaling, thus forming a negative
feedback loop.

3.3. TGFβ Pathway

The TGFβ pathway regulates multiple biological processes including embryonic development,
stem cell differentiation, immune regulation, wound healing, and inflammation. The crosstalk between
the TGFβ and Hippo pathway centers on Smad and TEAD transcription factors, respectively. TGFβ
stimulation triggers TEAD-mediated biological responses in the context of cell fate determination,
tumorigenesis, and fibrosis, which are either dependent or independent of Smads (Figure 2a). TGFβ
increases the expression level and activity of TEAD, and vice versa, TEAD can also directly trigger TGFβ
signaling. TGFβ induces TAZ expression via a Smad3-independent, p38-mediated, and MRTF-mediated
mechanism [84]. TGFβ also induces TEAD2 expression during epithelial-to-mesenchymal transition
(EMT) [65]. Thus, TGFβ-induced TEAD target gene expression promotes EMT in mammary gland
epithelial cells and malignant tumor phenotypes. Notably, the TGFBII ligand itself is a direct target
gene of TEAD that evokes a positive feedback regulation [36,85].

Upon TGFβ stimulation, Smad2 and Smad3 form complexes with Smad4 and accumulate in
the nucleus. It is important to note that TGFβ-induced Smad nuclear translocation is dependent
on YAP/TAZ. For example, lung and breast cancers lacking RASSF1A display hyperactive TGFβ
signaling and tumor invasion via the YAP-dependent nuclear localization of Smad2 [70]. In human
embryonic stem cells, TAZ is also required for TGFβ-induced nuclear translocation of the Smad2/3-4
complex, and TAZ-dependent Smad2/3 nuclear translocation is required to maintain self-renewal
markers [71]. YAP/TAZ also regulates the localization of the Smad complex in response to cell
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density-mediated formation of polarity complexes [86]. However, the direct involvement of TEAD in
YAP/TAZ-dependent Smad localization requires further investigations.

It is still unknown how TGFβ signaling switches from enforcing pluripotency to promoting
mesendodermal differentiation during development. Smad2/3 forms an enhancer complex with
TEADs and OCT4, which suppress the gene expression of differentiation markers and modulates
the levels of core pluripotency genes. This maintains the pluripotency of embryonic stem
cells [30]. An independent study showed that TEAD binds the negative elongation factor and
blocks Wnt3a/β-catenin and Activin/Smad2/3-induced mesendodermal differentiation [87]. TEAD
also mediates TGFβ-induced tumorigenesis. The majority of malignant mesotheliomas harbor genetic
inactivation of the Hippo pathway components, which collaborate with the TGFβ pathway by forming
the YAP-TEAD4-Smad3-p300 complex on the CTGF promoter to induce gene expression and tumor
growth [88]. Furthermore, a multitude of genes harbor both Smad-binding and TEAD-binding
elements in their promoters. In breast cancer cells, TGFβ-YAP/TAZ-TEAD signaling is crucial in
driving late-stage metastatic phenotypes via Smad2/3-induced NERG1 and UCA1 transcription [72].
Accumulating evidence highlights the importance of the TEAD transcriptional output acting as a bona
fide effector of the TGFβ pathway during development and tumorigenesis.

4. Molecular Mechanisms Controlling TEAD Activity

4.1. Regulation of TEAD via Subcellular Localization

Transcription factors have been shown to form distinct protein complexes both on and off the
chromatin [15]. Important signaling pathways function by ultimately regulating the activity and
subcellular localization of transcription factors. For example, the final effectors of the TGFβ, Wnt,
NFκB, and Hippo signaling pathways are Smads, TCF/LEF, p65, and TEAD transcription factors,
respectively, and their chromatin association is tightly controlled via complex upstream signals. Unlike
many other transcription factors, a majority of TEAD proteins reside on the chromatin [15], which are
known to be passively regulated and dependent on cofactors such as YAP/TAZ and VGLL4. However,
mechanistic insight that governs dynamic TEAD subcellular localization was recently elucidated.

There is a wide range of cellular stress, such as energy starvation, oxidative stress, cytotoxic
agent, which induce Hippo kinase activation, YAP/TAZ phosphorylation, cytoplasmic translocation,
protein degradation, and thus inhibition of TEAD transcriptional outputs. However, these stimuli
did not alter TEAD subcellular localization or expression levels. Interestingly, certain environmental
stresses, such as osmotic stress, high cell density, and cell suspension, promoted TEAD cytoplasmic
translocation [89]. Although controversial, the cytoplasmic localization of TEAD4 has been observed
in the inner cell mass of mouse embryonic stem cells [90,91]. Cytoplasmic TEADs were also detected
in lung, spleen, and kidney tissues, but not in renal cell carcinoma tissues [63]. A splicing isoform
of TEAD4, which lacks the N-terminal DNA binding domain, is found in the cytoplasm acting as a
dominant negative isoform that inhibits YAP activity [92]. Because TEADs are the major effectors
that dictate the transcriptional output of the Hippo-YAP/TAZ pathway, physiologic and pathologic
conditions affecting TEAD localization significantly impact the functional output of the Hippo pathway.

The molecular mechanism of stress-induced cytoplasmic translocation of TEAD involves the p38
MAPK pathway, which is independent of Hippo pathway components [89]. Therefore, the crosstalk
between p38 MAPK and the Hippo pathway impinges on TEAD (Figure 2a). The p38-binding motif is
located near the N-terminus nuclear localization signal (NLS) of TEADs through which TEAD-p38
forms a complex via direct protein-protein interaction (Figure 1). Although p38 does not phosphorylate
TEAD directly, its kinase activity is required for TEAD-p38 complex formation and subsequent
cytoplasmic translocation. Cellular responses to environmental stresses are mediated by distinct gene
expression during the acute and adaptation phases [93]. During the acute phase of osmotic stress,
YAP-TEAD is activated via NLK-mediated YAP S128 phosphorylation [94,95]. However, during the
adaptation phase to stress, p38 binds and inhibits TEAD by inducing its cytoplasmic translocation,
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which indicates that the TEAD transcriptional output is required for cell survival upon the acute stress
response, but is indispensable during the adaptation phase.

More importantly, the nuclear absence of TEAD impairs YAP/TAZ nuclear accumulation [63–65].
For example, in TEAD 1/2/4 KO cells, LPA-stimulated YAP/TAZ fails to accumulate in the nucleus
even after it is completely dephosphorylated [63]. Therefore, stimuli that evoke TEAD cytoplasmic
translocation overrides YAP/TAZ activating signals. The mechanism of stress- and p38-induced TEAD
cytoplasmic retention is intact in various cancer cells. Notably, YAP-driven cancer cells, such as the
GNAQ/11 mutant uveal melanoma cells and Hippo mutant mesothelioma cells, were specifically
sensitive to TEAD cytoplasmic translocation when compared to YAP-independent cancer cells [63].
These findings suggest that signal transductions and/or chemical compounds that modulate TEAD
subcellular localization potentially predominate the biological function of the Hippo-YAP/TAZ pathway.

4.2. Regulation of TEAD via Post-Translational Modifications

The post-translational modifications in TEAD have recently gained significant interest after
its important roles in human pathophysiology came to light. To date, TEAD phosphorylation and
palmitoylation have been shown to regulate its function. TEAD is phosphorylated by protein kinase
A (PKA) and protein kinase C (PKC), which have been shown to inhibit TEAD by disrupting
its DNA-binding [96,97] (Figure 1). However, the precise mechanism and context of TEAD
phosphorylation requires further investigation. Recently, TEAD palmitoylation emerged as an
important post-translational regulation mechanism [98–100]. Protein palmitoylation is important for
protein trafficking and membrane localization [101]. S-palmitoylation of TEAD occurs by attaching
a fatty acid (palmitate) to conserved cysteine residues in the TEAD C-terminus, which are within
the YAP-binding domain (YBD) that share > 70% sequence identity among TEAD1-4 (Figure 1). The
palmitoyl group is buried deep inside a hydrophobic pocket of TEAD as revealed by structural studies.
All four TEAD paralogs are found palmitoylated in mammalian cells via an autopalmitoylation process
that could be removed via a certain depalmitoylating enzyme such as APT2 [99,102]. Although
the molecular mechanisms of YAP/TAZ and TEAD regulation via TEAD-YBD palmitoylation have
been proposed, the functional role of YBD palmitoylation still remains unclear. Noland et al. and
Mesrouze et al. showed that TEAD palmitoylation did not alter protein localization and YAP/TAZ
binding. However, it was required for proper TEAD folding and protein stability [99,100]. Impaired
TEAD2 palmitoylation decreased TEAD protein stability and resulted in the loss of protein abundance.
On the other hand, Chan et al. demonstrated that TEAD palmitoylation did not affect its protein
stability. However, it was required for the YAP/TAZ interaction. Palmitoylation-deficient TEAD
mutants were not able to bind YAP/TAZ. Therefore, TEAD transcriptional activity was impaired, which
indicates that TEAD palmitoylation plays important roles in regulating its binding to the transcriptional
coactivators. Palmitoylation-deficient mutants have been reported to be properly folded and could
still bind VGLL4, which suggests that the loss of YAP/TAZ binding is not due to TEAD misfolding [98].
The palmitoylation-deficient TEAD1 mutant also impaired TAZ-mediated muscle differentiation and
YAP-mediated tissue overgrowth in Drosophila.

Thus, the precise role of TEAD palmitoylation requires in-depth investigation since the
palmitate-binding hydrophobic pocket located in the YBD is likely to be an important site for
therapeutic intervention. The first indication that the hydrophobic pocket could be a therapeutic target
was obtained from a high-throughput screening that attempt to identify ligands that stabilized the
TEAD-YBD. The results indicated that NSAIDs, such as flufenamic acid (FA) and niflumic acid (NA),
were small-molecular inhibitors that bound the central TEAD hydrophobic pocket at its palmitoylation
site [103]. Although the affinity of these drugs to TEAD requires optimization, FA- and NA-treatments
decreased TEAD transcriptional activity and TEAD-induced cell migration and proliferation without
disrupting TEAD-YAP interaction. Whether FA and NA compete against TEAD palmitoylation requires
further investigation.
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5. Roles of TEAD in Cancer Biology

5.1. TEAD Expression in Human Cancers

Numerous studies suggest the importance of TEAD in the development of human cancers.
TEAD overexpression and hyperactivity has been implicated in multiple stages of cancer progression
(Figure 2b). Although TEAD may be downregulated in some breast cancers and renal or bladder
tumors [104], high TEAD expression levels have been correlated with poor clinical outcome, which
serves as a prognostic marker in various solid tumors, such as prostate cancers [105], colorectal
cancers [106,107], gastric cancers [108,109], breast cancers [110,111], germ cell tumors [112,113], head
and neck squamous cell carcinomas [114], renal cell carcinomas [115], and medulloblastomas [116].
On the other hand, a loss-of-function mutation in TEAD1 (Y421H) was shown to cause Sveinsson’s
chorioretinal atrophy, which is a genetic disorder that results in degeneration by disrupting TEAD1-YAP
interaction [117,118]. In accordance with these studies, meta-analysis studies revealed that both total
and nuclear YAP and TAZ expression are intimately associated with adverse overall survival (OS)
and disease-free survival (DFS) in numerous cancers, which suggests the prognostic role of TEADs
and YAP/TAZ expression in patients with various malignancies [119,120]. Notably, TEAD was
shown to be a critical drug target in YAP-driven tumorigenesis. In hepatocellular carcinoma (HCC),
dominant-negative TEAD reversed YAP-induced hepatomegaly and tumorigenesis in vivo. Moreover,
VGLL4-mimicking peptide (which binds the YBD) and verteporfin (a small YAP-binding chemical)
were demonstrated to harbor therapeutic effects against YAP-induced tumorigenesis by interrupting
TEAD-YAP interaction [62,121,122].

5.2. Role of TEAD in EMT

TEADs have emerged as important drivers of cancer development, tumor growth, EMT, metastasis,
and drug resistance (Figure 2b). EMT is a natural developmental process that is phenocopied by
cancer cells of epithelial origin. This process is crucial for cancer cells since it promotes cell migration,
invasion, and anoikis resistance. Therefore, EMT emerged as a critical regulator of the cancer stem cell
phenotype and a prerequisite for metastasis [123]. TEADs are critical mediators of EMT and metastasis
during cancer progression. Numerous studies indicate that the TEAD transcriptional output induced
by YAP/TAZ activation drives cell transformation by inducing EMT [17,18,124–126]. In these studies,
TEAD activation disrupted cell-cell junctions, promoted mesenchymal gene expression, and increased
cell migration and invasion. Aberrant TEAD activity was shown to promote mammary carcinoma
and melanoma metastasis in a manner that was highly dependent on the YAP-interaction domain,
which suggests that the interaction between TEAD and YAP is essential for EMT and metastasis [126].
TEAD also contributes to EMT by upregulating Slug and ZEB1 [127,128], which are major EMT
transcription factors that promote cell migration and invasion by inhibiting epithelial markers and
upregulating mesenchymal markers. TEAD triggers transcriptional induction of ZEB1 that drives
metastatic squamous cell carcinoma. ZEB1 and TEAD also forms a complex to promote cancer stem cell
traits and predict poor survival, therapy resistance, and increased metastatic risk in breast cancer [129].
In line with ZEB1, TEAD directly transcribes ZEB2 and represses DNp63 to regulate cell fate and lineage
conversion in lung cancer progression [130]. Moreover, TEAD mediated non-small-cell lung carcinoma
(NSCLC) aggressiveness by inducing Slug transcription and EMT [128]. Collectively, accumulating
evidence indicates that TEAD functions as a critical EMT transcription factor in tumorigenesis. It will
be interesting to answer key questions regarding the role of TEAD in EMT during development and
MET (mesenchymal-to-epithelial transition), which occurs during metastatic colonization.

5.3. Role of TEAD in Metastasis

The majority of cancer-associated deaths occur due to metastasis, which is the dissemination of
cancer cells from the primary tumor site to secondary organs. In order to metastasize, cancer cells
must avoid anoikis (detachment-induced apoptosis) and must enter and exit from the blood vessels
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(intravasation and extravasation, respectively), complete metastatic colonization, and acquire drug
resistance. These are all hallmarks of cancer stem cells. Upon interaction with platelets, metastatic
cancer cells induce TEAD activation via the RhoA-MYPT1-PP1-YAP pathway. The platelet-activated
TEAD transcriptional program in detached cancer cells induced anoikis-resistance and promoted cell
survival and metastasis [131]. Similarly, YAP promotes anoikis-resistance upon cell detachment in
cancer cells [132]. Cancer cells exposed to shear stress or disturbed flow also activates TEAD via
ROCK-LIMK-cofilin signaling, which promotes cancer cell motility and metastasis [133]. Furthermore,
the activation of TEAD target gene, CTGF, mediates the metastatic colonization of breast cancer through
leukemia inhibitory factor receptor (LIFR) suppression [134]. In colorectal cancer, RARγ promoted
TEAD activation through the Hippo pathway, which induces EMT, invasion, and metastasis [135].
However, increased TEAD expression and its nuclear localization in colorectal cancer cells promote
EMT and metastasis via a Hippo-independent mechanism [107]. Moreover, TEAD activation induces
ROR1-HER3-mediated osteoclast differentiation and bone metastasis of cancer cells via the Hippo-YAP
pathway [136]. MRTF-activated TEAD also promotes breast cancer cell metastasis to the lung [33].
In breast cancer and melanoma cells, SRC tyrosine kinase-induced cell-ECM adhesion activates TEAD to
promote tumor growth and enhance metastasis [137]. In addition, TGFβ-induced TEAD transcriptional
activity is required to promote metastatic phenotypes in breast cancer cells [72]. ARHGAP29 is a
TEAD target gene that increases cell invasion and metastasis by regulating actin dynamics in cancer
cells [138]. TEADs are also involved in metastatic seeding via disseminated cancer cells. The spreading
of circulating tumor cells induced TEAD activation via L1CAM-ILK-YAP signaling, which is critical
for metastatic colonization [139]. Collectively, these studies suggest that TEAD activation enhances
metastatic tumor formation and raises the possibility that TEAD inhibition can prevent the survival
and outgrowth of disseminated tumor cells.

6. TEADs as Mediators of Cancer Genes

Driver mutations in cancer-associated genes alter downstream signaling and transcription patterns,
which are critical in tumor progression. Deregulation of TEAD transcriptional output have been
demonstrated to mediate the pathology of critical oncogenes and tumor suppressor genes including
NF2, BRAF, KRAS, MYC, PTEN, LKB1, and PKA (Figure 2a). This section will discuss the molecular
mechanisms of TEAD regulation in the context of cancer gene-induced tumor development, drug
resistance, and metastasis.

6.1. Hippo Pathway and TEADs

The Hippo pathway functions as a tumor suppressor pathway, whose activity is deregulated
in many cancers [140]. However, mutations directly linked to alterations in the Hippo-YAP/TAZ
pathway is uncommon. Inhibition of the core Hippo pathway components via point mutations
and epigenetic alterations are found in subsets of human cancers including mutations in
NF2 [141–143], MST1/2 [144,145], SAV1 [146], MOB1A/B [147], LATS1 [148–152], and
LATS2 [88,153–155]. In addition, approximately 80% of uveal melanomas harbor activating
mutations in GNAQ or GNA11, which are associated with the inhibition of the Hippo pathway
and activation of TEAD [156,157]. Moreover, gain-of-function mutations were recently found
in YAP and TAZ. Hyperactivating mutations in YAP were identified in melanoma and lung
cancer patients [158–160]. Furthermore, chromosomal translocations that generated fusion proteins
containing YAP (YAP-TFE3) and TAZ (WWTR1-CAMTA1) are oncogenic drivers in epithelioid
hemangioendothelioma [161–163]. Similarly, in poromas and poro-carcinomas, fusion proteins
containing YAP (YAP-MAML2, YAP-NUTM1) and TAZ (WWTR1-NUTM1) induced tumorigenesis
via TEAD hyperactivation [164]. Several studies demonstrated that TEAD hyperactivation drives
tumorigenesis driven via Hippo-YAP/TAZ pathway mutations, which suggests TEADs are therapeutic
targets [141,143,157,158,162]. However, further investigations are required to link TEAD activity to the
pathophysiology of each cancer gene within the Hippo pathway.
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6.2. EGFR-RAS-RAF-MAPK Pathway and TEADs

TEADs are mediators of the EGFR-RAS-RAF-MAPK pathway, which is one of the most deregulated
molecular pathways in human cancers. TEADs play important roles in tumor progression and drug
resistance downstream of the hyperactivating mutations on EGFR, KRAS, or BRAF (Figure 2a).
In NSCLC patients, TEAD activity correlates with the EGFR mutation status. EGFR mutant lung cancer
tissues and cell lines show upregulated YAP expression, followed by increased TEAD activity [165].
Although EGFR acquires drug resistance to TKI via the T790M mutation, TEAD inhibition effectively
reduces the viability of TKI-resistant lung adenocarcinoma cells [166,167]. TEAD also contributes
to the immune escape of NSCLC cells by directly transcribing PD-L1, which, in turn, causes CD8+

T cell exhaustion [43,168]. Furthermore, TEAD increases EGFR expression by directly binding to the
EGFR promotor, which induces tumorigenesis and drug resistance in esophageal cancer [39]. The
KRAS oncogene, which is downstream of EGFR, is one of the most frequently mutated proteins in
human carcinoma. Activating mutations in KRAS are particularly prominent in pancreatic ductal
adenocarcinoma (PDAC). Unlike EGFR and BRAF, KRAS has, thus far, not been considered to be a viable
therapeutic target, which renders downstream effectors critical in the treatment of PDAC. Activation
of TEAD-induced target genes including COX2 and MMP7, which fueled KRASG12D driven-PDAC
progression both in vivo and in vitro, suggests Celebrex (COX2 inhibitor) and marimastat (a clinical
MMP inhibitor) to be possible therapeutic agents for PDAC treatment [169]. Moreover, numerous TEAD
target genes have been associated with unfavorable prognosis for PDAC [170]. TEAD2 was shown to act
cooperatively with the E2F transcription factor to promote a cell-cycle gene expression program, which
enabled the bypass of oncogenic KRAS addiction in PDAC and evoked KRAS-independent tumor
relapse [171]. Approximately half of metastatic melanoma patients harbor the BRAFV600 mutation,
with the most common being BRAFV600E [172]. Although vemurafenib (PLX4032) and dabrafenib
were developed to treat BRAFV600-mutant metastatic melanoma, a majority of patients ultimately
became resistant [173]. Multiple studies have demonstrated that TEAD activity contributes toward
BRAF inhibitor-resistance in melanoma cells. TEAD activity was increased in drug resistant-melanoma
cells due to actin cytoskeletal remodeling that induced cancer stemness and invasion [174,175]. BRAF
inhibitor-resistant cells can evade the immune system via TEAD activation. TEAD-mediated direct
transcription of PD-L1 was responsible for PD-1-dependent CD8+ T cell exhaustion, which allowed
BRAF inhibitor-resistant cells to escape the immune responses [41,42]. Moreover, TEAD induced
cytokines IL-6 and CSF1-3 in KRAS mutant PDAC cells to recruit myeloid-derived suppressor cells
(MDSCs), which formed an immunosuppressive tumor microenvironment [176]. Collectively, the
TEAD transcriptional output played critical functions in the pathogenesis of the EGFR-RAS-RAF-MAPK
pathway and mutation-induced tumor progression.

6.3. LKB1-AMPK Signaling, Energy Stress, and TEADs

LKB1 (STK11) is a well-characterized tumor suppressor that governs diverse cellular processes,
including cell growth, polarity, and metabolism. Approximately 15% to 30% of NSCLC patients
harbor LKB1 inactivating mutations. An RNAi-based kinome screen identified LKB1-MARK signaling
as a potent inhibitor of TEAD transcription activity by inactivating YAP, which suggests TEAD to
be a therapeutic target in the treatment of LKB1-mutant human malignancies [177]. Another study
showed that LKB1 was required by Dishevelled (DVL) to inhibit TEAD activity, which facilitated the
co-activation of the Wnt/β-catenin and Hippo/YAP pathways [178]. Furthermore, the loss of LKB1 in
lung adenocarcinoma cells activated TEAD, which directly transcribed ZEB2 and repressed DNp63 to
regulate cell fate and lineage conversion in lung cancer progression [130]. Similarly, the oncogenic
protein Survivin, which is a TEAD target gene, promoted malignant progression of LKB1-deficient
lung adenocarcinoma cells [179]. Downstream signaling of LKB1 led to the activation of AMPK,
which is a key cellular energy sensor that functions as a tumor suppressor. Similar to LKB1, AMPK
activation also inhibited TEAD activity. Upon energy stress, AMPK regulated TEAD by inhibiting
YAP via both Hippo-dependent and Hippo-independent mechanisms, which resulted in impaired
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tumor growth [49,180,181]. Furthermore, the glucose transporter GLUT3 is a direct target gene of
TEAD. Studies have shown that the glycolytic enzyme PFK1 interacts with TEAD to increase glucose
metabolism and tumor growth [49,73]. Further studies on the role of TEAD as a downstream mediator
of LKB1-AMPK signaling and energy stress in growth control and cancer metabolism will provide
important means of treating LKB1 mutant cancer cells.

6.4. MYC and TEADs

The MYC oncogene is deregulated in >50% of human cancers and its hyperactivation is associated
with a poor prognosis and unfavorable patient survival [182]. TEADs have emerged as transcription
factors that induce MYC gene expression (Figure 2a). Transcriptome analysis of a Hippo-deficient
gastric cancer model showed that TEAD activation directly upregulates MYC and its target genes,
which, in turn, induced tumor progression [183]. Similarly, in oral squamous cell carcinoma (OSCC),
TEAD induced MYC and BCL-2 gene expression, which accelerated OSCC tumorigenesis [184]. In
Drosophila, TEAD has also been shown to transcribe MYC, which induces tissue growth and increased
organ size [44]. Furthermore, an in vitro cell competition assay shows that direct TEAD-induced MYC
expression is required to become super-competitors, which indicates that TEAD and MYC cooperatively
control cell proliferation and cell competition [185]. Despite several studies demonstrating MYC to
be a TEAD target gene, MYC is also shown to act in parallel with or upstream of TEAD to modulate
cellular function. MYC and TEAD coordinate the gene expression required for cell proliferation upon
activation of mitogenic signals. TEADs were found to be constitutively bound to the promoters of the
MYC target genes. The subsequent binding of MYC to these sites recruited YAP to bind TEAD, which
induced MYC/TEAD target gene expression. This cooperativity between MYC and TEAD induced
liver growth and tumorigenesis in mouse models [186]. Notably, the TEAD4-MYCN positive feedback
loop was identified to drive high-risk neuroblastoma associated with MYCN amplification [45]. Apart
from these reports, TEAD and MYC also showed an anti-correlation in breast cancer patients that
enabled the stratification of breast cancer subtypes [187]. Another study also shows that MYC inhibits
TEAD transcriptional activity in MYC-driven breast cancer by suppressing the binding between TEAD
and YAP/TAZ via AMPK-induced phosphorylation [188]. Similarly, a transcriptional repressor TRPS1
and MYC are commonly co-amplified in breast cancers and TRPS1 inhibits YAP-dependent TEAD
activity by direct binding [189]. Collectively, TEAD and MYC form a regulatory feedback mechanism
that is important for proper growth control. Thus, further research on the TEAD-MYC circuitry may
yield new insights into the treatment of diverse cancer subtypes.

7. Conclusions

In this review, we underscore the molecular mechanisms and functions of TEAD, which is
involved in the multistep process of tumor progression, including tumor development, EMT, drug
resistance, and metastasis (Figure 2b). Although oncogenic driver mutations in TEAD are yet to be
identified, the TEAD transcriptional output was found to be responsible for human malignancies via the
crosstalk between various oncogenic signaling pathways and cancer genes such as the Hippo pathway,
EGFR-RAS-RAF-MEK pathway, LKB1, GNAQ/11, and MYC (Figure 2a). Despite the emerging role of
TEADs as critical effectors in cancer biology, most research regarding TEAD regulation focuses on its
major coactivators, YAP and TAZ. YAP/TAZ-independent regulatory mechanisms that govern TEAD
activity, which include post-translation modifications, subcellular localizations, and upstream activating
and inhibiting stimuli, have been hardly elucidated. Notably, recent studies revealed unprecedented
regulatory mechanisms of TEAD such as nucleocytoplasmic shuttling and palmitoylation. These
provide the first mechanistic insight in manipulating and targeting TEAD subcellular localization and
post-translational modifications to be attractive therapeutic interventions to treat human malignancies.
Although flufenamates, originally developed as a COX inhibitor, have been demonstrated to bind
and inhibit TEAD functions, additional drugs that specifically bind TEAD with high selectivity and
efficacy is yet to be developed. Since TEAD functions as the signaling nexus for critical pathways in
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tumor progression, future progress in elucidating regulatory mechanisms of TEAD and developing
therapeutic interventions will initiate an exciting new arena for basic science as well as pharmaceutics.
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Abstract: Hippo signaling controls cellular processes that ultimately impact organogenesis and
homeostasis. Consequently, disease states including cancer can emerge when signaling is deregulated.
The major pathway transducers Yap and Taz require cofactors to impart transcriptional control
over target genes. Research into Yap/Taz-mediated epigenetic modifications has revealed their
association with chromatin-remodeling complex proteins as a means of altering chromatin structure,
therefore affecting accessibility and activity of target genes. Specifically, Yap/Taz have been found to
associate with factors of the GAGA, Ncoa6, Mediator, Switch/sucrose nonfermentable (SWI/SNF),
and Nucleosome Remodeling and Deacetylase (NuRD) chromatin-remodeling complexes to alter
the accessibility of target genes. This review highlights the different mechanisms by which Yap/Taz
collaborate with other factors to modify DNA packing at specific loci to either activate or repress
target gene transcription.

Keywords: chromatin; epigenetic; transcription; Hippo pathway

1. Introduction

Recruitment and/or activation of transcription factors and proteins capable of altering target
gene transcriptional activity is a hallmark of many signaling pathways. Alterations in transcriptional
activity can be achieved via recruitment of proteins capable of remodeling the chromatin structure
through the modification of nucleosome positioning and histone proteins at regulatory regions of
target genes [1–3]. Transcriptional activity can also be modulated via direct or indirect recruitment of
transcriptional machinery to target gene loci [4].

The Hippo signaling pathway governs tissue growth and homeostasis through control over cell
proliferation, differentiation, fate, metabolism, and apoptosis [5,6]. Regulation of these cellular processes
is ultimately achieved though pathway-mediated localization of the downstream mammalian effectors
Yes-associated protein (Yap) and transcriptional activator with PDZ binding motif (Taz/WWTR1),
or Yorkie (Yki) in Drosophila [7,8]. The pathway itself is comprised of a core kinase cascade involving the
subsequent phosphorylation of mammalian STE20-like protein 1/2 (Mst1/2) and large tumor suppressor
1/2 (Lats1/2) kinases. Core kinase activity is bolstered by interaction with Salvador-homolog 1 (Sav1)
and MOB kinase activator 1 (Mob1). Mst1/2 interaction with Sav1 reinforces its phosphorylation of
Lats1/2, whose phosphorylation activity is enhanced through Mst1/2 phosphorylation of Mob1 [9–11].
Sequential phosphorylation events ultimately lead to the phosphorylation of Lats1/2 to induce its
interaction with and phosphorylation of downstream pathway effectors Yap and Taz [12,13]. Yap/Taz
phosphorylation prevents their nuclear localization and results in cytoplasmic sequestration via binding
to the 14-3-3 adaptor protein [14]. Furthermore, targeted degradation of Yap/Taz can be achieved
through subsequent phosphorylation by casein kinase 1 [15,16]. Overall activity of the Hippo signaling
kinase cascade serves to prevent the transcriptional activity of downstream effectors Yap and Taz.
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When signaling is not active, Yap/Taz can enter the nucleus and bind to DNA through interaction with
cofactors to impart effects on transcription. Canonically, Yap/Taz binding to TEA-domain (TEAD) family
members has been shown to induce transcription of target genes [17]. However, direct interaction of
Yap/Taz with other DNA-bound cofactors including p73, Tbx5, SMADs, and RUNX1/2 has also been
demonstrated [18–21].

Mechanistic studies into how Hippo signaling effectors Yap and Taz influence target gene
transcriptional activity has revealed the significance of imparting chromatin alterations at target loci.
For example, recent chromatin conformation and transcript expression experiments performed
on cardiomyocytes overexpressing YAP suggest a function for YAP in modulating chromatin
accessibility [22]. The chromatin landscape of cardiomyocytes expressing a constitutively active
form of YAP was found to be in a more accessible conformation at TEAD binding motifs within the
genome. Genomic regions characterized by decreased chromatin accessibility with YAP overexpression
were also apparent [22]. It is possible, however, that these chromatin changes simply reflect a block in
differentiation, as these cells maintain a proliferative, fetal-like state. Transient overexpression of Yap
following cellular differentiation will be insightful to discriminate these possibilities. However, bona
fide interactions with chromatin-remodeling complexes have been established with the transcriptional
output factors of Hippo signaling. Yki/Yap/Taz recruitment of and interaction with chromatin
remodelers of the SWI/SNF complex, GAGA factor, Mediator complex, Ncoa6, and NuRD complexes
have all been documented as means for Yki/Yap/Taz mediated alterations of target gene transcriptional
activity [23–33] and are reviewed in the following sections (Table 1).

Table 1. Documented Yki/YAP/TAZ interactions with chromatin-modifying proteins.

Interacting Chromatin
Modifying Protein or Complex

Conclusion Reference(s)

SWI/SNF complex (direct)

Brahma–Yki/Sd interact in the nucleus. [29,30,32]

Brahma–Yki/Sd bind to Yki targets. [30,32]

Knockdown of Brahma inhibits Yki-mediated tissue overgrowth. [32]

Knockdown of Brahma exacerbates Yki-mediated tissue overgrowth. [33]

BAP knockdown increases Yki target expression. [33]

TAZ/BRM interact via PPXY-WW domains to increase TAZ target expression. [24]

SWI/SNF complex (indirect)
ACTL6A-p63 inhibits KIBRA expression to increase YAP activity. [31]

ARID1A sequesters YAP/TAZ from binding to TEAD to decrease YAP activity. [34]

GAGA factor (direct)

GAF–Yki/dE2f1 bind to Yki targets, increasing their expression and overall
cell proliferation. [28]

GAF ChIP-seq peaks overlap with Yki ChIP-seq peaks. [30]

Yki–GAF interactions occur in a WW domain-independent manner. [30]

Mediator complex (direct) Mediator–Yki interact in the nucleus and increase Yki target transcription. [30]

Histone methyltransferase
complex (direct)

Ncoa6–Yki/Sd interact via PPXY-WW domains at Yki targets to
drive transcription. [25,26]

NCOA6–YAP interact and increase YAP target gene transcription. [26]

NuRD complex (direct)

YAP/TAZ/TEAD–NuRD interact within the TSO complex to buffer/inhibit
expression of pluripotency/ME specification genes. [23]

YAP/TAZ/TEAD–NuRD interact to epigenetically repress target gene activity
to promote proliferation. [27]

Note: For full names of gene symbols, see Abbreviations list at the end of this article.

2. Interactions of Yki/Yap/Taz with the SWI/SNF Family of ATP-Dependent
Chromatin-Remodeling Complexes

The switch/sucrose nonfermentable (SWI/SNF) complex is an ATP-dependent chromatin-remodeling
complex first described in yeast and named for the effects of its subunits on altered gene expression
related to mating type switching (SWI) and sucrose fermentation (SNF) [35,36]. Drosophila SWI/SNF
complexes include the Brahma-associated protein complex (BAP) and the Polybromo-containing BAP
complex (PBAP), with the Brahma ATPase being a common component of both complexes [37]. Brahma
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(Brm), Brahma-related gene 1 (Brg1), and associated factors (BAFs) comprise the SWI/SNF complex
in vertebrates [38]. Mechanistically, SWI/SNF complex activity is thought to be achieved through
chromatin binding and histone positioning mediated by actin-related proteins (Arps), and subsequent
DNA-dependent ATPase activity at acetylated histone tails [39,40]. Functionally, SWI/SNF has mainly
been implicated in activating gene transcription, although instances of SWI/SNF involvement in gene
repression have also been documented [41,42]. Mechanistically, SWI/SNF chromatin-remodeling
complexes function to modify nucleosome organization in an ATPase-dependent manner, altering the
accessibility of transcription factors to genomic loci. As such, SWI/SNF complexes play important gene
regulatory roles in multiple contexts [43–46]. In relation to Yki/Yap/Taz transcriptional functionality,
the Brahma subunit of the SWI/SNF complex has been documented as an important cofactor for
transcriptional regulation.

2.1. Brahma–Yki Interactions Documented in Drosophila

Analysis of SWI/SNF functionality in Drosophila midgut intestinal stem cell (ISC) proliferation
and regeneration revealed a requirement of the Brahma subunit in proper regulation of these
cellular processes. Known involvement of Yki activity in governing ISC proliferation led to
investigations of Brahma–Yki interactions in driving the midgut ISC proliferative capacity [47,48].
Coimmunoprecipitation products of Yki or Scalloped (Sd, the fly homolog of TEAD) subjected to mass
spectrometry analyses revealed interactions with multiple BAP complex components, thus suggesting
a role of this complex in Yki–Sd-mediated transcriptional activity governing ISC proliferation [29].
Of note, when cotransfected with the Hippo kinase in a cell culture assay, Brahma protein levels
were decreased. This reduction in protein levels was found to be induced by Hippo mediated
cleavage of Brahma, negatively affecting overall complex stability. Mechanistically, Hippo kinase
activity was found to stimulate caspase proteolysis, resulting in cleavage of Brahma. Coincidently,
phospho-mediated caspase activation is a known function of the Hippo pathway in Drosophila [49].
Furthermore, a cleavage-resistant Brahma mutant was found to promote ISC proliferation [29].
Ultimately, these results suggest that Yki–Sd form a complex with Brahma in the nucleus and that
Brahma protein stability is mediated by Hippo kinase activity (Figure 1A). These findings provide
support for a regulatory role of Hippo signaling in control of Brahma protein stability and chromatin
alterations imparted by BAP SWI/SNF complex recruitment at Yki targets; and subsequent Brahma
regulation by the Hippo kinase.

Other investigations into modulation of the Hippo effector Yki by the SWI/SNF component Brahma
in Drosophila implicated Brahma–Yki interactions in inducing the transcription of crumbs. Crumbs
is a large cell junction-associated transmembrane protein known to negatively regulate the Hippo
signaling cascade. Knockdown of brahma resulted in wing growth reduction and a small eye phenotype,
placing Brahma as an integral factor for cell proliferation and overall tissue growth regulation [32].
To genetically test Brahma–Hippo pathway interactions, phenotypes resulting from loss-of-function
mutations of expanded or hippo coupled with brahma knockdown were characterized. Mutations of
expanded and hippo resulted in increased Yki activity and were characterized by tissue overgrowth.
This effect was inhibited by brahma knockdown. Tissue overgrowth was also observed with direct
overexpression of yki, and likewise was inhibited by brahma knockdown. In addition, Yki–Brahma
activity depended on Sd interaction, a similar finding to previous reports [29]. Furthermore, Yki and
Brahma were localized to the crumbs promoter as shown by chromatin immunoprecipitation (ChIP),
therefore implicating Brahma in a feed-forward loop of Crumbs-mediated Yki activation in governing
tissue growth (Figure 1B) [32]. Together, these experiments defined Brahma as critical for Yki–Sd
function in regards to tissue growth regulation [32].

Tissue growth regulation by Brahma–Yki interactions provides the potential for this protein
complex to cause cancer and affect tumor growth. Indeed, dysregulation of both SWI/SNF complexes
and Hippo pathway activity can result in cancer phenotypes [50,51]. This tumor-promoting activity
of Yki is, in certain circumstances, dependent on the activity of the SWI/SNF BAP complex [33].
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In the wing imaginal disc, yki overexpression coupled with knockdown of brm (or other BAP-specific
components) was shown to result in wing disc overgrowth, which was exacerbated as compared
to yki overexpression alone. This demonstrates that BAP can limit yki-driven tissue overgrowth.
Hyperproliferative wing discs were characteristic of larvae overexpressing Yki or depleted of BAP
subunits. Additional malignant features included defects in cell polarity and induction of secreted
matrix metalloproteinase 1, which promotes basement membrane degradation [33,52]. Furthermore,
depletion of BAP led to ectopic expression of Yki target genes, along with ectopic expression of wing
disc growth factors decapentaplegic (dpp) and Wingless (Wg) [53]. Ectopic expression of dpp and Wg
was found to augment the tumor-forming phenotype observed in yki overexpression/brm knockdown
wing discs [33]. This research therefore describes a role of the BAP complex as a tumor suppressor in
tissues with gain of Yki activity (Figure 1C) and links BAP-mediated chromatin remodeling to cancer
phenotypes resulting from dysregulated Hippo signaling.

Figure 1. Yorkie interactions with the SWI/SNF complex. (A) Brahma and Yki–Sd interact to drive
Drosophila midgut intestinal stem cell (ISC) proliferation. Notably, cotransfection with Hippo results
in caspase-mediated proteolysis of Brahma and loss of complex stability. (B) Brahma has also been
shown to interact with Yki–Sd at Yki target genes to promote tissue overgrowth in the wing disc and
eye. This interaction occurred at the crumbs locus, providing evidence for a feed-forward loop of
Crumbs-mediated Yki activation in regulation of tissue growth in Drosophila. (C) In the Drosophila wing
imaginal disc, yki overexpression drives tissue overgrowth. This overgrowth phenotype was exacerbated
by brahma knockdown, providing evidence for a regulatory role of Brahma in limiting Yki-mediated
tissue overgrowth. Spacing of grey dots, representing nucleosomes, represents chromatin compaction.

2.2. BAF-YAP/TAZ Interactions Documented in Mammalian Cells

In addition to SWI/SNF–Hippo signaling interactions in Drosophila, cooperation is evident in
mammalian cells as well. Investigation into human mammary epithelial cell (MEC) lineage switching
between basal and luminal cell fates has implicated TAZ as important in controlling this process.
Specifically, TAZ depletion in basal cells, where it is localized to the nucleus, results in lineage switching
towards a luminal cell fate. Conversely, ectopic nuclear TAZ expression in luminal cells switches
their identity to a more basal cell type [24]. To determine how TAZ induces this cell fate switch
in MECs, coimmunoprecipitation/mass spectrometry studies were conducted. These experiments
revealed interactions between TAZ and the BAF–SWI/SNF complex catalytic subunits BRG1 and
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BRM. The interaction was dependent on the PPXY motif of BRG1/BRM and the WW domain of TAZ.
Of these particular SWI/SNF catalytic subunits, only BRM depletion resulted in a decrease in TAZ target
expression and ChIP experiments revealed an enrichment of BRM at genomic regions containing TEAD
binding motifs. Furthermore, the TAZ–BRM interaction was necessary for the repression of MECs
towards a luminal differentiation fate (Figure 2A), thus providing evidence of TAZ–BRM interactions
in mammalian cell lines and importance of this association in governing lineage specification [24].

Figure 2. YAP/TAZ interactions with the SWI/SNF complex. (A) BRM interaction with TAZ–TEAD at
TAZ target loci drives transcription of genes specifying a basal cell fate in mammary epithelial cells
(MECs). (B) The SWI/SNF subunit Brahma-associated factor 53a (BAF53A) interacts with p63 to inhibit
the expression of WWC1/KIBRA. This results in the overactivation of YAP and is a hallmark of head
and neck squamous cell carcinoma (HNSCC). (C) Direct interaction of the SWI/SNF subunit ARID1A
with YAP/TAZ under conditions of low mechanical stimuli sequester YAP/TAZ from activating target
gene expression. Under conditions of high mechanical stimuli, ARID1A itself is sequestered by nuclear
F-actin, allowing YAP/TAZ to bind TEAD at target loci and induce transcription. Of note, interactions
of YAP/TAZ with ARID1A does not alter chromatin accessibility at YAP/TAZ target loci. Spacing of
grey dots, representing nucleosomes, represents chromatin compaction.

A role for YAP/TAZ working in conjunction with chromatin-remodeling factors may be a more
generalized feature of multiple cancers. Dysregulation of the SWI/SNF complex in concert with
increased Yki/YAP/TAZ activity has been documented to promote tumor formation in Drosophila
and mammals [33]. In human cells, transcript levels of the BAF–SWI/SNF subunit Brahma-associated
factor 53a (BAF53A) has been found to be amplified in head and neck squamous cell carcinoma
(HNSCC) along with p63. BAF53A and p63, a DNA-binding transcription factor, form a complex
to activate the expression of target genes that promote proliferation and prevent differentiation in
HSNCC [31]. These effects on target gene transcription are mediated by BAF53A-p63 repression
of WWC1 (also known as KIBRA), which is a regulator of the Hippo–YAP signaling pathway [54].
Decreased WWC1 expression was achieved through a BAF53A-p63-mediated reduction in chromatin
accessibility upstream of the WWC1 transcription start site. Reduced levels of WWC1 subsequently
resulted in increased YAP activity (Figure 2B). Furthermore, the finding that the SWI/SNF subunit
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complexed with p63 to ultimately activate YAP-mediated transcription in HSCC was correlated with
poor survival of HSCC patients [31]. These results lend additional support to the involvement of
SWI/SNF complex dysregulation in tumor progression and demonstrate another role of the SWI/SNF
chromatin-remodeling complex in mediating Hippo pathway effector activity.

In contrast to the above-mentioned report of BAF–SWI/SNF in activating TAZ target transcription,
this complex has also been shown to directly inhibit YAP and TAZ in cultured mammalian cells.
In MCF10AT and HEK293T cells, representing breast and kidney epithelia, YAP/TAZ forms complexes
with BAF–SWI/SNF through the ARID1A subunit. Interestingly, regulation of ARID1A–YAP/TAZ is
promoted through mechanotransduction, where the interactions of these proteins form under situations
in which cells are exposed to low levels of mechanical stimuli [34]. Under situations in which cells are
exposed to high levels of mechanical stimuli, ARID1A is sequestered by nuclear F-actin and canonical
YAP/TAZ–TEAD complexes form (Figure 2C). In this manner, YAP/TAZ transcriptional activity can be
inhibited not only by Hippo signaling activity, but also by interactions with the SWI/SNF complex
under differing levels of mechanical stimulation [34]. In this example, BAF–SWI/SNF components also
maintain regulatory roles with YAP/TAZ independent of chromatin accessibility regulation.

3. Interactions of Drosophila Yki with the Chromatin Protein GAGA Factor and the
Mediator Complex

The chromatin protein GAGA factor (GAF) associates with transcriptional machinery components
and regulatory protein complexes to alter chromatin structure. GAF is encoded by the trithorax-like (trl)
gene in Drosophila and was initially thought to act as a transcriptional activator [55]. GAF has been
shown to recruit chromatin-remodeling complexes to induce and maintain nucleosome-free chromatin
regions [56]; including PBAP, NURF, and FACT complexes [57–60]. In addition to involvement in
transcriptional activation, GAF has been implicated in transcriptional silencing via interaction with
Polycomb group proteins [61–63]. Furthermore, in addition to associating with numerous chromatin
remodelers, GAF has also been documented to recruit RNA polymerase II [64]. The Mediator complex
also associates with transcriptional machinery components, linking the preinitiation complex to RNA
polymerase II to recruit transcriptional machinery [4]. The Mediator complex has also been shown
to act with p300 to activate chromatin templates, inducing chromatin remodeling and preinitiation
complex formation [65,66].

Although not characterized by intrinsic chromatin-remodeling capabilities itself, GAF acts as a
hub for the recruitment of protein complexes with chromatin-remodeling capacities. GAF has been
documented to recruit chromatin-remodeling complexes capable of altering chromatin accessibility in a
bidirectional manner. In this way, it can either complex with remodelers that induce a nucleosome-free,
open chromatin region, or recruit repressor complexes to inhibit chromatin accessibility [57–63].
In Drosophila, GAF has been shown to act as a pertinent cofactor for the Yki/Sd–dE2f1 transcriptional
program driving cell proliferation (Figure 3A) [28]. Knockdown of GAF protein in larval wing imaginal
discs resulted in reduced cell proliferation. Furthermore, GAF is found at Yki/Sd–dE2f1 target gene
promoters, which exhibit reduced expression when GAF is knocked down. The wing discs of larvae in
which GAF was knocked down were characterized by slowed proliferation and were smaller in size
when compared to control wing discs [28]. These studies in Drosophila defined GAF as required for Yki
to induce target transcription and ultimately affect cell proliferation in wing progenitor cells.

Investigation into the chromatin binding of Yki and its interaction with chromatin-remodeling
complexes has been studied by ChIP-DNA sequencing (ChIP-seq) characterization [30]. DNA-binding
motif analysis of Yki-bound genomic sites revealed an enrichment of GAGA sequences. GAF and Yki
ChIP-seq peaks were also found to overlap. Furthermore, GAF and Yki proteins bound each other in a
manner independent of the Yki WW domain. GAF was also noted as required for the expression of
genes that were cobound by Yki and GAF. Consistent with this result, GAF depletion resulted in the
reduction of Yki target genes, even under conditions of Yki overexpression [30].

60



Cells 2019, 8, 502

Figure 3. Yorkie interactions with GAF and the Mediator complex. Yki–Sd can interact with the
chromatin protein GAF (A) or the Mediator complex subunit MED23 (B) to drive the transcription of
Yki target genes that govern tissue proliferation. Although GAF and the Mediator complex do not
contain intrinsic chromatin-remodeling capabilities, they are thought to recruit chromatin-remodeling
proteins, yet to be identified, capable of modifying DNA organization.

Similar to GAF, the Mediator complex has also been shown to alter DNA packaging via recruitment
of chromatin-remodeling complexes [65,66]. The Mediator complex subunit Med23 was shown as a
nuclear Yki-associated protein (Figure 3B) [30]. Furthermore, the expression of direct transcriptional
targets of Yki was found to be dependent on the Mediator complex, such that downregulation of
Mediator decreased Yki target gene expression under conditions of activated Yki [30]. Taken together,
these studies provide evidence for Yki recruitment of, and dependency on, chromatin GAF and
Mediator complexes in governing Yki-mediated transcriptional regulation over target gene expression.
Despite the requirement for the GAF and Mediator proteins in Yki transcriptional output efficiency,
the detailed mechanisms by which these complexes modulate chromatin structure at Yki target loci
remains elusive and requires further investigation. In addition, studies directed at whether Hippo
proteins recruit and precisely regulate factors of the GAF and Mediator complexes are also warranted.

4. Yki/Yap and the Histone Methyltransferase Complex

Posttranslational modifications to histones, including methylation, aid in regulation of transcriptional
activity. Histone H3 methylation in particular promotes alterations to chromatin structure that affect
transcriptional activity [1]. In this manner, differential methylation of particular lysine residues on
histone H3 at different genomic regions promotes transcriptional specificity [67]. The methylation
status of histone H3 is regulated by a distinct complex of proteins associated with the Set1 (COMPASS)
family of H3K4 histone methyltransferase (HMT) complexes [3,68]. COMPASS H3K4 HMTs include
global H3K4 HMT Set1, along with Trithorax (Trx) and Trithorax-related (Trr) histone methyltransferase
complexes [68,69]. Trx is primarily dedicated to the regulation of homeotic genes, while Trr is
implicated in steroid hormone signaling and H3K4 monomethylation [70]. Of particular importance,
the nuclear receptor coactivator 6 (Ncoa6) subunit of the Trr histone methyltransferase complex has
been documented to interact with Drosophila Yki and mammalian YAP to methylate H3K4 and activate
transcription [25,26].

Ncoa6, a subunit of the Trithorax-related H3K4 methyltransferase complex, was found to be a
positive regulator of the Yki–Sd-driven Hippo-responsive transcriptional reporter in Drosophila S2R+
cells [71]. Ncoa6 was also found to harbor PPXY motifs, required for its physical interaction with Yki WW
domains [25]. Overexpression of Ncoa6 enhanced Yki–Sd-mediated transcriptional reporter activity and
bound the Hippo-responsive DNA elements of the Yki target gene diap1. Consistent with a functional
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role, knockdown of Ncoa6 resulted in decreased expression of diap1 in adult wings. Furthermore,
increased eye size induced by Yki overexpression was ameliorated by knockdown of Ncoa6 [25].
These phenotypes place Ncoa6 as an important player in the regulation of Hippo pathway-mediated
target gene expression and subsequent tissue growth. Of note, Ncoa6–Sd was incapable of inducing
target transcription in the absence of Yki, suggesting that a complete Ncoa6–Yki–Sd complex is required
for Hippo pathway target gene transcription. Furthermore, the H3K4 methylation status of Yki target
genes was deleteriously affected by knockdown of either Yki, Ncoa6, or Trr. Therefore, in wing and eye
imaginal disc differentiation, Yki activates transcription through the recruitment of the Ncoa6 histone
methyltransferase complex (Figure 4A) [25].

Figure 4. Yorkie/YAP interactions with the histone methyltransferase (HMT) complex. (A) Ncoa6,
a component of the Trithorax-related (Trr) H3K4 methyltransferase complex, binds to Yki–Sd and is
capable of activating a Hippo response element (HRE) reporter in Drosophila. Ncoa6 interaction with
Yki–Sd drives the expression of Yki target genes, inducing tissue growth and H3K4 methylation at
these loci. (B) Human NCOA6 interaction with YAP–TEAD drives the expression of YAP target genes,
providing evidence for evolutionary conservation between this Yki/YAP–HMT interaction.

A similar study investigating Yki recruitment of a histone methyl transferase to induce target
gene transcription also found that ChIP-seq peaks for Yki overlapped with peaks for the H3K4me3
histone modification. Furthermore, targeting Yki to a novel chromosomal locus induced H3K4me3
modifications in a WW domain-dependent manner [26]. Yki was similarly found to bind to Ncoa6
in cultured Drosophila S2 cells and Ncoa6 and Trr were both shown to interact with Yki. Binding
of Trr on genomic DNA overlaps with Yki-bound regions, suggesting co-occupancy at Yki target
genes. As reported in a similar study, Ncoa6 recruitment was sufficient to drive Yki transcriptional
activity [25,26] and was required for Yki-mediated eye-overgrowth phenotypes. Concerning the
phylogenetic extension of this Ncoa6–Yki interaction, human YAP and NCOA6 were found to bind in a
PPXY and WW domain-dependent manner (Figure 4B). Reduction of NCOA6 decreased transcriptional
activation of YAP targets [26]. This observed NCOA6–YAP association in mammalian cells supports an
evolutionarily conserved mechanism by which YAP recruits histone methyltransferases to modulate
chromatin structure and regulate target gene transcription.

5. Interactions of YAP/TAZ/TEAD with the NuRD Complex

While the cases documented above describe how Hippo signaling components collaborate
with chromatin-remodeling factors to increase gene expression, alterations of chromatin structure
to decrease underlying gene activity are also critical for proper genome regulation. One such
method of decreasing chromatin accessibility and transcriptional activity is through recruitment of
the repressive nucleosome-remodeling and deacetylase (NuRD) complex [72]. The NuRD complex
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is distinct in that it couples both ATP-dependent chromatin remodeling with histone deacetylase
activity as a means of repressing transcriptional activity [73]. In this manner, NuRD induces the
compaction of nucleosomes around bound regulatory regions to restrict genomic accessibility. The main
ATP-dependent chromatin-remodeling NuRD components are chromodomain helicase DNA-binding
proteins 3/4 (CHD3/4), while histone deacetylase 1/2 (HDAC1/2) activity is responsible for the removal
of methyl groups from lysine residues at bound genomic loci [72,73]. Relevant to Hippo signaling,
human YAP/TAZ/TEAD have been shown to interact with the NuRD complex as a means of repressing
target gene activity [23,27]. Although the NuRD complex can activate target transcription in some
circumstances, documented instances of interactions with YAP/TAZ/TEAD are all repressive in
nature [74].

A regulatory complex comprised of Hippo effectors YAP/TAZ–TEAD, TGF-β effectors SMAD2/3,
and the pluripotency regulator OCT4, termed the TEAD–SMAD–OCT4 (TSO) complex, has been
implicated in governing the switch of human embryonic stem cells (hESCs) to either maintain their
pluripotency status or specify their fate towards a mesendoderm (ME) cell type. Cell fate is regulated
in part through differential interactions of the NuRD repressor complex to first inhibit expression of
loci involved in ME specification until fate induction is triggered, at which point the TSO complex
is remodeled to allow for gene activation [23]. The interaction of TSO and NuRD was ameliorated
by YAP/TAZ knockdown, suggesting that YAP/TAZ are the main proteins in TSO responsible for the
functional assembly of NuRD. Upon addition of ME fate-driving factors to the culture media, NuRD
was replaced by FOXH1 to facilitate activation of the ME target loci [23]. This study was the first to
document a role for YAP/TAZ–TEAD in NuRD complex activity to repress target transcription.

YAP/TAZ–TEAD collaboration with the NuRD complex to repress target gene transcription has
also been verified in recent studies. A screen for genes directly regulated by YAP overexpression
revealed transcripts that both increased and decreased under these conditions. This represents another
example where YAP/TAZ, which have canonically been thought of as transcriptional activators,
are capable of repressing target gene expression. This transcriptional corepressive role of YAP/TAZ was
found to depend on TEAD binding, and YAP/TAZ–TEAD were found to directly bind repressed target
loci [27]. The observed repression of YAP/TAZ targets was shown to result from alterations in chromatin
at repressed targets, as indicated by effects on histone acetylation and factor occupancy at target
promoter regions. This alteration in DNA organization of loci repressed by YAP/TAZ was mediated by
recruitment of the NuRD complex, which bound repressed YAP/TAZ targets in a TEAD-dependent
manner (Figure 5). Of note, the genes repressed by YAP/TAZ–TEAD–NuRD included those that encode
proteins that promote senescence or drive apoptosis [27]. These results document the capacity of
YAP/TAZ as transcriptional corepressors and define a mechanism in which YAP/TAZ–TEAD recruit
and/or activate the NuRD complex at regulatory regions of target genes to repress their expression and
allow for cell proliferation and survival.

Figure 5. YAP/TAZ/TEAD interactions with the NuRD complex. YAP/TAZ–TEAD bind targets and
recruit the NuRD complex to repress target expression. This repression is mediated through dual
ATP-dependent chromatin remodeling and histone deacetylase (HDAC)-mediated histone deacetylase
functions of the NuRD complex to ultimately reduce chromatin accessibility. YAP/TAZ targets repressed
by NuRD recruitment included genes that drive apoptosis and promote senescence.
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6. Summary and Future Directions

The Hippo signaling pathway has been documented to control tissue growth and homeostasis
through its regulation of downstream effectors Yki/YAP and TAZ [5,7]. Canonically, Yki/YAP/TAZ have
been described as transcriptional coactivators, and investigations into the mechanisms behind this
coactivator role have revealed the importance of direct partnership with chromatin-modifying protein
complexes. Specifically, Yki/YAP/TAZ have been shown to interact with chromatin-remodeling
complexes of the SWI/SNF family, GAGA factor, Mediator complex, and multiple histone
methyltransferases to aid in their activation of target gene transcription through modification of
DNA packing and organization [24–26,28–34]. More recently, a transcriptional repressive role of
YAP/TAZ/TEAD has also been described, which is mediated through recruitment of the NuRD
complex [23,27]. Therefore, effects of Yki/YAP/TAZ on target gene activity are context-specific and highly
dependent on the interaction with protein complexes capable of remodeling nucleosome positioning
in an ATP-dependent manner and imparting posttranslational modifications to histones [1,41].

One area of needed investigation is to better define the mechanisms that underlie the specificity
of interactions between Hippo components and chromatin-remodeling complexes. Drosophila
studies of Hippo and Brahma complexes highlight some of the complexity. Investigations into
Yki recruitment of BAP–SWI/SNF chromatin-remodeling complexes demonstrated Yki–Sd interaction
with the BAP–SWI/SNF subunit Brahma and regulation of Brahma protein stability by the Hippo
kinase [29]. Brahma–Yki interactions were also shown to induce the expression of Yki target genes and
influence tissue overgrowth [32]. Interestingly, different SWI/SNF subunits have been shown to be
either augmentative or restrictive to Yki-mediated tissue overgrowth, indicating context specificity into
the differential regulation of SWI/SNF on Yki activity [32,33]. More focused studies to uncover the basis
of differential interactions are warranted, as are studies to address diverse roles of YAP/TAZ–SWI/SNF
interactions in vertebrates.

Of relevance to this issue, recent work has demonstrated a role of the activator protein 1 (AP-1) in
driving YAP/TAZ/TEAD activity at distal enhancers [75]. Activated target genes govern the onset of the
S phase and cell mitosis, providing for a means of promoting tumorigenesis [75]. Furthermore, evidence
of YAP–TEAD driving the expression of AP-1 targets has been shown to foster tumor growth [76],
and AP-1 has been shown to co-occupy enhancer and promoter regions along with Tead4 in multiple
cancer cell types [77]. AP-1 has also been documented to play a pertinent role in linking YAP/TAZ
activity with regulation of the TGF-β/Smad3 signaling axis through promoting expression of Smad7 [78].
Interestingly, AP-1 has the capacity to recruit the BAF–SWI/SNF chromatin-remodeling complex to alter
chromatin accessibility at enhancers [79]. These documented instances of YAP/TAZ/TEAD interaction
with AP-1 to drive target gene expression provides for yet another avenue in which YAP/TAZ may
work in conjunction with SWI/SNF chromatin-remodeling complexes to remodel and regulate target
genes. Further investigation is needed to explore this possibility.

Interactions of Yki with the GAGA factor and the Mediator complex provide a coactivator
function in facilitating Yki target transcription [28,30]. Despite the general conclusion that Yki
and GAGA or Mediator protein binding are important in regulating target gene transcription,
the underlying chromatin-remodeling mechanisms and protein complexes that mediate DNA
reorganization remain unknown. As GAGA factor and the Mediator complex can associate with
different chromatin-remodeling factors [57–63,65,66], investigations are needed to identify which
specific complexes are involved and under what conditions they bind.

Gene repressive activity by YAP/TAZ has been shown to depend on NuRD complex recruitment.
The NuRD complex, which has both nucleosome-remodeling and histone deacetylase activity, can be
recruited by YAP/TAZ–TEAD to render chromatin inaccessible [23,27]. The interaction of YAP/TAZ
with NuRD is commonly dependent on TEAD binding [27,73]. However, YAP/TAZ interactions with
other DNA-bound factors provide the potential for NuRD recruitment under TEAD-independent
contexts [18–21]. In support of this possibility, Yap overexpression in adult cardiomyocytes drives
chromatin remodeling, promoting both open and closed states. While many of these remodeled regions
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showed TEAD consensus sites, loci that underwent compaction were not enriched for TEADs [22].
Future studies are needed to explore the role of non-TEAD partners of YAP/TAZ that may augment
NuRD or other chromatin-modulating complexes to repress gene expression.

Additional questions regarding Hippo signaling and chromatin remodeling center on the relative
timing of interactions between YAP/TAZ–TEAD (or other partners), chromatin-remodeling complexes,
and DNA. Do chromatin-remodeling complexes recruit YAP/TAZ–TEAD/other to DNA or vice
versa? Is enzymatic activity or target specificity altered by these interactions? What cell states
facilitate the protein interactions? Importantly, can the relationships between Hippo components
and chromatin remodeling be targeted for therapeutic purposes, particularly with regard to cancer
and tissue repair following injury? Cumulatively, the documented collaborations of Yki/YAP/TAZ
with chromatin-remodeling factors reviewed herein provides insight into the diverse mechanisms by
which Hippo signaling controls gene regulation. With ongoing investigations probing cell-type and
tissue-specific roles of the Hippo pathway in governing transcription, it is likely that additional
interactions between Yki/YAP/TAZ and the machinery that manages chromatin structure will
be discovered.
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Abbreviations

HUGO gene nomenclature for gene names and symbols was used within the text.

Abbreviation Full Name

ARIDA AT-Rich Interactive Domain-Containing Protein 1A
Arp Actin-related protein
BAF Brm/Brg1-Associated Factor
BAF53a Brahma-Associated Factor 53a
BAP Brahma-Associated Protein Complex
Brg1/BRG1 Brahma-Related Gene 1
Brm/BRM Brahma
CHD3/4 Chromodomain Helicase DNA-Binding Protein 3/4
ChIP Chromatin Immunoprecipitation
Co-IP Coimmunoprecipitation
COMPASS Complex of Proteins Associated with Set1
Crb Crumbs
dE2f1 E2f Transcription Factor 1
diap1 death-associated inhibitor of apoptosis 1
dpp decapentaplegic
FACT Facilitates Chromatin Transcription Complex
FOXH1 Forkhead Box H1
GAF GAGA factor
HDAC1/2 Histone Deacetylase 1/2
hESCs Human Embryonic Stem Cells
HMT Histone Methyltransferase
HNSCC Head and Neck Squamous Cell Carcinoma
HRE Hippo Response Element
ISC Intestinal Stem Cell
Lats1/2 Large Tumor Suppressor Kinase 1/2
ME Mesendoderm
MEC Mammary Epithelial Cell
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Med23 Mediator Complex Subunit 23
Mob1 MOB Kinase Activator 1
MS Mass Spectrometry
Mst1/2 Mammalian STE20-like Kinase 1/2
Ncoa6 Nuclear Receptor Co-Activator 6
NuRD Nucleosome-Remodeling and Deacetylase Complex
NURF Nucleosome-Remodeling Factor Complex
OCT4 Octamer-Binding Transcription Factor 4
PBAP Polybromo-Containing BAP Complex
RUNX1/2 Runt-Related Transcription Factor 1/2
Sav1 Salvador-Homolog 1
Sd Scalloped
SMAD C. elegans “Small” Worm Phenotype

Drosophila Mothers Against Decapentaplegic
SWI/SNF Switch/Sucrose Nonfermentable Complex
Taz Transcriptional Coactivator with PDZ-Binding Motif
Tbx5 T-Box Transcription Factor 5
TEAD TEA-Domain
TGF-β Transforming Growth Factor β
Trl Trithorax-like
Trr Trithorax-related
Trx Trithorax
TSO TEAD–SMAD–OCT4 Complex
Wg Wingless
WWC1/
KIBRA

WW Domain-Containing Protein 1
Kidney and Brain Expressed Protein

Yap Yes-Associated Protein
Yki Yorkie
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Abstract: The Hippo signaling pathway is involved in tissue size regulation and tumorigenesis.
Genetic deletion or aberrant expression of some Hippo pathway genes lead to enhanced cell
proliferation, tumorigenesis, and cancer metastasis. Recently, multiple studies have identified a
wide range of upstream regulators of the Hippo pathway, including mechanical cues and ligands
of G protein-coupled receptors (GPCRs). Through the activation related G proteins and possibly
rearrangements of actin cytoskeleton, GPCR signaling can potently modulate the phosphorylation
states and activity of YAP and TAZ, two homologous oncogenic transcriptional co-activators,
and major effectors of the Hippo pathway. Herein, we summarize the network, regulation, and
functions of GPCR-Hippo signaling, and we will also discuss potential anti-cancer therapies targeting
GPCR-YAP signaling.

Keywords: G protein-coupled receptor; GPCR; Hippo pathway; YAP/TAZ; signal transduction;
cancer; tumorigenesis; anti-cancer therapy

1. The Hippo Signaling Network

The Hippo pathway is initially established in Drosophila melanogaster (fruit flies), following
extensive genetic screens for tumor suppressors, and is highly conserved in mammals [1,2]. The Hippo
pathway plays a crucial role in regulating cell survival, proliferation, differentiation, and organ
size [1–4]. The core Hippo pathway in mammals can be represented by a kinase cascade consisting
of Ste20-like kinases 1/2 (MST1/2), MAP kinase kinase kinase kinases (MAP4K1-7), Large tumor
suppressor 1/2 (LATS1/2), Salvador 1 (SAV1, also known as WW45), MOB kinase activator 1A/B
(MOB1A/B), Yes-association protein (YAP), and Transcriptional coactivator with PDZ-binding motif
(TAZ, also known as WWTR1), TEA domain family members (TEAD1-4), and Vestigial-like family
member 4 (VGLL4). Mechanistically, MST1/2 in complex with SAV1 phosphorylate and activate
LATS1/2, and MAP4K proteins plays overlapping, yet non-redundant, roles in activating LATS1/2 [5].
LATS1/2 subsequently phosphorylate multiple serine residues of YAP (including S127 and S318) and
TAZ (including S89 and S311). Phosphorylation of YAP/TAZ lead to 14-3-3 mediated cytoplasmic
retention and ubiquitination-dependent proteasome degradation [6–8]. When upstream kinases are
inactivated, dephosphorylated YAP/TAZ translocate into the nucleus, bind with TEAD1-4 and induce
the expression of target genes such as connective tissue growth factor (CTFG) and cysteine-rich
angiogenic inducer 61(CYR61) [7,9]. Without nuclear YAP/TAZ, TEAD1-4 interact with VGLL4,
which may repress transcription of target genes [10,11]. The Hippo signaling output is dependent on
transcriptional activity of YAP/TAZ and the latter is mainly inhibited by Hippo pathway kinases.

Several proteins may interpret and transmit physiological signals to core components of the Hippo
pathway. The apical membrane-associated FERM-domain protein Neurofibromin 2 (NF2, also known
as Merlin) is an activator of the Hippo pathway [12]. NF2 functions by forming a complex with
Kidney and brain (KIBRA, also known as WWC1) to activate MST1/2 or recruiting LATS1/2 to plasma
membrane for activation by MST1/2 [13]. KIBRA may activate LATS1/2 in a MST1/2-dependent or
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-independent manner [14]. AMOT family proteins (AMOTp130, AMOTL1, and AMOTL2) interact
with YAP/TAZ and enhance cytoplasmic or junctional localization of YAP/TAZ, and LATS1/2 activity is
also mildly induced by AMOT proteins, both lead to an inhibition of YAP/TAZ activity [15–18]. Ras
association domain family (RASSF) proteins interact with MST1/2 or SAV1, and may mediate RAS
signaling to the Hippo pathway [19–21]. Further studies are required to understand how these proteins
serve as bridges linking mechanical or biochemical cues and Hippo pathway kinases.

To date, an array of environmental stimuli has been shown to regulate YAP/TAZ activity.
Cell-cell contact is well-known to suppress YAP/TAZ activity by promoting LATS1/2 activation [7].
The mechanical force, such as stiffness of extracellular matrix (ECM), cell geometry and shear stress,
regulates phosphorylation and subcellular localization of YAP/TAZ, and recently small GTPase RAP2
has been shown to mediate matrix stiffness signals to LATS1/2 [22,23]. Various stress signals, including
oxidative stress, hypoxia, energy stress, endoplasmic reticulum (ER) stress, and osmotic stress modulate
YAP/TAZ activity as well [24–29]. Moreover, G protein-coupled receptors (GPCRs) can mediate diverse
diffusive signals to modulate Hippo pathway activity, the regulation of the Hippo pathway by GPCR
signaling will be further discussed below [30–32].

2. The Hippo Pathway in Tumorigenesis

The link between the Hippo pathway and cancer development has been recently reviewed
elsewhere [33,34]. Among components of the Hippo pathway, YAP and TAZ are considered as
oncoproteins, whereas most upstream regulators are with tumor suppressor functions. In mouse
models, transgenic expression of Yap, or genetic ablation of Nf2, Sav1, Mst1/2, Lats1/2, Mob1, Wwc1/2,
and Rassf1a all lead to tumorigenesis [35–44].

As oncoproteins, YAP/TAZ are able to promote cell proliferation, cell transformation, and cancer
cell stemness. YAP/TAZ can induce cell proliferation and reduce cell death, which together lead to
increased cell numbers [8,45]. YAP/TAZ may also promote cell transformation, as overexpression of
YAP in human non-transformed mammary epithelial cells induces epithelial-to-mesenchymal transition
(EMT), and increased TAZ expression in mammary cells leads to the acquisition of a spindle-shaped
morphology and increased cell migration and invasion [46–48]. Recently, multiple studies have
shown that YAP/TAZ play a role in regulating cancer stem cells (CSCs) [49]. YAP activation leads
to dedifferentiate of matured cells and expands undifferentiated liver, epidermal, neural, cardiac,
muscle, and intestinal stem/progenitor cells [37,50–56]. In breast cancer, TAZ expression is enriched in
CSCs with high self-renewal and tumor initiating capacities [48]. YAP also induces esophageal CSC
properties via upregulation of SOX9 [57]. Together, enhanced YAP/TAZ activity may promote cancer
development by multiple approaches, such as modulating cell proliferation, movement, and stemness.

YAP/TAZ are activated in diverse human cancers and may serve as an indicator of poor
prognosis. Elevated expression of YAP/TAZ is frequently observed in human cancers, including
liver, breast, prostate, colorectal, gastric, lung, and brain tumors, especially in high-grade or
metastatic tumors [56,58–64]. The expression of YAP/TAZ also functions as a prognostic marker,
for instance, YAP/TAZ expression is associated with poor prognosis in hepatocellular carcinoma (HCC),
cholangiocarcinoma patients, lung, and colorectal cancers [65–68]. Moreover, high YAP/TAZ expression
in cancer may also predict resistance to therapies and cancer relapse [69,70]. Taken together, these
results demonstrate that Hippo pathway, especially YAP/TAZ activity, is involved in human cancer
development and may function as a molecular target for cancer diagnosis and therapy.

Even though activation of YAP/TAZ occurs frequently in human cancers, the mutation
rates of Hippo pathway genes are unexpectedly modest. However, one exception is NF2.
Inactivating mutation of NF2 is observed in multiple cancers including meningiomas, schwannomas,
and mesotheliomas [71,72]. Additional genetic alterations of Hippo pathway genes in cancer have
also been reported, for instance, WWTR1-CAMTA and YAP1-TFE3 fusion are found in epithelioid
hemangioma [73,74]. In addition, silencing of MST1/2, LATS1/2, or RASSF1 due to promotor
hypermethylation are reported in soft tissue sarcomas, breast cancer, and lower-grade glioma [20,75–79].
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However, these genetic or epigenetic alterations are not sufficient to explain the widespread YAP/TAZ
activation in cancers, especially in cancers with high incidences, and additional molecular mechanisms
may contribute to YAP/TAZ activation in cancer.

3. Regulation of Hippo Pathway by GPCRs

GPCRs represent the largest family of cell surface receptors in human genome, and they are
involved in a wide range of physiological processes by transmitting diverse extracellular signals into
cells. Recent studies suggest that the Hippo pathway is a downstream branch of GPCR signaling.
Many GPCRs mediated signals can modulate YAP/TAZ activity, either positively or negatively,
dependent on the nature of signals, receptors, and adaptor proteins [4,31].

Following the initial discovery that sphingosine-1-phosphate (S1P) and lysophosphatidic acid
(LPA) can induce YAP/TAZ activity, diverse GPCR related signals have been shown to modulate
YAP/TAZ activity [30,32] (Table 1). For instance, simple molecules such as protons, which are associated
with extracellular pH, can induce YAP activity [80]. Metabolites such purines, adenosine, epinephrine,
glutamate, fatty acids, and bile acids activate YAP through GPCRs stimulation [30,32,81–83].
Polypeptides and secreting proteins, such as thrombin, glucagon, Angiotensin II, and Endothelin, also
modulate YAP/TAZ activity via GPCR signaling [32,84–87]. These signals, either locally or from a
long range, represent major constitutes of cell niche or microenvironment, suggesting that the Hippo
pathway is regulated collectively by signals surrounding a given cell. Adhesion GPCRs link cells to
their neighbors and probably cell matrix [88], these receptors may also link physical signals to the
Hippo pathway.

Table 1. The regulation of YAP/TAZ activity by various G-protein coupled receptors in human cancers.
Representative GPCRs that are most frequently implicated in human cancer are shown and their
regulation on YAP/TAZ activation are listed in the following table.

GPCRs Ligand
Coupling
Protein

YAP/TAZ
Activation

Associated Cancer Type References

GPER Estrogen Gαq/11 ↑ Breast cancer [89]

LPA receptors LPA Gα12/13,
Gαq/11 ↑

Colon cancer
Ovarian cancer
Prostate cancer

Breast caner

[32,90]

S1P receptors S1P Gα12/13 ↑ Hepatocellular carcinoma [91]

Protease-activated
receptors (PARs) Thrombin Gαq, Gα12/13,

Gαi ↑

Melanoma
Colon cancer
Breast cancer
Lung cancer

Pancreatic cancer
Prostate cancer

Squamous cell carcinoma of the
head and neck

[87,92,93]

ETAR Endothelin-1 Gαq/11 ↑ Colorectal cancer [86]

EP2, EP4 PGE2 Gαq/11 ↑
Colon caner

Hepatocellular Carcinoma
Head and neck cancer

Non-small-cell lung cancer

[94,95]

Frizzleds
(FZD) Wnts Gα12/13 ↑

Colorectal cancer
Prostate cancer

Hepatocellular carcinoma
[96]

Chemokine
(C-X-C motif)

receptor 4
SDF1/CXCL12 Gα12/13,

Gαq/11, Gαi/o ↑

Breast cancer
Non-small cell and small cell lung

cancer
Oral squamous carcinoma

Chronic Myelogenous Leukemia

[97–99]
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Table 1. Cont.

GPCRs Ligand
Coupling
Protein

YAP/TAZ
Activation

Associated Cancer Type References

Chemokine
(C-X-C motif)

receptor 2
IL8, CXCL5 Gαi ↑

Head and neck squamous cell
carcinoma

Non-small cell lung cancer
(NSCLC)

Ovarian cancer

[100–102]

Angiotensin II
receptor AT1 Angiotensin II Gαq/11 ↑ Prostate cancer

Cholangiocarcinoma [103,104]

Free Fatty Acid
receptor

1(FFAR1)
Fatty acids Gαq/11,

Gαi/o ↑ Prostate cancer [105]

β1- and
β2-adrenergic

receptors

Catecholamines
(e.g., dobutamine) Gαs ↓ Breast cancer [106]

GPCR ligands regulate the Hippo pathway differentially (Figure 1). It has been established that
the effect of GPCR ligands on YAP/TAZ activity is dependent on the type of downstream G proteins
activated [32]. GPCRs coupled with Gα12/13, Gαq/11, or Gαi/o, such as LPA and thrombin receptors,
will activate YAP/TAZ; on the contrary, GPCRs coupled with Gαs, such as epinephrine and glucagon
receptors, will inhibit YAP/TAZ [32]. The function of GPCRs and G proteins on the Hippo signaling
is most likely depended on protein kinases (such as PKA and PKC), Rho GTPases, and remodeling
of the actin cytoskeleton [4]. PKA has been proposed to mediate upstream signals by repressing
actin fiber formation or phosphorylating LATS1/2 directly [107–109]. The effect of PKC appears to
be isoform-specific, for instance canonical PKC isoforms induce YAP/TAZ activity, whereas novel
PKC isoforms repress YAP/TAZ activity [110]. The isoform-specific effect of PKC towards YAP/TAZ
may explain cell type-dependent response to PKC activation, as the expression of PKC isoforms
vary across different cell types. It seems like MST1/2 is not a direct target of GPCR signaling but the
phosphorylation level of LATS1/2 is sensitive to different GPCR ligands [32]. In the absence of MST1/2,
MAP4Ks may be responsible for LATS1/2 phosphorylation, as the deletion of MST1/2 and MAP4Ks
together abolished the regulation of LATS1/2 phosphorylation by GPCR signaling [5]. Collectively,
G proteins and related kinases relay the GPCR signaling to regulate dynamics of the actin cytoskeleton,
which, in turn, can be sensed by the Hippo pathway. How different states of actin cytoskeleton sensed
by Hippo pathway components remains unclear.

Some seven-(pass)-transmembrane domain receptors, such as Frizzled and smoothened (SMO),
are not considered as typical GPCRs. Recent evidence suggests that these atypical GPCRs also regulate
the Hippo pathway in a G protein-dependent manner. For instance, Wnt ligands and their receptors
(Frizzle proteins) can repress LATS1/2 activity and lead to enhanced YAP/TAZ activity [111]. In addition,
Hedgehog (Hh) ligands, via SMO -Gαs-cAMP-PKA signaling axis, lead to repression of YAP/TAZ [112].
Thus, atypical GPCRs can regulate the Hippo pathway and also contribute to the crosstalk between
Hippo and other important pathways (such as Wnt and Hedgehog) in development and cancer.

The regulation of Hippo pathway by GPCR signaling can also be fine-tuned by additional signals.
For instance, it has been shown that the effect of GPCR on YAP/TAZ activity is enhanced when insulin
is present, and PI3K and PKD downstream of insulin receptor are involved in this regulation [113].
Moreover, MAPK signaling has also been shown to modulate the Hippo pathway [114]. Hence,
the crosstalk between the GPCR-Hippo signaling axis with other pathways should be explored in
the future.
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Figure 1. GPCRs modulate Hippo-YAP signaling via GPCRs–G-protein–cytoskeleton axis.
The molecular scheme of GPCR-Hippo signaling is shown, including activating and inhibitory
regulation of YAP/TAZ. GPCRs and G proteins activating YAP/TAZ are marked with red and those
inhibiting YAP/TAZ are in blue.

4. Widespread Alternations of GPCR-YAP Signaling Axis in Cancer

Aberrant GPCR signaling is an important mechanism in cancer development [115]. Different
effectors, such as MAPK signaling, mediate the aberrant GPCR signaling to promote tumorigenesis [116].
As a new downstream branch of GPCR signaling, the Hippo tumor suppressor pathway may also
play a role in this process. Moreover, aberrant GPCR signaling represents a potential mechanism
responsible for prevalent YAP/TAZ activation in human cancers (Table 1).

Cancer genome sequencing analyses revealed that mutations in GPCRs and G proteins are
widespread and frequent in multiple tumor types [117]. It has been reported that GNAQ and
GNA11 encoding the alpha subunits of Gαq and Gα11, respectively, are frequently mutated at
Arg183 or Gly209 in uveal melanoma and blue nevi [118,119], the mutations at Arg183 and Gly209
result in constitutive activation of Gαq/11, and several downstream effectors including YAP/TAZ are
activated, leading to tumorigenesis [120,121]. Mutations in GNAS has been discovered in human
medulloblastoma [122] and it has been demonstrated in mice that GNAS loss leads to YAP activation
and tumorigenesis [109,123]. Thus, YAP activation might be a common mechanism underlying cancer
associated mutations on G proteins. However, mutations at Gly227 on GNAS contribute to the
development of hormone-secreting pituitary tumors and thyroid adenomas [124,125], in principle this
mutation will inactivate YAP/TAZ [126].
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Mutations in genes encoding GPCRs are observed in approximately 20% of cancers, including
mutations in TSHR in thyroid cancer, luteinizing hormone receptor (LHCGR), and follicle stimulating
hormone receptor (FSHR) in breast, lung, and colon cancers [127]. Smoothened (SMO) is also frequently
mutated in cancers arising at the colon, central nervous system, and many other cancers types [128].
Mutations observed in the family of GPCR adhesion receptors, the majority of which are still orphan,
resulted in constitutive activation of the receptors, leading to pathological conditions [129]. Moreover,
mutated glutamate receptors, such as GRM8, GRM1, and GRM3, have been implicated in squamous
non-small cell lung cancer (NSCLC) and melanomas [126]. Currently, the effect of these mutations on
the Hippo pathway has not been systematically examined.

Aberrant expression of GPCRs and their ligands may also contribute to tumorigenesis. Elevated
PAR1 (a thrombin receptor) expression is associated with poor differentiation and metastasis of
breast cancer [130]. Increased expression of G protein–coupled estrogen receptors (GPER) and TAZ
activation are detected at the early stage of breast tumor development [89]. Additionally, aberrant
expression of LPA receptors may elicit cancer initiation and progression in breast cancer and ovarian
cancer via activation of the Rho-dependent transduction pathway [131]. Abnormal G-protein coupled
hormone receptor also involved in several adrenal diseases, including tumor and hyperplasia [132].
Kaposi’s sarcoma (KS) is caused by infection of human herpesvirus 8 (HHV-8, also known as KSHV)
and a viral GPCR (vGPCR) encoded in HHV-8 genome can activate TAZ, which is essential for
the development of KS [133]. Recently, an orphan G protein-coupled receptor GPRC5A has been
identified as a hypoxia-induced protein, which protects hypoxic tumor cells from apoptosis via the
HIF-GPRC5A-RhoA-YAP axis [134]. For GPCR ligands, the levels of LPA has been considered as
a marker for ovarian cancer, and high circulating angiotensin II is associated with carcinogenesis,
prognosis, and drug resistance in several malignancies, such as colorectal cancer, hepatocellular
carcinoma, melanoma, ovarian cancer, and breast cancer [135–141]. Together, abnormal expression
of GPCRs and GPCR ligands are associated with the development of different cancers and YAP/TAZ
activation may, at least in part, participate in the tumorigenic process.

5. Potential Cancer Therapies Targeting GPCR-Hippo Signaling Axis

Given the frequent dysregulation of GPCR signaling and Hippo pathway in cancer,
the GPCR-Hippo signaling axis may serve as a therapeutic target for cancer treatment. As the
Hippo pathway is a downstream branch of the GPCR signaling, cancers initiated by aberrant GPCR
signaling might be treated by modulating the Hippo pathway, especially YAP/TAZ activity. Meanwhile,
for cancers with a dependency on high YAP/TAZ activity, drugs targeting GPCRs and G proteins may
reduce YAP/TAZ activation and slowdown cancer progression.

The Hippo pathway can be modulated at multiple levels [69]. As the function of Hippo pathway is
mediated mainly by YAP/TAZ and associated transcription factors TEAD1-4, different approaches have
been developed to disrupt YAP/TAZ-TEAD interaction. Liu and colleagues discovered the porphyrin
family compounds, such as verteporfin (VP), can effectively block YAP-TEAD interaction [142].
A VGLL4-mimicking peptide has also been developed to displace YAP from TEAD [61]. Recently,
it has been reported that the pocket in TEAD critical for YAP/TAZ binding is palmitoylated and
targeting TEAD palmitoylation is a new approach to repress YAP/TAZ activity [143–146]. Both VP
and VGLL4-mimicking peptides have been used in vitro and in vivo to repress YAP/TAZ activity,
tissue growth, and tumorigenesis, whereas further improvement of these drugs might be required for
clinical use.

GPCRs represent a major target of currently available drugs, and some GPCR-based drugs
could be repositioned to block YAP/TAZ activity. For instance, Gαs-targeted molecules may repress
YAP/TAZ activity in a way that is similar to epinephrine, dobutamine, and glucagon [106,147].
In contrast, antagonizing or depleting Gα12/13-, Gαq/11-, or Gαi/o-mediated signals, such as using
phosphatase-resistant LPA analogues and monoclonal antibodies specific for LPA or S1P [117,148],
may also limit YAP/TAZ activity. It is noteworthy that some GPCR-based drugs, like β-blockers and
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dopamine, will significantly affect heart and psychiatric functions, thus, side effects must be considered
before using these drugs in cancer therapies [149,150].

Proteins transmitting GPCR signaling can also be targeted to manipulate the Hippo pathway.
Recently, cyclic depsipeptide FR900359 has been shown to target mutant Gαq/11 and repress downstream
effectors MAPK and YAP [151,152]. The activity of PKA is associated with cellular cyclic-AMP (cAMP)
levels, Forskolin or phosphodiesterase inhibitors, such as Rolipram, have been shown to induce PKA
activity and repress YAP/TAZ [112,148]. PKC inhibitors can also repress YAP/TAZ activity in a cell
type-dependent manner [121]. Rho GTPases are central for the regulation of Hippo pathway by GPCR
signaling, it has been shown that statins, inhibitors of HMG-CoA reductase (HMGCR), can indirectly
inactivate Rho GTPases and reduce YAP/TAZ nuclear localization [153,154]. As GPCR-Hippo signaling
is a complex signaling network, drugs targeting GPCRs, G proteins, or downstream signaling nodes
may affect effectors other than YAP/TAZ, hence, the specificity towards the Hippo pathway will be
compromised when using these drugs.

6. Conclusions

In the last few years, Hippo pathway has been under the spotlight due to its function in organ
size control and tumorigenesis. GPCRs, the largest cell membrane receptor family, regulate an array
of downstream signal pathways, including Hippo pathway effectors YAP/TAZ. Aberrant GPCR and
YAP/TAZ activation have been observed in pathogenesis of several types of cancer. Although further
in-depth studies are still required to address issues relevant to side effects and pharmacodynamics, it is
clear that GPCR-Hippo signaling axis will be a promising target for anticancer therapy.
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Abstract: Skin is the largest organ of the human body. Its architecture and physiological functions
depend on diverse populations of epidermal cells and dermal fibroblasts. Reciprocal communication
between the epidermis and dermis plays a key role in skin development, homeostasis and repair.
While several stem cell populations have been identified in the epidermis with distinct locations and
functions, there is additional heterogeneity within the mesenchymal cells of the dermis. Here,
we discuss the current knowledge of how the Hippo pathway and its downstream effectors
Yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ) contribute
to the maintenance, activation and coordination of the epidermal and dermal cell populations during
development, homeostasis, wound healing and cancer.

Keywords: Hippo signalling; skin development; stem cells; skin cancer; fibroblasts; fibrosis;
wound healing

1. Introduction

The skin is the largest organ of the human body. It forms a protective interface between the body
and the external environment. Various skin cell populations act in harmony to provide protection from
daily wear and tear, harmful microbes and other assaults from the external environment. In addition,
skin forms a barrier against water loss, enables thermoregulation, and relays somatosensory information
to the brain to inform reflexes and behaviours [1].

The outermost tissue layer of the skin, the epidermis, is a multilayered (stratified) squamous
epithelium that is separated by a basement membrane (BM) from the underlying dermis. The dermis
forms the skin scaffold consisting of a dense extracellular matrix (ECM) meshwork and different cell
populations, including fibroblasts, sensory neurons and endothelial and immune cells. Maintenance
and repair of the epidermis are dependent on stem cells (SCs) that both self-renew and give rise to cells
that undergo terminal differentiation. Multiple SC populations have been identified within mammalian
epidermis; these are distinguished by their location and the markers that they express [2–5]. However,
during tissue regeneration such as wound healing, these SC populations display remarkable plasticity
by switching from one SC type to another or by generating a wider range of differentiated lineages than
under steady state conditions [1,6]. Likewise, an astonishing heterogeneity and plasticity of dermal
cell populations has recently been identified in mouse and human dermis during development and
tissue regeneration, which seems to evolve with age [7–11]. Upon tissue damage dermal fibroblasts
not only become activated, start proliferating and deposit/ remodel ECM, but are also involved in
regenerating HF and the hypodermis [3]. Plasticity in the epidermis and dermis typically resolves as
wounds heal. However, in cancer, it can endure [1,6].
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Carcinomas originating from the epidermis are by far the most frequently diagnosed human
cancers, with cutaneous squamous cell carcinoma being the most dangerous subtype due to its ability
to metastasise [12,13]. There is now strong evidence that epidermal cancers are maintained by a
subpopulation of epidermal cells termed tumour-initiating cells or cancer SCs, which hijack the
homeostatic controls operating in normal epidermal stem cells to endow themselves with the potential
to self-renew and fuel the cancer [14,15]. Distinct epithelial SC populations have been associated with
distinct tumour types; however, how different fibroblast lineages affect tumour development, type and
progression is still unclear [3].

In the epidermis and dermis, the Hippo signalling pathway and its downstream effectors,
the transcriptional coactivators Yes-associated protein (YAP) and transcriptional coactivator with
PDZ-binding motif (TAZ, also called WW Domain Containing Transcription Regulator 1 (WWTR1)),
regulate diverse tissue-specific functions during development, homeostasis and regeneration. While
in the epidermis YAP/TAZ are essential to control cell growth and differentiation, in fibroblasts
they function predominantly as an intracellular mechanical rheostat to sense the physical cellular
environment, promoting ECM remodelling and contractility. The Hippo pathway is a tumour
suppressor pathway, since its dysregulation and the resulting YAP/TAZ hyperactivation promote
cancer development.

This review is divided into three parts. We first give an overview of the contributions of the
different epidermal SC and dermal fibroblast populations to skin tissue development, homeostasis and
repair, and the roles of these cells in cancer development (chapters 2–6); in the second part, we review
the existing work on the specific roles of YAP/TAZ in controlling epidermal SC and fibroblast functions
in healthy and diseased skin, summarise the various mechanisms of YAP/TAZ regulation and discuss
YAP/TAZ-targeting therapy-approaches (chapters 7–11). We finally close this review with some future
perspectives for YAP/TAZ in skin biology (chapter 12).

2. Skin Architecture

The skin consists of two tissue layers—the epidermis and the underlying dermis—which are
separated by a BM (Figure 1). The epidermis is a multilayered (stratified) squamous epithelium
consisting of the IFE and associated hair follicles (HFs), sebaceous glands (SGs), and sweat glands.
Keratinocytes are the main epidermal cell type. Several other cell types, such as Merkel cells, melanocytes,
gamma delta (γ∂) T-cells and Langerhans cells, are also found in mammalian epidermis [1,3,5].
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Figure 1. Morphology of the skin. The epidermis and dermis are separated by a BM. In the epidermis,
multiple spatially distinct stem cell populations have been identified in the hair follicle bulge, isthmus
and sebaceous gland, and their characteristic markers are shown in the colour coded legend. In the
dermis, papillary fibroblasts are located in proximity to the BM and are embedded in thin collagen fibres.
Reticular fibroblasts populate the central dermis and are surrounded by thick collagen bundles (grey).
Preadipocytes are close to the DWAT where the mature adipocytes reside. In addition, specialised
fibroblast subpopulations associate with the HF give rise to the DP, DS and APM. Endothelial cells
form the blood vessels which are surrounded by pericytes. Sensory neurons are associated with the
HF upper bulge SC population and different immune cell types populate different regions of the skin.
Abbreviations: APM, arrector pili muscle; BM, basement membrane; Bu, bulge; DP, dermal papilla; DS,
dermal sheath; DWAT, dermal white adipose tissue; SG, sebaceous gland.

The interfollicular epidermis (IFE) consists of an inner layer of proliferative basal cells that
express keratins Krt5 and Krt14 and are attached to the underlying BM via integrin (ITG) extracellular
matrix (ECM) receptors and several layers of suprabasal keratinocytes at various stages of a terminal
differentiation programme. Only the innermost (basal) layer is proliferative (Figure 2A). To constantly
renew the epidermal barrier, differentiating cells moving outward replenish the terminally differentiated
squames that are sloughed from the skin surface [1,5].
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Figure 2. Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ)
activity in the IFE and HF development. (A) The IFE is a stratified squamous epithelium. It is divided
into four main layers that are distinguished morphologically according to the differentiation status of
the keratinocytes as they cease to proliferate and move upward to produce the skin’s barrier. Note
that in adult IFE nuclear YAP/TAZ are restricted in cell clusters of the basal layer. (B) Early skin
and HF development. During early skin development, cells of the epidermis and dermis are highly
proliferative and highly positive for nuclear YAP/TAZ. Once the epidermis starts to stratify, only the
proliferative cells in the basal layer maintain nuclear YAP/TAZ. HF development is initiated by an
epidermal–mesenchymal cross-talk inducing condensation of mesenchymal cells beneath the BM which
leads to the formation of a HF placode (HF stages 0–1). The HF placodes further matures into a hair
germ (HF stages 1–2), which start to engulf the dermal papilla fibroblasts (HF stages 3–4). At HF stages
5–6 the dermal papilla is fully encapsulated; the HF epithelial cells differentiate into the distinct HF
layers and the bulge and SG start to form. All cell compartments are clearly visible at HF stage 7–8
and the HF shaft emerges through the epidermis. YAP is nuclear in the placode and hair germ cells of
the epidermis and dermis (HF stage 0–2) and then becomes more restricted to the highly proliferative
basal epithelial cells (HF stage 3–8). YAP/TAZ are highly nuclear in the HF matrix, and there are
additional cell cluster with nuclear YAP in the IFE and SG. Note that due to its wide-spread expression
in skin, only nuclear YAP/TAZ are shown to indicate sites of YAPTAZ activity. Abbreviations: BM,
basement membrane; Bu, bulge; DP, dermal papilla; HF, hair follicle; HG, hair germ; HS, hair shaft; IFE,
interfollicular epidermis; IRS, inner root sheath; Mx matrix; ORS outer root sheath; SG, sebaceous gland.

Contiguous with the IFE are HFs (Figure 1), which are encased by the BM and frequently cycle
between growth and resting phase. Within the HF epithelium multiple SC populations have been
identified through the use of lineage tracing and flow cytometry (for a comprehensive review on
lineage tracing see [16,17]). These include SCs of the junctional zone between the IFE, HF and SG
(Figure 1), which express the receptor tyrosine kinase regulator Lrig1, and cells of the lower hair follicle
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that express the R-spondin receptor Lgr5, the transmembrane phosphoglycoprotein CD34, keratins
Krt15 and Krt19 and Sox9 [2,18]. In addition, Gli1+ and Lgr6+ stem cells are found in the upper hair
follicle and with the latter scattered within the IFE [2,18].

Upon growth induction, cells in the HF lower bulge become activated, proliferate and differentiate
in the district hair layers through a complex mesenchymal–epithelial cross-talk, while the lower HF
portion expands [3,5]. The upper portion of the HF, which includes the infundibulum, junctional
zone and sebaceous glands, does not cycle but undergoes frequent turnover governed by multiple
resident SC pools, each responsible for maintaining homeostasis of their nearby territory [2,3]. Similar
to the IFE, in the SG proliferating cells anchored to the BM support turnover of differentiated cells [2].
In contrast to mouse skin, the epidermis in human skin is proportionately much more interfollicular,
is much thicker and the epidermis–dermis junction is undulated [19]. These epidermal invaginations
are referred to as rete ridges and their width and depth varies with age and disease [20]. Human IFE
SCs have been shown to reside in cluster between rete ridges and decline with age [20–23].

The dermis is composed of different sublayers that are distinguished by cell type, cell density,
and extracellular matrix (ECM) composition (Figure 1) [3,24]. The papillary dermis is located closest to
the IFE and displays a high fibroblast density. The reticular dermis is the central and largest layer of
the dermis, and consists of a thick, highly organised collagen fibre-rich ECM with sparsely embedded
fibroblasts. Under the reticular dermis lies the dermal white adipose tissue (DWAT), also referred to
as hypodermis, which harbours pre- and mature adipocytes [3]. In addition specialised fibroblast
subpopulations are associated with the blood vessels (pericytes) and HFs giving rise to the dermal
sheath, dermal papilla and the arrector pili muscle (APM) (Figure 1). The dermis is highly vascularised
and innervated, and cells of the immune system traffic through both the dermis and epidermis [24].

3. Skin Morphogenesis and Hair Follicle Development

Shortly after gastrulation, the skin forms as a flat single-layered epithelium from the surface
ectoderm and the dermis (arising from the mesoderm) appears homogenous in composition [5].
Initially, unspecified epidermal progenitors divide exclusively parallel to the BM underneath,
but within several days, divisions become first oblique and then more perpendicular, leading to
asymmetric fates, stratification, and differentiation of the epidermis [5] (Figure 2B). Local induction of
WNT signalling in the epidermis and subsequently in the dermis causes epidermal cells with high
levels of WNT signalling to cluster into HF placodes, which are characterised by expression of adult
SC markers such as the transcription factor (TF) Sox9, and Lrig1 and Lgr6 [5,16]. Production of sonic
hedgehog (SHH) by WNThi cells then induces further HF maturation, during which SC markers begin
to segregate into the distinct HF compartments including the HF bulge, junctional zone, isthmus and
sebaceous gland [2,18] (Figure 2B). By the time epidermal morphogenesis is complete, the SCs of the
different HF compartments then reside in discrete niches whose cellular components and other sources
of signalling factors heavily influence their behaviour [1,3,5].

During embryonic development multipotent fibroblasts are highly proliferative and start to
differentiate into papillary and reticular lineages [7,9]. While the papillary fibroblasts give rise to
the dermal sheath, dermal papilla and APM, reticular cells differentiate to preadipocyte and mature
adipocytes [7,9]. Postnatally, fibroblasts stop proliferating and enter a quiescent state for efficient ECM
deposition and remodelling. During dermal maturation fibroblast lineages become segregated by
increased ECM deposition, start intermixing and lineage marker expression dynamically changes with
age. While dermal fibroblast density and the papillary layer decrease with age, there is an increase
in adipocyte layer [11,25,26]. Intriguingly, it was shown that the coordinated switch in fibroblast
behaviour from being highly proliferative in embryonic development to quiescence postnatally in
order to allow efficient ECM deposition/remodelling is balanced by a negative feedback loop which is
necessary and sufficient to define dermal architecture during development [27]. So far, the cell intrinsic
and extrinsic regulatory mechanisms controlling dermal fibroblast lineage identity, behaviour and fate,
are largely unknown.
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4. Skin Homeostasis and Tissue Repair

Homeostasis of the IFE is maintained by a delicate balance between basal cell proliferation and
suprabasal cell differentiation/stratification (Figure 2A). At the onset of differentiation, basal cells
become detached (delaminate) from the BM, stop proliferating, and once located in the suprabasal cell
layer, start executing terminal cell differentiation programmes that involve extensive remodelling of
intracellular proteins, intercellular junctions, lipid extrusion and nuclear fragmentation. These events
culminate in the terminally differentiated cells becoming highly cross-linked scales that are exfoliated
from the surface of the skin [28,29]. Intriguingly the temporal and spatial dynamics of differentiation
commitment seems to be controlled by autoregulatory network of phosphatases [30].

While several SC populations have been described in the HFs which maintain homeostasis and
are able to participate to wound repair, the identity and organisation of SCs within the IFE is still
an unresolved matter. Early studies of human and mouse epidermis revealed heterogeneity in the
propensity of basal IFE cells to proliferate, and the concept arose that IFE SCs self-renew infrequently,
while their progeny undergo a small number of amplifying divisions prior to the onset of terminal
differentiation [31,32]. Such so-called transit amplifying cells were also identified in vitro in studies of
colony formation by cultured human epidermal cells [33,34]. While it was first believed that the IFE is
maintained by a single cell population [35] further studies showed that basal cells in mouse epidermis
are heterogeneous and some exhibit SC characteristics [36,37]. Single-cell transcriptomic analysis of
cultured human epidermal cells [38] and mouse and human epidermis [39,40] further supports the
concept of IFE SC heterogeneity.

In the dermis, clonal lineage tracing revealed that fibroblast turnover is very low lineages and
lineages remain in a quiescence state long-term to deposit and remodel their surrounding ECM
during homeostasis. If mesenchymal SC actively contribute to dermal homeostasis is still a matter of
debate [41].

During wound healing different cell types of the epidermis and dermis are coordinated to
regenerate the skin [3,4]. In the initial inflammatory phase, a blood clot forms and immune cells
infiltrate the wound bed, which is followed by epidermal and dermal cells starting to proliferate and
to migrate into the wound bed in the proliferative phase. During resolution phase, epidermal cells
still proliferate, while dermal fibroblasts enter quiescence to allow for efficient ECM deposition and
remodelling. Recently it was shown that epidermal cells organise in concentric zones with distinct
cellular activity and gene expression [42,43]. In the wound bed central migratory zone, cell migration
and differentiation are tightly coordinated to promote epidermal thickening and wound closure. In the
second (proliferative) zone cells are highly proliferative, polarised towards the migration direction and
control the involvement of surrounding epithelial cells in the unwounded area. Although different
epidermal cells from the IFE and HF contribute to wound repair, within the wound healing zones
they exhibit similar behaviour in cell proliferation, migration and differentiation. Indeed, during
wound healing, SCs exhibit a high degree of plasticity and temporarily lose their lineage restriction [36].
In addition, it was recently shown that differentiated sebaceous duct cells are able to dedifferentiate,
proliferate and regenerate the IFE long-term, however the transcriptional and epigenetic mechanisms
are still unclear [44].

Upon wounding different fibroblast lineages become activated (α-smooth muscle actin
(aSMA)-positive myofibroblasts) at the wound site, quickly resume proliferation and migrate into the
wound bed [11,27]. While fibroblast in the reticular and adipocyte layer mediate the initial phase of
wound repair, papillary fibroblasts are recruited at a later stage and dermal papilla and APM fibroblasts
seem not to contribute at all [9,11,45]. Intriguingly, besides depositing/remodelling ECM in the wound
bed, myofibroblasts are able to acquire a dermal papilla or adipocyte fate in response to distinct signals
promoting hair follicle and adipocyte regeneration [46–48]. After tissue repair, wound bed fibroblasts
re-establish a quiescent state to maintain skin homeostasis. The signals controlling distinct fibroblast
lineage recruitment and promoting myofibroblast conversion to other mesenchymal cell populations
are largely unclear.
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5. Skin Cancer

Skin cancers can be divided into cutaneous melanomas and nonmelanoma skin cancers (NMSCs).
NMSCs are by far the most frequently diagnosed human cancers worldwide [49]. NMSCs comprise
various types of carcinomas, such as basal cell carcinomas (BCCs), cutaneous squamous cell carcinomas
(cSCCs), keratoacanthomas, Merkel cell carcinomas, cutaneous lymphomas, angiosarcomas and various
rare adnexal tumours. Approximately 80% of nonmelanoma skin cancers are BCCs and 20% are
cSCCs [49,50]. Both types of NMSCs originate from the epidermis. Although BCC is a malignant
cancer, it is generally only locally invasive and rarely metastasises [49]. UV radiation is the principal
mutagen in BCC pathogenesis, and dysregulation of the SHH/PTCH1/SMO pathway is central to
BCC development [49]. Overexpression of the Hedgehog pathway, either through deletion of PTCH1,
mutational activation of SMO, or overexpression of GLI1 or GLI2 have been reported in human
and mouse BCC [19,49,50]. Compared to BCC, cSCC is a more aggressive tumour that can form
lethal metastases and is associated with mutation in RAS GTPases (HRAS and KRAS), cell cycle
regulators such as TP53 and CDKN2A and Notch signalling receptors (NOTCH1, NOTCH2, and
NOTCH3) [13,14,49,51]. cSCC can be induced in mice through multistage carcinogenesis models
employing either UV irradiation or chemical carcinogens or forced expression of oncogenes targeted to
the epidermis [14,15,51]. Interestingly, studies using transgenic mice with expression of oncogenic
KRAS in different compartments of adult epidermis revealed that both HF and IFE SCs represent
the cells of origin of mouse cSCC [14]. However, oncogenic targeting of HF SCs led to formation of
more aggressive and less differentiated cSCCs with features of epithelial to mesenchymal transition
(EMT) [14]. Like cSCC, murine BCC can also arise from multiple epidermal compartments [51].

Cutaneous melanoma originates from pigment-producing melanocytes [52]. The incidence of
cutaneous melanoma is substantially lower than that of NMSC; however, approximately 75% of skin
cancer deaths are due to metastatic melanoma [52]. Malignant transformation into melanoma follows a
sequential genetic model that results in constitutive activation of oncogenic signal transduction [52,53].
Oncogenic driver mutations in melanoma involve BRAF (~50%), NRAS, KRAS and HRAS (~25%) and
NF1 (~15%) [52,53]. Other frequent genetic alterations include activating TERT promoter mutations,
found in 30–80% of melanomas [52,53].

Communication between tumour cells and their microenvironment, including the tumour stroma
(the non-transformed tissue components associated with a tumour), plays an important role in the
development and progression of skin cancer [3,54–57]. Besides endothelial and immune cells, a major
component of the microenvironment is cancer-associated fibroblasts (CAFs), which play an important
role in the evolution of solid tumours. CAFs seem to originate from different mesenchymal populations,
ranging from normal fibroblasts and mesenchymal SCs to transdifferentiated epithelial and endothelial
cells. In contrast to normal fibroblasts, CAFs either reside within the tumour margin or infiltrate the
tumour mass and show increased proliferation, migration, ECM deposition and secretion of growth
factors and other ECM modulators [58,59]. To date there have been few studies of how different
fibroblast lineages contribute to tumour stroma formation, and whether the tumour stroma differs
between different types of skin cancers. Interestingly, one study showed that fibroblasts of the reticular
dermis are predisposed to differentiate into CAFs upon cSCC signals, assisting invasion and EMT [60].

6. The Hippo Signalling Pathway

The Hippo pathway is a highly conserved signal transduction pathway that regulates gene
expression. The core of the pathway is a kinase cascade that in mammals comprises MST1 (Ste20-like
kinase 1; also known as STK4) and MST2 (also known as STK3), the homologues of the D. melanogaster
Hpo kinase, large tumour suppressor kinase 1 (LATS1) and LATS2 (Warts in D. melanogaster), the adaptor
proteins Salvador 1 (SAV1) (Sav in D. melanogaster), MOB1A and MOB1B (Mats in D. melanogaster) and
the paralogous transcriptional coactivator proteins YAP and TAZ (Yorkie in D. melanogaster) [61–64].
In addition to LATS1/LATS2, NDR1 (STK38) and NDR2 (STK38L) also function as YAP/TAZ kinases [65].
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The predominant transcriptional binding partners of YAP/TAZ are TFs of the TEA domain (TEAD)
family (TEAD1–TEAD4) (scalloped in D. melanogaster) [61–64].

The functions of YAP and TAZ appear to be largely but not entirely redundant [66]. Indeed,
there is genetic evidence that—at least in certain tissue contexts—both paralogues might drive distinct
transcriptomes [67,68]. Inactivation of YAP usually has stronger consequences on cellular physiology
than of TAZ, but this might simply reflect different expression levels of YAP and TAZ [67].

Mechanistically, YAP/TAZ binds to gene enhancer elements in complex with a TEAD TF,
interacting with chromatin remodelling factors and modulating RNA polymerase II to drive or
repress the expression of target genes, which prominently include cell cycle, cell migration and cell
fate regulators [69–76]. Although TEAD factors are their predominant transcriptional interaction
partners, YAP/TAZ have been shown to physically interact with other TFs such as p73, RUNX1/2/3
and TBX5 [77–85]. YAP–TEAD complexes alone may likely not be sufficient to execute the different
transcriptional programmes. Indeed, bioinformatics analyses of the regulatory regions that are bound
by YAP/TAZ-TEAD complexes frequently identified cooperation between YAP/TEAD and other
TFs [73,74,85,86]. Therefore, YAP/TAZ cooperates with various TFs and chromatin regulators to
regulate target gene expression.

Upstream of YAP/TAZ, activation of MST1/MST2 induces the phosphorylation of SAV1 and
MOB1A/MOB1B, which assists MST1/MST2 in the recruitment, phosphorylation and activation of
LATS1/LATS2 [61,62,64]. In parallel to MST1/MST2, two groups of MAP4Ks (mitogen-activated
protein kinase kinase kinase kinase), MAP4K1/2/3/5 (homologs of Drosophila Happyhour (Hppy))
and MAP4K4/6/7 (homologs of Drosophila Misshapen (Msn)), can also directly phosphorylate
and activate LATS1/LATS2 [87–89]. Subsequently, LATS1/LATS2 phosphorylates YAP and TAZ on
several serine residues. Of these sites, the most relevant residues that keep YAP/TAZ inhibited
are S127 and S381 in human YAP and S89 and S311 in human TAZ [61,62,64]. YAP/TAZ S127/S89
phosphorylation by LATS1/LATS2 creates a binding site for 14-3-3 proteins which contribute to
keeping YAP/TAZ in the cytoplasm [90–92]. However, in many cellular contexts this signalling input
alone does not appear to be sufficient to inactivate YAP/TAZ, as several studies have documented
S127/S89-phosphorylated YAP/TAZ in the nucleus [21,82,93,94]. S381/S311 phosphorylation of YAP/TAZ
modulates their protein stability by triggering further phosphorylation by casein kinase 1δ or 1ε (CK1)
as well as ubiquitylation by the SKP1-CUL1-F-box protein (SCF) E3 ubiquitin ligase complex and
proteasomal degradation [90–92]. It should be noted here that Hippo pathway regulation is not static
in either ON or OFF state, but rather it is dynamic. YAP/TAZ is under constant phosphorylation
and dephosphorylation and is rapidly trafficked between the cytoplasm and the nucleus [95–98].
Altogether, these observations suggest that additional regulatory inputs need to work together with
the core Hippo pathway to fully inhibit YAP/TAZ activity.

The activity of the Hippo pathway is regulated by a multitude of upstream inputs, many of which
relay signals from the plasma membrane [62–64]. However, unlike other classical signal transduction
pathways, such as the epidermal growth factor (EGF), transforming growth factor-β (TGFβ) or WNT
signalling pathways, the Hippo pathway does not appear to have dedicated transmembrane receptors
and extracellular ligands. Rather, the Hippo pathway is regulated by a network of upstream signalling
components that have roles in other processes such as the establishment of cell adhesion [99–104],
cell morphology [105–108] and cell polarity [109–116]. The activity of the Hippo pathway is thus
modulated in response to mechanical strains and changes or defects in cell–cell and cell–ECM
adhesion [63,64,117] but also nutrient availability and other cellular stresses [118]. Therefore, the Hippo
pathway constitutes a sensor for tissue and cellular integrity rather than responding to dedicated
extracellular signalling molecules.

The biophysical properties of the extracellular environment and the cell shape are profound
regulators of Hippo pathway activity. Mechanical stress, such as that caused when cells are grown
on stiff surfaces, triggers YAP/TAZ nuclear translocation, whereas detachment from the ECM causes
YAP/TAZ nuclear export [93,102,105–107,119,120]. The effects of the mechanical properties of the ECM
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on the Hippo pathway are mediated by integrin complexes at cell–ECM adhesion sites (focal adhesions
and hemidesmosomes) and changes in the actomyosin cytoskeleton induced by integrin signalling
in response to physical ECM properties [100,102,103,121]. Although the mechanisms are not fully
understood, mechanical forces may further regulate YAP/TAZ through modulating the structure of
nuclear pores, and hence the nuclear translocation of YAP/TAZ [96].

The Hippo pathway is also modulated by extensive crosstalk with other signalling pathways.
In particular, these include G protein-coupled receptors (GPCRs) that are activated by lipids
(lysophosphatidic acid and sphingosine-1-phosphophate) or hormones (glucagon or adrenaline)
and signal through F-actin to regulate YAP/TAZ [122,123]; the WNT pathway, which regulates
YAP/TAZ through direct interaction with the β-catenin destruction complex and through destruction
complex-independent mechanisms [124–128]; SRC family kinases that either promote YAP nuclear
localisation and transcriptional activity directly by phosphorylating tyrosine residues or indirectly by
repressing LATS1/LATS2 [94,100,121,129–132]; and the PI3K pathway [100,103,133,134].

7. Expression of YAP and TAZ in Skin during Development, Homeostasis, Regeneration
and Cancer

In both mouse and human epidermis, there is a clear correlation between nuclear localisation
of YAP and the extent of cycling activity of epidermal SCs. In mouse skin, YAP expression was
demonstrated as early as embryonic day 12, when the epidermis exists as a single cell layer of
undifferentiated progenitors (Figure 2B). At this time point, YAP was shown to be predominantly
nuclear, suggesting it is already active as transcriptional coactivator [135]. On stratification, YAP
remains mostly concentrated in the basal epidermal cell layer, but the numbers of basal cells with nuclear
YAP localisation wanes as proliferative activity in the IFE gradually diminishes postnatally [100,135].
Similar changes in YAP expression patterns have also been documented in human epidermis [21,100].
The timing and patterning of TAZ expression during epidermal morphogenesis and in the postnatal
epidermis appears to coincide with that of YAP [100]. During HF formation, YAP remains nuclear
in the proliferative cell populations of the outer root sheet (ORS) and transit-amplifying matrix (Mx)
cells, but is cytoplasmic in the terminally differentiated lineages of the inner root sheet (IRS) and hair
shaft (HS) (Figure 2B) [135]. In adult epidermis, prominent yet cytoplasmic YAP expression can be
detected in the lower HF in telogen when SCs are quiescent, but YAP becomes nuclear in the HF during
growth phase (anagen) when SCs are actively cycling [136,137] (Figure 3). YAP is also expressed in
basal cells of SGs, where its nuclear localisation correlates with the expression of the proliferation
marker Ki67 [138]. In the adult IFE, YAP is cytoplasmic in suprabasal, differentiated cells and nuclear
in basal layer cells, but there is ambiguity in the literature about the extent of nuclear YAP abundance
in the basal layer [21,99,100,135–137,139,140]. It is worth noting that nuclear YAP abundance in the
IFE and HF junctional zone increases as HFs enter anagen [137] (Figure 3), which is consistent with
lineage tracing studies showing that basal IFE cells nearest to actively cycling HFs are considerably
more proliferative than the ones more distant [141]. Given the variation in HF densities at different
body sites, this may explain some of the differences in nuclear YAP abundance in adult mouse IFE
reported by different laboratories. In skin fibroblasts YAP is nuclear in proliferative cells and is mainly
cytoplasmatic in quiescent cells postnatally [21] (Figure 3).
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Figure 3. YAP localisation during HF cycling. (A,B) Schematic of a HF in the resting phase (telogen)
(A) and growth phase (anagen) (B). In telogen phase, YAP is mainly localised to the cytoplasm in bulge
and DP cells and there are only scattered cluster of cells with nuclear YAP in the IFE and SG. During
anagen the highly proliferative cells of the ORS and HF matrix display strong nuclear YAP localisation,
while YAP is cytoplasmatic in differentiating cells of the IRS and HS. Beside cell clusters with nuclear
YAP in the IFE and SG during anagen, some DP cells also display YAP in the nucleus. Note that only
nuclear YAP is shown. (C) Immunostaining for YAP (red) and Itga6 (green) of mouse skin during
telogen, early anagen and full anagen. Nuclei are stained with DAPI (blue). Note, the strong increase in
nuclear YAP in the HG and infundibulum during anagen induction. Scale bars, 50 μm. Abbreviations:
Bu, bulge; DP, dermal papilla; HF, hair follicle; HG, hair germ; HS, hair shaft; IFE, interfollicular
epidermis; IRS, inner root sheath; Mx matrix; ORS outer root sheath; SG, sebaceous gland.

Upon skin wounding, increased numbers of cells with nuclear YAP/TAZ can be observed
predominantly in the basal cell layer of the migrating epidermal tongue at the wound edge, but also
in suprabasal cells [21,100]. This pattern is maintained after wound closure when the IFE is still
hyperproliferative, but YAP (and supposedly also TAZ) becomes increasingly cytoplasmic again once
tissue homeostasis has been re-established [21]. While YAP is mainly cytoplasmic in fibroblasts in
adult dermis, it highly expressed and nuclear in dermal cells in and outside the wound bed in the
early wound healing phase [21]. Increased epidermal YAP expression has also been documented in
psoriasis, a chronic inflammatory skin disease inducing hyperproliferation and abnormal differentiation
of epidermal keratinocytes [142]. Similarly, YAP is highly expressed and nuclear in fibrosis of the
skin and other tissues, a disease condition characterised by excessive ECM deposition/remodelling,
inflammation and skin cell proliferation [143].

YAP is also overexpressed in most types of human and murine epidermal cancers [101,135,139,
144,145]. In cSCC, increased YAP expression was shown to correlate with disease progression [139,145].
Well-differentiated human cSCC presented nuclear YAP expression at the invasive tumour front, and
poorly differentiated cSCCs with mesenchymal features showed a homogeneous stronger nuclear
staining [139]. In contrast, TAZ was found to be expressed mainly in the cytoplasm of a subset of
well-differentiated and poorly differentiated cSCC, and few cells stained positive for nuclear TAZ [139].
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YAP is also strongly expressed and nuclear in spindle cell carcinoma (spSCC), a morphologically
distinct type of cSCC with pronounced mesenchymal features [146]. In BCC, YAP is highly expressed
and nuclear in superficial, nodular and infiltrative forms, while TAZ is mostly expressed in the
tumour-surrounding mesenchyme [139,144,147,148]. In kerathoacanthoma, increased nuclear YAP
expression has been observed in subset of tumours with low expression on the adherens junction
component α-catenin [101]. YAP is also overexpressed in trichilemmal carcinoma and pilomatrixoma,
rare tumours of HFs [149,150].

In a recent study, YAP protein expression was found to be elevated in benign melanocytic nevi and
primary cutaneous melanomas, but YAP was present at only very low levels in normal melanocytes in
healthy human skin [151]. Interestingly, more melanocytic cells in nevi and in early stage cutaneous
melanomas had higher nuclear YAP abundance compared to cells from metastatic disease [151]. This
study also found YAP to be ubiquitously expressed across a panel of melanoma cell lines, while TAZ
expression was observed in most but not all cell lines [151]. In contrast, a different study found the
expression of TAZ to be upregulated in human melanoma cell lines [152].

8. YAP/TAZ Drive Proliferation of Epidermal SCs and Fibroblasts during Development and
Tissue Regeneration

In line with the timing and patterning of YAP expression during epidermal development,
conditional knockout of YAP in Krt14-expressing epidermal progenitors of mouse skin (K14-Cre/YAP
knockout mice) resulted in severe epidermal hypoplasia caused by insufficient proliferation of SCs to
sustain epidermal morphogenesis, particularly in skin areas with high growth demand [99]. Vice versa,
human Krt14 promoter-driven expression during mouse embryogenesis of a mutant YAP transgene
(YAP-S127A, hereafter referred to as K14/YAP-S127A) with enhanced nuclear localisation led to the
formation of a hyperthickened epidermis and impaired differentiation and invagination of HFs
as a consequence of increased SC proliferation at the expense of terminal differentiation [99,135].
Accordingly, a genome-wide RNA interference (RNAi) screen identified YAP as an essential regulator
of proliferation of human IFE SCs in culture, when they are actively cycling [21]. Expression of
the YAP-S127A or NLS-YAP-5SA transgene (bovine Krt5 promoter-driven transgene with all five
serine phosphorylation sites mutated and its N-terminus fused to a NLS; hereafter referred to as
K5/NLS-YAP-5SA) both caused severe tissue dysplasia in adult epidermis that eventually progressed to
tumour-like masses resembling cSCCs [99,146]. In stark contrast, adult mice expressing another YAP
transgene (YAP-5SA-ΔC, lacking the transactivation domain and expressed under control of the bovine
Krt5 promoter; hereafter referred to as K5/YAP-5SA-ΔC) displayed enhanced nuclear localisation
and developed only a mild skin phenotype with later onset of epidermal hyperthickening and hair
loss [136,137]. In fibroblasts, the YAP-5SA-ΔC transgene was found to display reduced transcriptional
coactivator activity due to decreased nuclear accumulation [97]. However, YAP-5SA-ΔC showed
strong nuclear accumulation in epidermal cells [137]. This suggests that sequences other than the
C-terminus are involved in controlling nucleocytoplasmic shuttling in the context of keratinocytes.
Interestingly, while K14/YAP-S127A transgenic mice displayed loss of terminally differentiated cell
types in the IFE [99,135], the hyperthickening of K5/YAP-5SA-ΔC IFE was caused by expansion of both
the basal and suprabasal cell compartments as well as hyperkeratinisation in the most differentiated cell
layers [136]. This suggests that the C-terminus of YAP (including the YAP transactivation domain and
PDZ-binding motif) may control the balance between epidermal SC proliferation and differentiation in
the IFE. Consistent with the predominant nuclear localisation of YAP in SC-containing compartments
during HF growth, K5/YAP-5SA-ΔC transgenic mice displayed striking HF abnormalities due to
marked expansion of the SC populations in the lower HF [136]. In line with this, two weeks after
tamoxifen-induced epidermal depletion of YAP and TAZ (K5-CreERT/YAP/TAZ), mice developed
progressive hair loss and HF growth was completely blocked in neonates [100]. Apart from a moderate
decrease in proliferation the IFE of adult K5-CreERT/YAP/TAZ double knockout mice showed no
obvious abnormalities consistent with the lower nuclear abundance of YAP (and TAZ) in the basal cell
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layer of adult compared to foetal and neonatal mice [100]. Surprisingly, two other studies reported no
obvious skin phenotypes in epidermis-restricted conditional YAP/TAZ double knockout mice [73,139].
This discrepancy can likely be explained by the different promoters used to drive conditional Cre
transgene expression (bovine Krt5 promoter [100] vs. human Krt14 promoter [73,139]), which have
different deletion efficiencies and onsets/timings [153–155]. Skin grafting experiments revealed that
YAP knockdown significantly impaired SG development, and SGs were found to be grossly enlarged
in K5/YAP-5SA-ΔC mice, pointing to a role of YAP in controlling SG homeostasis [136,138]. In contrast
to the epidermis, the role of YAP/TAZ signalling in dermal fibroblasts during development and
maturation remains largely unclear.

Consistent with the increased nuclear localisation of YAP/TAZ upon skin wounding, conditional
YAP/TAZ knockout in the adult epidermis or topical application of interfering RNAs onto skin wounds
slowed down wound closure due to reduced cell proliferation [100,156]. Similarly, RNAi-mediated
YAP knock down in human primary keratinocyte cultures caused impaired regeneration of epidermal
tissue in 3D organotypic skin cultures. The hypoplastic epidermis reconstituted by YAP knockdown
keratinocytes also displayed premature onset of terminal differentiation, again highlighting the dual
role of YAP in balancing SC proliferation and differentiation [21]. Interestingly, nuclear YAP abundance
is prominent in basal cells throughout the wound healing zones of the regenerating epidermis [21],
including the leading edge closest to the wound where cells are not proliferating but migrate as a
sheet [4]. This suggests a role of YAP/TAZ in positively regulating keratinocyte migration, similar to
what has been observed in other cell types [85,157,158]. In diabetic wounds with delayed healing,
YAP expression is reduced, which can be recapitulated in vitro when dermal fibroblasts are cultured
under high glucose condition [159]. In fibroblasts, YAP/TAZ knockdown attenuates key fibroblast
functions, including matrix synthesis, contraction, proliferation on stiffmatrix, whereas overexpression
of activated mutants promotes fibroblast growth on soft matrix and drive fibrosis in vivo [143].

Interestingly, knock-in mice expressing a mutated version of YAP (YAP-S79A) that is unable to
interact with TEAD TFs phenocopied the severe skin hypoplasia of YAP conditional knockout
mice [99]. Likewise, RNAi-mediated silencing of TEAD expression was shown to significantly
impair proliferation of primary mouse and human keratinocytes in culture [21,135]. These findings
provided genetic evidence that TEADs are likely to be major transcriptional partners in epidermal
SC proliferation. However, it cannot be ruled out that YAP/TAZ might interact also with other
TFs and coactivators involved in controlling epidermal SC functions, as there is evidence that
YAP/TAZ form a nuclear complex with SMAD2/3 [160] and mediate nuclear accumulation of activated
β-catenin [137] in a human keratinocyte cell line. Indeed, the hypoplastic abnormalities in the
epidermis of K5/YAP-5SA-ΔC transgenic mice were shown to involve activation of WNT16/β-catenin
and TGF-β signalling [137,161,162] consistent with the well-established role of WNT and TGF-β
signalling in controlling epidermal SC functions [163–167]. Although YAP is by default a transcriptional
coactivator, it can also act as a corepressor in a complex with TEAD transcription factors and
distinct chromatin-modifying proteins [76]. Thus, the increased expression of terminal differentiation
markers observed in YAP knock down keratinocytes in culture [21,135] and in YAP/TAZ double
knock out epidermis in vivo [119] could be directly linked to putative corepressor functions of YAP.
YAP’s coactivator functions to drive TEAD-mediated gene transcription depend on its cofactor
WBP2 [21]. While WBP2 knockout mice did not have hair growth abnormalities, they displayed
reduced proliferation in the regenerating epidermis after skin wounding, thereby phenocopying some
aspects of epidermis-specific loss of YAP/TAZ [21].

RNA sequencing followed by gene set enrichment analysis of human keratinocyte cell lines
transfected with YAP-5SA or YAP-specific siRNAs led to identification of YAP-regulated gene sets that
included cell cycle reactomes (such as E2F targets or cyclin E-associated genes) and cell growth reactomes
(including transcriptional cell cycle regulators such as Myc, and global translation regulators) [100],
similar to what has been found in other cell types [73,74]. Interestingly, the epidermal transcriptome
of K5/YAP-5SA-ΔC transgenic mice was found to be enriched in genes that drive growth of cSCC
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cells [21,161]; consistent with the idea that aberrant YAP activation induces a premalignant tissue
state that can progress further to neoplasia [99,136]. Among the key direct transcriptional targets of
YAP/TAZ identified in the epidermis context are Cyr61 (CCN1) [21,100,135], CTGF (CCN2) [21,119],
ITGB1 [100], TGFBR3 [161] and the Notch ligands DLL1 and JAG2 [119]. Many of these YAP/TAZ target
genes appear to function in positive feedback loops that maintain epidermal SC identity. For example,
by controlling the expression of Notch ligands, YAP/TAZ appear to keep Notch receptors on the surface
of epidermal SCs inactive (a process called cis-inhibition) and unable to receive differentiation-inducing
Notch signals coming from neighbouring cells in-trans [119]. YAP/TAZ were previously shown to
mediate alternative WNT signalling through the expression of secreted WNT inhibitors to suppress
canonical WNT/β-catenin signalling [128]. However, in the epidermis of K5/YAP-5SA-ΔC transgenic
mice, only WNT16 is induced by YAP, and it behaves as a canonical WNT ligand that activates
β-catenin [162]. During skin wound healing, YAP/TAZ modulates the expression of TGF-β1 signalling
pathway components, likely by acting in concert with AP-1 TFs and SMAD7 [156,168].

9. YAP/TAZ Activity in Skin is Controlled by Hippo Signalling-Dependent and Independent
Signalling Mechanisms

All components of the core Hippo kinase cascade are expressed in both mouse and human
keratinocytes [21,99,121,149]. However, there is ambiguity as to what extent Hippo signalling is
involved in controlling the activity of YAP/TAZ in the epidermis. Conditional knockout of MST1/MST2
in mouse epidermis proved to be inconsequential for epidermal homeostasis and YAP activity [99].
In contrast, epidermis-restricted conditional knockout of MOB1A and MOB1B in postnatal skin
led to gross abnormalities of IFE and HFs caused by marked expansion of the SC populations [149],
reminiscent of the skin phenotypes of K14/YAP-S127A and K5/YAP-5SA-ΔC transgenic mice [99,135,136].
Indeed, dramatic expansion of cells with nuclear YAP was reported in the epidermis of MOB1A/MOB1B
double knockout mice, and primary keratinocytes failed to exclude YAP from the nucleus in response to
high cell densities, consistent with a defective Hippo pathway [149]. The consequences of conditional
LATS1/LATS2 double knockout in the epidermis have not yet been studied. However, reduced
expression and activating phosphorylation of LATS1/LATS2 in MOB1A/MOB1B keratinocytes in
response to activation of upstream kinases [149], as well as increased YAP transcriptional activity
upon RNAi-mediated LATS1/LATS2 ablation of [121], point towards involvement of LATS1/LATS2 in
controlling YAP/TAZ in mouse epidermis (Figure 4). Interestingly knockdown of LATS1/LATS2 in a
human keratinocyte cell line impacted nuclear YAP transcriptional activity only in confluent but not
in dense cultures, indicating that cell compaction and reduced adhesive area are major triggers for
YAP/TAZ localisation [21,106].
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Figure 4. Regulation of YAP/TAZ in epidermal cells. Hippo signalling via MOB1A/MOB1B and
LATS1/LATS2 inhibits YAP/TAZ via serine phosphorylation (yellow) to promote cytoplasmic retention.
The kinases activating MOB1A/MOB1B and LATS1/LATS2 are not known. Integrin (ITG)–SRC signalling
promotes YAP/TAZ nuclear localisation and TEAD binding. SRC can directly phosphorylate YAP/TAZ
on tyrosine residues (orange) but may also act indirectly to activate Hippo signalling. A contractile
F-actin-myosin cytoskeleton helps stabilise ITGβ1 adhesions and thus may contribute to SRC activation,
while ITGβ4 adhesions are part of hemidesmosomal complexes that are stabilised by keratin intermediate
filaments (not shown). At adherens junctions, α-catenin controls YAP/TAZ activity and phosphorylation
by modulating its interaction with 14-3-3 and the PP2A phosphatase. In proliferating cells of the
sebaceous gland, activation of caspase-3 cleaves α-catenin, thus facilitating the activation and nuclear
translocation of YAP/TAZ. α-catenin can also inhibit ITGβ4-mediated direct activation of SRC. Putative
nuclear interactions of YAP/TAZ with other transcription factors are also indicated.

Indeed, several studies have identified the adherens junction component αE-catenin as a cell
density-dependent YAP regulator [99,101,121]. These functions of αE-catenin involve its signalling
properties but appear to be independent of cadherin-mediated adhesion [99]. Genetic ablation
of αE-catenin in murine epidermis (using K14-Cre mice) or more specifically in the HF bulge
(using GFAP-Cre mice) led to a hyperproliferative phenotype that was caused by increased nuclear
abundance of YAP in the basal and suprabasal epidermal cell layers [99,101,121]. Two mechanisms
of αE-catenin-mediated regulation of YAP/TAZ have been identified. In one mechanism, αE-catenin
was found to promote cytoplasmic YAP localisation and S127 phosphorylation directly by modulating
its interaction with 14-3-3 and the PP2Ac phosphatase [99] (Figure 4). This mechanism appears to
operate also in SGs, where complex formation between αE-catenin, 14-3-3 and YAP is negatively
regulated by Caspase 3-mediated cleavage of αE-catenin [138]. In a second mechanism, αE-catenin
was found to supress SRC family kinase (SFK)-mediated tyrosine phosphorylation of YAP which
otherwise promotes YAP’s nuclear localisation and TEAD binding [121] (Figure 4). Interestingly,
both αE-catenin-dependent mechanisms appear to operate independently of LATS1/LATS2. When
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human keratinocytes were seeded onto ECM-coated polydimethylsiloxane elastomer substrates that
mimic the epidermal–dermal interface [20], flattened cells with nuclear YAP where found to cluster at
the tips of the substrates, while compacted cells with cytoplasmic YAP populated the sides and troughs
of the substrates [21]. This patterning was shown to be dependent on mechanical forces exerted at
intercellular junctions and modulated by SFKs and Rho GTPase signalling in response to undulations
in the epidermal–dermal interface [21,169]. These findings suggest an additional layer of complexity
in the regulation of YAP/TAZ by adherens junctions, namely that their stability and the organization
and contractility of the associated actin cytoskeleton control the extent of cell compaction and thereby
nucleocytoplasmic shuttling of YAP/TAZ independent of LATS1/LATS2 [21,170].

Integrin and ECM expression not only provide epidermal SC markers, but they also regulate SC fate
during homeostasis, tissue repair and cancer progression [171,172]. When human keratinocyte cultures
were fractionated by differential adhesion to extracellular matrix, expression of YAP was found to be
highest in the rapidly adhering, ITGB1hi, SC-enriched, fraction [21]. In line with this, inhibition of ITGB1
with function-blocking antibodies or RNAi, or inhibition of the downstream effectors SRC and FAK or
PI3K profoundly impaired YAP/TAZ nuclear localisation in a human keratinocyte cell line [100]. In vivo,
conditional deletion of SRC or FAK in the epidermis, or pharmacological inhibition of SFK activity, led
to decreased YAP levels and nuclear localisation in basal keratinocytes in skin [100]. Mechanistically,
ITGB1-mediated YAP-activation appears to depend on the integrity and proper organisation of the
F-actin cytoskeleton [100,173,174], but less so on actomyosin contractility [21,100]. Interestingly,
ITGB1-mediated cell-ECM adhesion is stimulated by CTGF, one of the universal gene targets of
YAP/TAZ/TEADs, suggesting a positive feedback loop that maintains epidermal SC identity [175].
Beside ITGB1 the hemidesmosome-associated ITGB4 [176] was also shown to control YAP activity via
direct SRC-mediated phosphorylation of YAP [121]. Interestingly, ITGB4-mediated YAP activation
is negatively regulated by αE-catenin [121], highlighting cross-talk between cadherins/catenins in
adherens junctions and basal integrins as an important mechanism that coordinates SC cycling and
terminal differentiation commitment during homeostasis and tissue repair [177].

In fibroblasts, increased ECM stiffness mechano-activates YAP/TAZ, which induces expression of
profibrotic mediators such as PAI-1 and ECM proteins that provide a feed-forward loop maintaining
fibroblast activation and tissue fibrosis [143]. Using photodegradable hydrogels of tuneable stiffness
it was shown that YAP acts as a mechanical rheostat in mesenchymal SCs and promotes specific
cell fates in response to past matrix stiffness, suggesting that YAP is involved in the regulation of
mechanical cell memory [178]. While it is largely unknown if Hippo signalling differs in different
fibroblast subpopulations, it was shown that LATS2 repressed preadipocyte proliferation and promotes
adipocyte differentiation by inhibiting Wnt signalling and promoting PPARy transcriptional activity in
the nucleus [179].

Summarised, YAP/TAZ are essential drivers of proliferation of epidermal SCs and fibroblasts
during skin development and repair. The activity of epidermal YAP/TAZ is controlled by signalling
downstream of adherens junctions and integrins as well as the mechanical forces transduced and
imposed by their associated actin cytoskeleton. These mechanisms appear to work in concert with
Hippo signalling in a context-dependent manner (Figure 4). Consistent with their solitary nature,
mechanical signals seem to act as the predominant signalling cues in the regulation of YAP/TAZ
in fibroblasts.

10. YAP and TAZ as Oncogenes in Skin Cancers

In accordance with their increased expression in epidermal cancers, YAP and TAZ were
found to play key roles in the development of cSCC and BCC. In a mouse model of cSCC,
where activation of oncogenic KrasG12D in combination with Tp53 deletion in the hair follicle
lineage (using Lgr5-CreER/KrasG12D/Tp53KO mice) results in a wide spectrum of cSCC ranging from
well-differentiated cSCCs to tumours resembling spSCC, YAP/TAZ were demonstrated to be essential
for tumour initiation [139]. Upon conditional deletion of YAP/TAZ in Lgr5-CreER/KrasG12D/Tp53KO mice,
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cSCC/spSCC formation was completely abrogated, due to the rapid apoptosis of the oncogene expressing
cells [139]. Likewise, conditional deletion of YAP/TAZ in a mouse model of BCC (K14CreER/SmoM2
mice), which develops invasive BCCs post-expression of mutant SMO, efficiently prevented tumour
initiation [139]. A similar study found that conditional deletion of YAP alone significantly reduced
the tumour burden of K14CreER/SmoM2 mice, but did not completely abrogate BCC formation [144].
This suggests that in the context of BCC YAP is the dominant paralogue, but TAZ might provide
a compensatory mechanism in YAP-deficient BCC clones. Supporting the critical role of YAP in
BCC development, those tumours that did form in K14CreER/SmoM2 mice with conditional YAP
deletion represented SmoM2-expressing clones that had escaped Cre-mediated recombination [144].
Longitudinal tracking of the evolution of YAP-positive versus YAP-null clones further demonstrated that
the YAP-null clones were initially outcompeted by YAP-positive clones, and were eventually depleted
over time as the tumours progressed to an invasive phenotype [144], potentially due to increased
apoptosis [139]. Interestingly, YAP appears to promote the survival of BCC cells independently of
WNT and Hedgehog signalling, the major signalling pathways involved in BCC development [144].
However, activation of the Hedgehog effector GLI2 in the epidermis K5/YAP-5SA-ΔC was shown
to involve β-catenin [148]. YAP was shown to promote BCC initiation and progression via direct
interaction with TEAD transcription factors to drive JNK-Jun signalling both at the level of c-Jun gene
transcription but also upstream of c-Jun by controlling JNK activation [144]. c-Jun is a component
of the functionally diverse AP-1 transcription complex, and in several cell types, YAP/TAZ/TEAD
and AP-1 where shown to form a complex that synergistically activates target genes directly involved
in the cell cycle control of S-phase entry and mitosis [73,74,85]. Indeed, ChIP sequencing analysis
revealed co-occupation of chromatin regions by TEADs and AP-1 TFs in BCC [144]. Moreover, in a
chemical carcinogen-induced mouse model of epidermal tumorigenesis, YAP/TAZ was also shown
to be essential for tumour development [73]. Thus, YAP/TAZ/TEADs and AP-1 complexes appear to
interact at multiple levels to promote epidermal tumour initiation and progression.

YAP/TAZ and the TEADs were also found to play key roles in tumour progression of cutaneous
melanoma. Several studies found that RNAi-mediated silencing of YAP/TAZ in human melanoma
cell lines reduced cell proliferation, survival and anchorage-independent growth in 2D culture,
dermal invasion in 3D organotypic skin cultures, and in vivo lung metastasis following tail vein
injection [152,180,181]. Importantly, inhibition of YAP/TAZ function in melanoma cells was shown to
overcome resistance to BRAF inhibitors [182–184]. Mechanistically, the resistance to BRAF inhibitors
appears to involve evasion of the antitumour immune response by YAP/TAZ-driven upregulation of the
immune checkpoint ligand PD-L1 [185]. However, a recent study revealed that while targeting of YAP
and TAZ provided potent anti-melanoma effects against various human melanoma cell lines as well
as uncultured, therapy-naive melanoma cells grown as tumours in patient-derived xenograft (PDX)
assays, these effects were not evident in all PDX melanomas and cell lines [151]. Recently, somatic
hypermutation of YAP was detected in one patient’s melanoma [151]. These first ever described
hyperactivating YAP mutations in a human cancer manifested as seven distinct missense point
mutations that caused serine to alanine transpositions. Four of these serines are key residues that are
phosphorylated by the central Hippo pathway kinases LATS1/LATS2 and NDR1/NDR2 [61,62,64,65].
Consequently, the hypermutant YAP allele was shown to code for a highly active YAP protein [151].

Deregulation of the regulatory mechanisms that operate in healthy skin to control YAP/TAZ
leads to their hyperactivation in skin cancers: Conditional knockout of αE-catenin in the HF bulge
(using GFAP-Cre mice) was found to cause development of early onset keratoacanthomas displaying
increased nuclear abundance of YAP [101], and there is significant correlation between low αE-catenin
abundance and nuclear YAP localisation in human keratoacanthomas and cSCC [99,101]. Interestingly,
conditional MOB1A/MOB1B double knockout mice developed trichilemmal carcinomas, but no other
epidermal cancer types [149]. 14-3-3σ knockout mice displayed epidermal hyperplasia and increased
formation of papillomas and cSCCs in response to chemical carcinogenesis that strongly correlated
with enhanced nuclear YAP/TAZ abundance in the basal and suprabasal epidermal cell layers [186,187].
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Similar to epidermal cancers, SFKs are also important drivers of YAP/TAZ activity in melanoma
cells; however, in this context SFKs were shown to regulate YAP/TAZ indirectly by repressing
LATS1/LATS2 [129]. In BRAF inhibitor-resistant melanoma cells, inhibition of actin polymerisation
and actomyosin contractility was found to suppress both YAP/TAZ activity and drug-resistance, thus
highlighting an important role of the actin cytoskeleton in this context [183].

The cancer microenvironment is characterised by elevated mechanical force at the cell and tissue
levels. CAFs play a key role in the aberrant mechano-signalling observed in many tumour types [188].
Consistent with its role as a mechano-sensor, YAP is highly active in CAFs and essential to promote
CAF-induced matrix stiffness, cancer cell invasion and angiogenesis. It is believed that similar to fibrosis,
YAP establishes feed-forward loop between matrix stiffness and fibroblast activation maintaining CAF
phenotype long-term. Mechanistically, matrix stiffness promotes actomyosin-dependent regulation of
Src-family kinases to activate YAP by inducing a switch from 14-3-3 protein to TEAD1 and TEAD4
binding. YAP dependent expression of cytoskeletal regulators including ANLA, DIAPH3 and MYL9
then promotes further matrix remodelling and stiffening and thus maintaining YAP activation [120].
Similar to YAP–TEAD signalling the MRTF-SRF signalling axis also responds to extracellular signals
and mechanical stimuli. Transcriptional comparison revealed that for the CAF contractile and
pro-invasive phenotype both signalling pathways are essential and interdependent on the DNA level,
suggesting that MRF-SRF and YAP–TEAD pathway interact indirectly by modulating the cytoskeletal
dynamics /contractility [189]. Intriguingly, BCC progression in K14CreER/SmoM2 mice was shown to be
accompanied by activation of RhoA/ROCK signalling, fibroblast activation and ECM remodelling [148].
Therefore, in this context epidermal YAP may also be activated indirectly in response to the increased
dermal stiffness due to epidermal Hedgehog signalling activity.

Beside extracellular signals including cell–cell contact, mechanical stress or matrix stiffness,
also the metabolic status regulates YAP and LATS activity. Cellular energy starvation induces YAP
inactivation via the key energy sensor AMPK through direct phosphorylation at S94 and indirectly
through LATS kinase activation [190]. Recently, connections between ECM biophysical properties
and metabolic cross-talk between cancer cells and CAF have been elucidated [191]. It was shown
that CAF derived-aspartate supports cancer cell proliferation while cancer cell derived glutamate
regulates the redox state of CAFs to promote ECM remodelling. This metabolic reprogramming seems
to be dependent on the matrix stiffness and to be coordinated by YAP/TAZ through transcriptional
regulation of glutaminase and the aspartate/glutamate transporter SLC1A3. In addition to promoting
cell proliferation and contractility a role of YAP/TAZ in suppressing cell senescence has been described
where YAP directly controls expression of key enzymes involved in deoxynucleotide biosynthesis [192].

In summary, YAP/TAZ signalling seems to be largely dispensable for skin homeostasis in adulthood
but is essential for key processes of tumour initiation and progression in both epidermal and dermal cells.

11. Targeting YAP and TAZ for Skin Cancer Treatment

In the clinic, the biggest challenge for BCC, cSCC and cutaneous melanoma remains treatment
of patients with advanced or metastatic disease [13,49,50,52,193,194]. For comprehensive reviews on
current treatment options see [194–196]. The inconsequentiality of YAP/TAZ inactivation for normal
tissue function and their absolute requirement for cancer development and progression in the same
tissue makes YAP/TAZ very attractive for cancer therapy, highlighting the possibility that targeting
YAP/TAZ may display a large therapeutic window [197–199]. Since all upstream regulators ultimately
impact on YAP/TAZ nuclear availability and transcriptional responses, designing compounds able to
interfere at these levels may represent a ‘universal’ anti-YAP/TAZ strategy. One approach that could
have potential as a YAP-targeting therapy for cSCC is pharmacological inhibition of SFKs using the drug
dasatinib. In orthotopic mouse xenograft models, dasatinib treatment was shown to cause prominent
inhibition of tumour growth through interference with SFK-induced YAP nuclear translocation and
activation [121]. Of note, topical dasatinib application was recently found to induce regression of
murine cSCC with less inflammation, no ulceration and no mortality compared to treatment with
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5-fluorouracil, one of the standard chemotherapies for cSCC [200]. SFK inhibition-induced suppression
of YAP/TAZ activity might also be beneficial for the treatment of metastatic melanoma [129]. This could
be of particular importance in BRAF inhibitor-resistant melanomas, where drug resistance is conferred
through YAP/TAZ activation [182–184]. In this context, it worth highlighting that one study found that
interfering with the mechano-transducing functions of YAP/TAZ by inhibition of actin remodelling
could suppress BRAF inhibitor-resistance [183]. Another strategy to interfere with YAP/TAZ functions
that is currently under intensive investigation is to target the TEAD TFs [201–203]. Targeting the
YAP/TAZ-TEAD complex should directly diminish the potential side effects expected from targeting the
upstream proteins of the pathway which are interconnected with other signalling networks. Current
strategies can be categorized into two primary approaches. One is to block the protein–protein
interaction between YAP/TAZ and TEADs [204–207]. The other is to target a lipid pocket at the core of
the TEADs, occupied by a palmitoyl ligand that is essential for TEAD folding, stability and YAP/TAZ
binding [207–209]. The advantages and liabilities of disrupting the YAP/TAZ-TEAD complex through
these two distinct mechanisms have yet to be fully elucidated. As initiation and progression of BCC
and cSCC appears to critically depend on TEADs [73,144], small molecules able to interfere with
YAP/TAZ-TEAD interaction could hold great promise for therapeutic interventions inthese cancers.

12. Summary and Outlook

The research thus far shows that in the epidermis YAP and TAZ promote SC activation and cycling
for development and regeneration of HFs and SGs as well as IFE morphogenesis, but they appear to be
largely dispensable for IFE homeostasis in adult mice. Because current evidence of YAP/TAZ activation
as a cue for SC mobilisation and tissue regeneration comes from studies of mice and cultured cell
lines, at the moment, it is not clear whether primary human cells and organs can respond to YAP/TAZ
activation in the same way as cells from current murine models. It should be noted here that—at least
in culture—mouse and human keratinocytes display distinct growth behaviours [210,211]. It remains
thus to be tested if the ambiguous findings related to the involvement of LATS1/LATS2 and other
Hippo pathway components in the control of epidermal homeostasis and cancer development reflect
such cell-intrinsic differences between mice and humans. Also, the kinase(s) involved in activating
MOB1A/MOB1B and LATS1/LATS2 in keratinocytes still remain to be identified.

Beside cell–cell contact and the mechanical microenviroment, the cell metabolism has been recently
also identified to play a key role in YAP/TAZ regulation, suggesting that other regulatory mechanisms
will be discovered in the future.

The transcriptional programmes executed by YAP/TAZ to promote epidermal SC cycling during
development and tissue regeneration are still not fully characterised, as comprehensive YAP/TAZ ChIP
sequencing studies have not yet been performed. Likewise, we still know little about the genes and
processes under control of YAP/TAZ that drive nonmelanoma skin cancer initiation and progression.
Curative therapeutic approaches for BCC and cSCC with distant metastasis are still lacking. Therefore,
there is an urgent need to identify and understand the signalling pathways controlling initiation
and progression of these epidermal cancers. Their widespread activation in human skin cancers
and their essential function as a signalling hub pinpoint YAP/TAZ as prime candidates for effective
cancer treatments. Since YAP/TAZ function to suppress terminal differentiation, their inactivation
could potentially lead to ‘normalisation’ of cancer cells by reverting them from a more malignant to a
benign differentiated phenotype. To meet the high demands on transcriptional regulators set by cancer
cells to fuel their uncontrolled proliferation, YAP/TAZ need to interact with chromatin regulators,
transcriptional cofactors, and even the basal transcriptional machinery [72,73,212]. Thus, an in-depth
characterisation of the YAP/TAZ-associated machinery that drives this ‘transcriptional addiction’ in skin
cancer cells and enables YAP/TAZ to execute their various downstream transcriptional programmes
will help to inform new therapeutic approaches.

In dermal fibroblasts, YAP/TAZ signalling is essential for sensing the physical environment
of the cell and influences cell proliferation, ECM deposition and remodelling. Whether YAP/TAZ
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signalling is differentially regulated in different fibroblast subpopulations is currently unknown. Since
YAP signalling is influenced by many other signalling pathways (including WNT and TGF-β1) it is
tempting to speculate that YAP/TAZ signalling regulation and activity differs in papillary fibroblasts,
characterised by high WNT signalling activity, and in reticular fibroblasts showing a pronounced ECM
and immune gene signature [8]. Indeed, reticular fibroblasts have been identified as main drivers
for aberrant ECM deposition/remodelling during scar formation and fibrosis, which is associated
with increased YAP/TAZ signalling to establish a pathogenic feed-forward loop between matrix
stiffening, proliferation and activation. While progress has been made in identifying the signalling
pathways that contribute to fibrosis and cancer, we are still lacking a clear understanding of the
early pathogenic processes in the dermis inducing and maintaining aberrant fibroblast function. Thus,
dissecting the complex YAP/TAZ signalling crosstalk within different fibroblast populations during
tissue homeostasis, regeneration and disease will help develop novel treatment strategies targeting
aberrant fibroblast behaviour in fibrosis and cancer.

13. Materials and Methods

Figure 4 was created using Servier Medical Art templates, which are licensed under a Creative
Commons Attribution 3.0 Unported License.
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Abstract: The Hippo pathway is the key player in various signaling processes, including organ
development and maintenance of tissue homeostasis. This pathway comprises a core kinases module
and transcriptional activation module, representing a highly conserved mechanism from Drosophila
to vertebrates. The central MST1/2-LATS1/2 kinase cascade in this pathway negatively regulates
YAP/TAZ transcription co-activators in a phosphorylation-dependent manner. Nuclear YAP/TAZ
bind to transcription factors to stimulate gene expression, contributing to the regenerative potential
and regulation of cell growth and death. Recent studies have also highlighted the potential role of
Hippo pathway dysfunctions in the pathology of several diseases. Here, we review the functional
characteristics of the Hippo pathway in organ fibrosis and tumorigenesis, and discuss its potential as
new therapeutic targets.
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1. Introduction

The Hippo pathway is an evolutionarily conserved signaling transduction nexus that influences a
wide range of biological processes during the growth and development of tissues and organs. This
signaling pathway has recently been recognized as a master regulator of the malignant progression of
many cancers by regulating cell proliferation and stem/progenitor-cell expansion [1]. Genetic studies
in Drosophila provided the first identification of the Warts (Wts) as tumor suppressors [2,3].

Subsequent molecular studies further defined the details of core components of the Hippo pathway
and their cellular functions, including cell growth, proliferation, survival, and organ-size control,
demonstrating high levels of conservation from Drosophila to mammals. The Hippo pathway consists of a
core kinases module and a transcriptional activation module. In Drosophila, the Hippo pathway includes
a kinase cascade of Ste20-like kinase Hippo (Hpo) and NDR family kinase Wts [2–8]. Hpo forms
a complex with the scaffolding protein Sav to phosphorylate and activate Wts, which physically
associates with its regulatory protein Mob as Tumor Suppressor (Mats) [9–11]. Phosphorylated and
activated Wts then inactivates Yorkie (Yki) via phosphorylation at serine residues [12], allowing
it to interact with 14-3-3 and thereby accumulate in the cytosol [12–15]. The core components of
the mammalian Hippo pathway include a kinase cascade of mammalian sterile 20-like kinase 1/2
(MST1/2) and large tumor suppressor kinase 1/2 (LATS1/2) [8,16–18]. MST1/2 and its regulatory protein
SAV1 physically interact with and phosphorylate LATS1/2 kinase. Active LATS1/2 kinase in complex
with Mob1 phosphorylates and inactivates the transcriptional co-activator Yes-associated protein
(YAP) and transcriptional co-activator with a PDZ-binding motif (TAZ) to influence their subcellular
localization in a 14-3-3-dependent manner [12–15,19]. YAP has also been identified as YES1-interacting
protein, a tyrosine kinase, which is a key downstream effector of the Hippo pathway to function
as a transcriptional co-activator [20]. TAZ (encoded by WWTR) is composed of a WW domain and
PDZ-binding motif was demonstrated to play a key role as another mediator of the Hippo pathway
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similar to its paralog YAP [21]. Based on studies in Drosophila and mammals, the Hippo pathway kinase
LATS1/2 regulates YAP/TAZ activity and their subcellular localization by direct phosphorylation of five
consensus HX(R/H/K)XX(S/T) motifs [22–25]. Phosphorylated YAP/TAZ associate with 14-3-3 protein,
leading to their cytoplasmic accumulation and the consequent loss of transcriptional co-activator
function. Cytosolic YAP/TAZ are further phosphorylated by CK1 and LATS1/2, and are then rapidly
destroyed by the ubiquitin-proteasome and lysosome system [26]. Conversely, unphosphorylated
YAP/TAZ translocate to the nucleus and bind to the TEAD family transcription factors to activate
the transcription of target genes that promote cell proliferation and inhibit apoptosis [27,28]. Besides
TEADs, YAP/TAZ can interact with several other proteins, including Smad, Runx family, p73, ErbB4,
Pax3, TTF1, PPARγ, and TBX5, which are responsible for transcriptional activation, and VGLL4, which
is responsible for transcriptional repression [29].

Despite these functional similarities of YAP and TAZ, they nevertheless differ in their physiological
and developmental functions. Much progress has been made in identifying the multiple new regulators
of the Hippo pathway. Moreover, accumulating evidence, both physiological and pathological, points
to a role of the central upstream Hippo kinase cascade in regulating the downstream effectors YAP/TAZ
that sense extracellular environment signals, and integrate intracellular signaling to maintain a variety
of biological functions, including tissue homeostasis and cancer [30–32]. Here, we review this research
progress of the specific roles of YAP/TAZ to provide new insight into these important mediators of the
Hippo pathway as effectors of fibrosis and cancer progression.

2. The Hippo Pathway in Organ Fibrosis

Myofibroblasts are responsible for fibrogenesis and produce a series of extracellular matrix (ECM)
components such as collagens, laminins, and fibronectins to promote their contractile force. Recently,
the Hippo pathway was shown to contribute to the pathogenesis of fibrosis, in which hyperactive
YAP/TAZ accumulate in both the epithelial and stromal tissue compartments of fibrotic tissues.

2.1. Lung Fibrosis

The basic unit of the lungs is the pulmonary alveoli comprised of epithelial and ECM layers
surrounded by capillaries [33]. During lung development and repair, respiratory epithelial and
mesenchymal progenitors show dramatic changes in their cellular behavior to maintain the appropriate
cell type composition and structural organization of the lung epithelium through a re-epithelialization
process [34]. The alveolar epithelial cells are the main source of fibroblasts and myofibroblasts, which
convert to a mesenchymal cell phenotype following injury, and could trigger the development of
fibrosis through a process known as epithelial-mesenchymal transition (EMT). The Hippo pathway
controls epithelial progenitor cell proliferation, migration, and differentiation in the developing and
mature lungs [35,36].

TAZ is proposed to act as a co-activator of various transcriptional factors through binding of the
WW domain to the (L/P)PXY motif of transcriptional factors. During fetal lung development, TAZ and
thyroid transcription factor 1 (TTF-1) are co-expressed in respiratory epithelial cells, and TAZ directly
interacts with the (L/P)PXY motif of TTF-1 to activate the transcription of target genes, including
surfactant protein C (SP-C) that maintains lung morphogenesis [37]. Moreover, Mitani et al. [38]
showed that TAZ knockout mice exhibited abnormal lung alveolarization. Microarray analysis of
wild-type and TAZ-deficient mouse lungs revealed that connective tissue growth factor (Ctgf ), a known
direct TAZ-TEAD target gene, is the main player in peripheral epithelial cell differentiation and lung
development. Previous studies have also suggested that CTGF promotes EMT, lung fibrosis, and lung
development, implying a correlation between TAZ and CTGF in lung physiological and pathological
functions [39–41].

Moreover, the matrix mechanical environment influences the subcellular localization of YAP/TAZ
in lung fibroblasts [42]. An active YAP/TAZ positive feed-forward mechanism was shown to amplify
a profibrotic response to induce fibrosis in the lung tissue of mice following tail vein injection of
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YAP 5SA/TAZ 4SA-overexpressing fibroblasts. In a similar fashion, YAP and TAZ were found to be
highly expressed in the fibroblastic foci of the lungs from patients with idiopathic pulmonary fibrosis
(IPF) with obvious nuclear expression of YAP/TAZ, indicating that YAP/TAZ play a significant role
in fibrosis [43]. When cultured on a stiffmatrix, YAP/TAZ accumulated in the nucleus, and the lung
fibroblasts exhibited increased proliferation, contraction, and ECM production, comparable to the
results for cells cultured on a soft matrix. However, silencing of YAP and TAZ by small interfering
RNAs (siRNAs) reduced the fibroblast responses induced by a stiffmatrix, suggesting that YAP and
TAZ activation are indispensable for these phenotypic features of myofibroblasts. In further support
of the association of the function of YAP/TAZ with lung fibrosis, Liu et al. showed that the forced
expression of a constitutively active form of YAP and TAZ in lung fibroblasts increased the expression
of CTGF and PAI-1, also known as SERPINE1, along with that of ECM-related proteins such as
collagens and fibronectin on a stiff matrix. However, an active TAZ mutant could not induce the
expression of these ECM proteins in cells cultured on a soft matrix. These findings suggested that both
mechanical stress and fully activated TAZ are necessary to induce the expression of profibrotic genes
in the development of tissue fibrosis [44]. RNA sequencing identified that the genes that are positively
regulated by TAZ in lung fibroblasts are linked to cell migration and motility, and are closely related
to genes regulated by transforming growth factor (TGF)-β, a central mediator in lung fibrosis [43].
In addition, the profibrotic effect of YAP/TAZ was demonstrated in murine models of pulmonary
fibrosis. Deletion of a single copy of Taz (WWTR1) attenuated bleomycin-induced pulmonary fibrosis
and diminished collagen deposition and lung elastance, indicating that TAZ is a key molecule in
fibrogenic events [38]. More recently, emerging evidence suggests the involvement of microRNA
(miRNA) in IPF progression. For example, YAP1/Twist-induced fibroblast activation and fibrogenesis
were blocked by miR15a [45]. IPF is a progressive chronic interstitial lung disease and is usually a
fatal condition with no available cure [46]. IPF is characterized by fibroblast proliferation, remodeling
of the ECM, and the contraction of fibroblasts, which contribute to tissue tension or stiffness that
results in irreversible distortion of the lung architecture [47]. Single-cell RNA profiles from both
normal and IPF lung epithelial cells demonstrated that gene expression patterns of IPF cells were in a
multilineage-like state, which was not detected during normal lung development [48]. Transcriptomic
analysis of IPF cells identified abnormal activation of several pathways that regulate the multilineage
differentiation program, including TGF-β, Hippo, PI3K/AKT, p53, and Wnt signaling cascades. Nuclear
YAP localization was shown to be increased in IPF lung epithelial cells [49]. YAP cooperates with
mTOR-PI3K-AKT signaling to activate aberrant cell proliferation and migration, and inhibits the
epithelial cell differentiation that may be involved in the development of IPF. Thus, mechanistically,
YAP/TAZ activity contributes to the pathogenesis of IPF in both lung fibroblasts and epithelial cells.
Indeed, Speight et al. showed that alpha-smooth muscle actin (α-SMA) expression is regulated
by TAZ in the injured epithelium during phenotypic changes such as the epithelial–myofibroblast
transition [50]. Similarly, recent reports demonstrated that stiff matrices activated fibroblasts and
hepatic stellate cells (HSCs) to promote matrix synthesis through YAP/TAZ-mediated gene induction,
including CTGF and PAI-1 [35,43]. Taken together, these observations suggest that YAP and TAZ are
important mechanosensors of TGF-β-dependent and -independent lung fibrogenesis (Figure 1a).

2.2. Kidney Fibrosis

The kidney comprises numerous distinct cell types that are organized into a renal filter, including
glomerular endothelial cells, glomerular basement membrane, and podocytes [51]. In mice, YAP/TAZ
are essential for epithelial cell growth and establishing the proper kidney architecture [52–54]. Several
studies have demonstrated the involvement of YAP/TAZ in the progression of cystic kidney disease
(CKD) in patients and in a mouse model based on their enhanced nuclear localization in epithelial
cells [55–57]. Various renal injuries resulting from IgA nephropathy or membranous nephropathy
lead to renal tubulointerstitial fibrosis (TIF), which is the end stage of kidney failure known as
progressive fibrotic chronic kidney disease. TAZ protein levels were shown to be markedly increased
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in both mouse Sav1-depleted kidneys after unilateral ureteral obstruction (UUO) and in patients with
TIF/CKD [58]. High-level expression and nuclear accumulation of TAZ in the renal tubulointerstitium
were demonstrated in three mouse models of renal injury [59]. Consistent with these findings, the YAP
protein levels increased in both the cytoplasm and nucleus in regenerative and poorly differentiated
renal tubules during the transition from acute kidney injury to CKD [60]. In addition, activation of
YAP/TAZ after UUO led to TGF-β-induced EMT-like features in renal TIF [58]. As expected, deletion
of Sav1 in renal tubular epithelial cells induced YAP/TAZ activation and increased the EMT phenotype
via induction of SNAI2 and a-SMA, which may improve renal fibrosis.

Figure 1. The role of the Hippo pathway in the pathogenesis of tissue fibrosis. In normal cells,
YAP/TAZ are phosphorylated and localized in the cytoplasm, leading to their inactivation. However,
in many pathological situations, YAP/TAZ localize to the nucleus, and up-regulate their target genes
to remodel the ECM. This action leads to tissue fibrosis. (a) In respiratory epithelial cells, binding
YAP/TAZ with TTF-1 synergistically activates the expression of target genes, including SP-C, CTGF,
and PAI-1. Also, active fibroblasts promote matrix synthesis via YAP/TAZ that are critical to the
induction of profibrotic genes, such as CTGF and PAI-1, in the development of lung fibrosis. (b) NPHP4,
by interacting with LATS1/2, promotes YAP/TAZ transcriptional activity. In contrast, NPHP9, another
NPH proteins (NPHPs), directly interacts with YAP/TAZ and induces its nuclear localization to regulate
a subset of target genes involved in renal fibrosis. (c) YAP/TAZ-mediated Indian hedgehog (Ihh) gene
induction, which increases transcriptional reprogramming by modulating profibrotic gene expression in
HSCs. In response to Ihh and TGF-β, HSCs transdifferentiate into the ECM-producing myofibroblasts.
(d) YAP/TAZ are mainly localized with the nucleus, resulting in the profibrotic gene expression in
dermal fibrolasts. See text for further details. The red spheres indicate the phosphorylation of YAP/TAZ
by kinase.

Other studies have demonstrated that the Hippo pathway plays a crucial role in tissue repair
after renal injury and is involved in maintaining the kidney filtration barrier (Figure 1b) [53,61,62].
Podocyte-specific deletion of Yap1 in mice induced cell death and the progression of significant
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proteinuria and glomerular lesions [63]. In kidney fibrosis, TGF-β-induced profibrotic Smad signaling
by controlling Smad2/3 localization is regulated by stiffening of the ECM, and this mechanosensing
is mediated by YAP/TAZ in renal fibroblasts [64]. The abundance and activation of YAP/TAZ were
detected in podocytes of a puromycin aminonucleoside-induced injury model of glomerular disease [62].
Gene expression analysis in the podocytes further indicated that overexpressed YAP upregulated ECM
constituents (i.e., COL6A1, BCAM, and ADAMTS1) and growth factor-related proteins (i.e., PLOD2,
PDAP1, and PRMT5), which changed the mechanical properties of the glomerular basement membrane,
a prognostic marker of glomerular disease progression.

2.3. Liver Fibrosis

The Hippo pathway also plays an important role in liver development [65]. Yap overexpression or
Mst1/2-knockout in the liver and other upstream regulators causing hyperactivation of YAP was shown
to contribute to hepatomegaly and liver tumorigenesis [14,66–68]. Large livers comprise activated
progenitor cells, hyperproliferating hepatocytes, and bile duct cells, and are more likely to develop
liver cancer at later stages [14,66,68]. Thus, the Hippo signaling pathway may control the activation of
progenitor cells and their differentiation towards the hepatocyte lineage. HSCs are the predominant
mediators of liver fibrosis/cirrhosis and are rapidly activated and transdifferentiate into fibrogenic
hepatic myofibroblasts during liver injury. HSCs from a CCl4-induced mouse liver fibrosis model
and from the livers of patients with hepatitis C virus infection showed predominant nuclear YAP
localization, which could be used for staging fibrosis [69]. High abundance of nuclear YAP denotes the
activation of YAP in myofibroblasts. YAP inhibition by specific siRNA or treatment with verteporfin
(VP), which disrupts the YAP/TAZ-TEAD interaction, decreased target gene expression and prevented
the transdifferentiation of quiescent HSCs into myofibroblasts. YAP has been confirmed as a critical
driver of HSC activation based on studies with in vivo and in vitro models of liver fibrosis. Consistent
with this concept, Hedgehog signaling-mediated YAP activation was found to be necessary for HSC
transdifferentiation and proliferation by a glutaminolytic process [70]. TAZ expression is elevated in
hepatocytes of the liver of patients with non-alcoholic steatohepatitis (NASH) and in NASH model
mice [71].

The key mechanism driving the transition from steatosis to NASH is TAZ-mediated Indian
hedgehog (Ihh) gene induction, which enhances transcriptional reprogramming by modulating
profibrotic gene expression in HSCs, the fibrogenic precursor cells of ECM-producing myofibroblasts.
In the same study, treatment of TAZ-specific siRNA to the hepatocytes isolated from NASH mouse
model suppressed hepatic inflammation, fibrosis, and cell death, whereas reconstituted TAZ expression
promoted the progression from steatosis to NASH (Figure 1c).

2.4. Heart Fibrosis

The adult mammalian heart has restricted regenerative capacity and repair potential. Thus,
after injury or disease, a large number of cardiomyocytes are lost and a fibrotic scar is formed,
which can result in heart failure [72]. Conversely, the neonatal heart has potential for enhanced
cardiomyocyte proliferation. Therefore, elucidation of the regulatory mechanisms underlying
cardiomyocyte proliferation may provide new insight for regenerative repair strategies. Several
studies have also demonstrated a role of the Hippo pathway in regulating cardiac development.
During mouse embryogenesis, loss of Mst1/2 or Lats, parts of the central kinase cascade, induced
cardiomyocyte proliferation [73]. Similarly, in damaged hearts, inactivated Salv and Lats led to re-entry
of the mitotic cell cycle and subsequent cytokinesis, indicating that Hippo signaling is a major regulator
of cardiomyocyte renewal and regeneration [74]. A constitutively active S112A mutant form of YAP
enhanced cardiomyocyte proliferation and heart growth, whereas cardiac-specific deletion of Yap
decreased cardiomyocyte proliferation in the embryonic and postnatal mouse heart [75,76]. Consistent
with these findings, deletion of Yap and Taz was shown to result in lethal cardiomyopathy, whereas
activated Yap stimulated cardiac regeneration and enhanced contractility after myocardial infarction in
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the adult mouse heart [77]. Insulin-like growth factor signaling and the Wnt pathway cooperatively
contribute to the beneficial effects of YAP on fetal cardiac growth, homeostasis, and normal function of
the postnatal heart [73,75,78]. In addition, Angiotensin II (ANG II) induced cardiovascular fibrosis in a
YAP/TAZ-dependent manner. Lovastatin mediated YAP/TAZ suppression decreased ANG II-induced
fibrogenic gene expression as well as cardiovascular fibrosis [79].

2.5. Skin Fibrosis

YAP also plays an important role in maintaining normal skin homeostasis in response to
extracellular cues by promoting cell proliferation in epidermal stem and progenitor cells, and tissue
expansion [80,81] Genetic analysis showed that YAP is highly expressed and shows nuclear localization
in epidermal progenitor and stem cells, revealing a requirement for TEAD to mediate YAP’s functions
in controlling their self-renewal and maintaining their undifferentiated state [82]. Moreover, enhanced
nuclear YAP/TAZ levels have been detected in the dermis during the skin wound-healing process.
Downregulation of YAP/TAZ expression delayed healing and reduced the expression levels of TGF-β
and its target genes such as p21 and Smad family members [83]. The expression and activation of
YAZ/TAZ are increased in Dupuytren disease tissues, which are characterized by the formation of
myofibroblast-rich cords and nodules in the hands [84]. This study further showed that YAP1 is
involved in the differentiation of human dermal fibroblasts to myofibroblasts, and is necessary for
maintenance of a smooth muscle cell-like contractile phenotype in primary Dupuytren myofibroblasts.
In addition, YAP/TAZ levels were found to be elevated in systemic sclerosis (SSc) biopsy sections, mainly
localized within the nucleus, and they mediated the profibrotic responses in dermal fibroblasts [85].
In mice, depletion of YAP/TAZ was effective in inhibiting bleomycin-induced fibrosis, a model of
SSc dermal fibrosis, via inhibition of the PI3K-AKT-GSK3-β pathway. Mechanistically, dimethyl
fumarate significantly blocked nuclear YAP localization in SSc dermal fibroblasts and prevented
bleomycin-induced skin fibrosis (Figure 1d).

2.6. Tumor Fibrosis

In normal conditions, myofibroblasts modulate the wound-healing process and participate in
tissue remodeling via producing a large amount of ECM, matrix metalloproteinases (MMPs), and tissue
inhibitors of metalloproteinases (TIMPs) [86]. Myofibroblast activation ultimately occurs via MMPs
and TIMPs-mediated ECM reorganization and contraction, conferring the contractile properties of
myofibroblasts containing contractile actin filament bundles. In solid tumors, cancer cells reciprocally
interact with non-cancerous stromal cells and the ECM to create a permissive tumor microenvironment
for proliferation and maintenance of cancer cell-like features [87–90]. In particular, fibroblasts that
generally reside in the tumor microenvironment are denoted as cancer-associated fibroblasts (CAFs).
During tumorigenesis, both cancer cells and infiltrated immune cells release various cytokines, growth
factors, and mediators to stimulate the transdifferentiation and activation of CAFs [91]. CAFs were
also suggested to facilitate cancer cell invasion and metastasis through the production of soluble
factors and remodeling of the ECM. A co-culture model of cancer cells and stromal fibroblasts revealed
that both protease and force-mediated ECM remodeling enabled the invasion of cancer cells via a
mechanism requiring CAFs [92]. CAFs mainly promote cancer cell invasion by altering the organization
and physical properties of the basement membrane, leading to the formation of gaps that allow for
migration [93]. For instance, mRNA expression profiling analyses showed that YAP activation is critical
for the establishment and maintenance of CAFs, and that its function is necessary for ECM stiffness
modulation in the progression of mammary tumors [94]. YAP/TAZ upregulation is a representative
marker of high-grade breast cancer, which is required for CAFs to induce ECM stiffening, angiogenesis,
and invasion of cancer cells [95]. Remarkably, increased ECM stiffness promoted cellular YAP activity
to induce its target genes, and therefore support their maintenance in the tumor microenvironment
by regulating matrix stiffening. Furthermore, ECM stiffness and YAP/TAZ activity function via a
reinforcing feed-forward loop to preserve the CAF phenotype. Strikingly, the MRTF-SRF pathway is
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activated in CAFs and is required for its contractility and pro-invasive properties [96]. Activation of
the MRTF-SRF pathway, which is also mechano-responsive and mandatory for maintenance of the
CAF phenotype, is dependent on the transcription co-activator YAP. MRTF and YAP can indirectly
activate each other through their ability to modulate actin cytoskeletal dynamics and tumor invasion
under control of Rho GTPase signaling.

2.7. The Links between Fibrosis and Cancer via the Hippo Pathway

The wound-healing process in injured tissue results in the infiltration of stromal cells, including
immune cells, endothelial cells, pericytes, adipocytes, and fibroblasts, to the local tissue. This results
in the release of cytokines and growth factor from infiltrated immune cells, which triggers the
activation and transdifferentiation of fibroblasts into myofibroblasts. Upon injury, changes to the
microenvironment activate myofibroblasts to secrete several growth factors, chemokines, and ECM
components, including fibronectin, collagens, laminin, fibronectin, and tenascin [86,97]. In the case of
a chronic injury that causes long-term inflammation, myofibroblasts rapidly increase the production of
ECM, resulting in excessive deposition and resultant fibrosis. Stressed myoblasts are key actors in
fibrosis development, and act as drivers in metastasis and invasion during tumor progression, thus
representing the main link between fibrosis and cancer development [91,98–100]. Fibroblast-mediated
ECM changes in the stroma may trigger a dramatic alteration in the Hippo pathway in both fibrosis
and tumor progression (Figure 2). Recent findings imply that ECM cues and YAP/TAZ collaborate
to operate a positive feedback circuit in cancer cells that contributes to matrix stiffening, resulting in
further activation of YAP/TAZ oncogenic activity.

Figure 2. The Hippo pathway drives fibrosis across the organs.
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3. The Hippo Pathway in Cancer Progression

3.1. Genetic and Epigenetic Altherations in the Hippo Pathway Genes

Actively proliferating cells or cancer cells typically show a common feature of highly enriched
YAP/TAZ protein in the nucleus, which exists in a dephosphorylated form and can enhance fundamental
cellular functions, including cell proliferation and tumorigenesis [101]. Extensive research implicates
dysregulation of the Hippo pathway in a wide spectrum of human cancers across the body [7,102].
However, only limited cancers have been associated with somatic mutations in components of the
Hippo pathway compared with those of key growth and oncogenic signaling pathways. For instance,
NF2, an upstream regulator of the Hippo pathway, is an extensively studied tumor suppressor,
and a high frequency of NF2-inactivating mutations is a characteristic of several human cancers,
including acoustic neuromas, meningiomas, schwannomas, and mesothelioma [103–105]. Interestingly,
the core MST1/2-LATS1/2 kinase module functions as a tumor suppressor in transgenic and knockout
mouse models, and no somatic mutation in these genes has been discovered in human cancer to date.
However, methylation-mediated epigenetic mechanisms contribute to downregulation of LATS1/2,
MST1/2, and its regulator RASSF1 in some cancer types [106–108]. This suggests that loss-of-function
mutations in tumor suppressor genes may be mediated by non-mutational mechanisms [67,68,108–112].
Mutation of the YAP gene at the chromosome 11q22 amplicon has been reported in various human
cancers [113,114]. Recently, a YAP and transcription factor E3 (TFE3) (YAP-TFE3) fusion gene, and a
TAZ and calmodulin-binding transcription activator 1 (CAMTA1) (TAZ-CAMTA1) fusion gene were
reported in cases of epithelioid hemangioendothelioma, a rare type of soft tissue sarcoma [115,116].
Although the effects of these fusions on the functions of the translated proteins in cancer development
and progression remain to be determined, they may be functionally related to the transcriptional
regulatory properties ascribed to both TAZ-CAMTA1 and YAP-TFE3.

3.2. YAP/TAZ as Mediators of the Mechanical Cues Shaping the Tumor Microenvironment

To respond to changes in the extracellular environment, cells harmonize an intracellular signaling
network to achieve the desired cellular behavior during physiological growth and regeneration. ECM
mechanical cues are powerful determinants of cell proliferation, differentiation, and cell death, acting
as potent regulators of YAP/TAZ. For instance, the cell-cell contact resulting from a high cell density
activates the growth inhibition signaling pathway that is predominantly mediated by the Hippo
pathway [22,117,118]. As the cell density increases, LATS1/2 are phosphorylated and activated by
cell-to-cell contact, leading to the inactivation of YAP/TAZ, which constitutes a central mechanism
for contact inhibition. This contact-mediated inhibition in turn regulates YAP/TAZ-TEAD-mediated
transcription, which is also important for embryo development [119]. Dupont et al. [120] first reported
that the intracellular localization and activity of YAP/TAZ correlate with ECM rigidity and cell spreading.
For example, YAP/TAZ translocate to the nucleus and function as transcriptional co-activators in
response to exposure to a stiff ECM, and can stimulate the proliferation and survival of cancer cells.
However, on soft matrices, cells are rounded and minimally adhesive by limiting the adhesive area.
As expected, the main subcellular localization of YAP/TAZ is the cytoplasm. YAP/TAZ are downstream
effectors of RhoA-ROCK-mediated actin cytoskeleton rearrangements, and thus regulate development
and tumorigenic processes. In particular, a comprehensive study suggested that LATS1/2-dependent
and -independent mechanisms synergize mechanical cues mediated by YAP/TAZ activation. When a
cell detaches from the ECM, it undergoes the apoptotic process of anoikis owing to a dysregulated
cytoskeleton and increased LATS1/2 kinase activity, which in turn inhibits YAP/TAZ activity [121].

Furthermore, Hippo pathway activity and YAP/TAZ localization depend on cytoskeletal dynamics
in response to a mechanical input, including cell spreading, stretching, size, and shape [120,122,123].
Integrin-mediated cell adhesion to the ECM and association with intracellular actin filaments is required
for many physiological functions [124]. Focal adhesions comprising focal adhesion kinase (FAK),
Src family kinases, and integrins act as a sensor of the physical properties of the environment surrounding
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the ECM through forces exerted on the adhesions and via intracellular signals in response to extracellular
physiochemical stimuli. FAK activates the RhoA-ROCK signaling pathway that controls remodeling of
the actin cytoskeleton, which increases the stress fiber assembly, large microfilament bundles, and cell
contractility (Figure 3c). In addition to FAK, ILK has been implicated in integrin-mediated signaling and
promotes the inhibitory phosphorylation of MYPT1, leading to inactivation of Merlin, which is a key
upstream regulator of the Hippo pathway (Figure 3a) [125]. This integrin-mediated FAK–Src signaling
triggers YAP/TAZ activation. Moreover, integrin-dependent cell adhesion induces p21-activated
kinase 1 (PAK1) activation, which is required for YAP/TAZ nuclear localization in a Merlin-dependent
manner (Figure 3b). The small GTPase RAC1 and its downstream effector PAK1 promote the direct
phosphorylation of NF2, which potentiates the physical interaction between NF2 and YAP, resulting
in the nuclear translocation of activated YAP/TAZ [126]. In addition, fibronectin adhesion-induced
stimulation of the FAK-Src-PI3K pathway acts as an upstream negative regulator of the Hippo pathway,
which leads to activation of YAP/TAZ in a LATS1/2 kinase-dependent manner [127]. Interestingly,
the surrounding ECM activates YAP/TAZ directly to promote the transcription of genes involved in
cytoskeleton remodeling through the RhoA-ROCK pathway [128].

Figure 3. Schematic model of regulation of the Hippo pathway by numerous signaling pathways in
cancer. (a) Integrin-ILK signaling inhibits MYPT1, leading to inactivation of the MST1/2-LATS1/2 kinase
cascade, which triggers YAP/TAZ activation. (b) RAC1 and PAK1 phosphorylate NF2 that inhibits the
interaction between YAP and NF2, resulting in YAP/TAZ activation. (c) Integrin-FAK signaling activates
the RhoA-ROCK pathway to control remodeling of the actin cytoskeleton. (d) In response to ECM,
Agrin enhances RhoA-ROCK-dependent actin cytoskeletal remodeling. As a later event, YAP/TAZ
are translocated to the nucleus to interact with transcription factors (TFs), which drive profibrotic and
tumorigenic effects.
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Morphological manipulation without cell–cell contact and changes in the number of stress fibers
according to the adhesion area enhances the nuclear localization of YAP through activation of the
Hippo pathway [129]. Moreover, deficiency of destrin, an actin-depolymerizing factor, leads to
the induction of F-actin polymerization and the consequent hyperproliferation of corneal epithelial
cells [130]. In contrast, reduction of the F-actin binding protein Cofilin, CapZ, and gesolin, which are
essential elements of the actin cytoskeleton, aberrantly activates F-actin polymerization and therefore
restricts activation of the Hippo pathway to in turn positively regulate YAP/TAZ activity [123]. Agrin,
a proteoglycan, promotes liver carcinogenesis as an ECM sensor, leading to enhancement of YAP stability
and activity through the combinatory activation of integrin-FAK- and Lrp4/MuSK receptor-mediated
signaling pathways (Figure 3d). In this context, Agrin transduces stiffness signals via RhoA-dependent
actin cytoskeletal rearrangements. Stimulated ILK-PAK1 signaling antagonizes Merlin and LATS1/2
activation [131–133]. Glypican-3, a member of the glypican family of heparan sulfate proteoglycans,
is highly and specifically expressed in hepatocellular carcinoma (HCC) [134]. Glypican-3 targeting
HN3 was shown to significantly inhibit the growth of HCC cells and xenograft tumors in nude mice
by inhibiting YAP function. Disturbed fluid flow is widely recognized to induce the expression of
YAP/TAZ target genes through the coordination of Rho GTPase activities, highlighting YAP/TAZ as a
key node in mediating mechanical cues and maintaining vascular homeostasis [135–137]. Moreover, the
mechanical stability of the nucleus dictates YAP nuclear entry [138], and a mechano-sensing mechanism
has been identified to be directly mediated by nuclear pore complexes. On a stiff substrate, focal
adhesions and stress fibers lead to nuclear flattening, which stretches the nuclear pores by transducing
mechanical forces. These stretched and curved nuclear pores induce YAP import due to the relaxation
of mechanical restriction to nuclear pore complexes.

Overall, Rho GTPase and cytoskeletal tension are responsible for the transduction of mechanical
stress in cells and have substantial effects on YAP/TAZ activity. For example, an F-actin disruptor
and Rho GTPase inhibitor considerably affect YAP nuclear translocation and activity [120,121,129].
However, it remains unclear precisely how the actin cytoskeleton and mechanical stress converge
on YAP/TAZ regulation. Detachment of cells from the ECM triggers LATS1/2, lead to inactivation of
YAP/TAZ in a cytoskeleton- or JNK-dependent manner [129,139]. Accordingly, the detailed mechanisms
underlying involvement of the Hippo pathway kinases MST1/2 and LATS1/2 as mediators to connect
mechanical cue remain to be fully elucidated. Beyond ECM remodeling, CAFs are also capable of
secreting a wide range of mediators, including growth factors, chemokines, MMPs, TIMPs, and ECM
components [100]. These secreted mediators can act as ligands for receptors expressed by other cell
types in the tumor microenvironment, which initiate the signaling cascades that activate YAP/TAZ
and lead to tumor progression. For example, in response to epidermal growth factor, its receptor
regulates the Hippo pathway through the PI3K-PDK1 pathway, resulting in inactivation of LATS1/2 and
activation of YAP [140]. Vascular endothelial growth factor, a major driver of blood vessel formation,
activates YAP/TAZ via actin cytoskeleton dynamics to facilitate a transcriptional program to further
control cytoskeleton dynamics and initiate a proper angiogenic response [141]. Fibroblast growth
factor 5-driven fibroblast growth factor receptor (FGFR) signaling promotes YAP activation, setting
off a feed-forward loop whereby YAP forms a complex with TBX5 and induces the expression of
FGFR1, 2, and 4 in human cholangiocarcinoma cell lines (Figure 4d) [142]. YAP and KRAS coordinately
regulate the cell cycle and DNA replication program by forming a complex with the transcription
factor E2F in pancreatic ductal adenocarcinoma (Figure 4g) [143]. Jang et al. (Figure 4a) [144] showed
that mechanical stress regulates the cell cycle via the Hippo pathway. In breast cancer cells, YAP and
TEAD directly bind to the Skp2 promoter to enhance its transcription upon receiving a mechanical
cue, which is necessary for cell cycle progression. Interaction of YAP with mutant p53 together form
a complex with NF-Y, a nuclear transcription factor, which upregulates the expression of cell cycle
genes, including cyclin A (CCNA), cyclin B (CCNB), and CDK1, in breast cancer cells (Figure 4b) [145].
YAP also enhances malignant mesothelioma cell growth and survival via the upregulation of cyclin D1
(CCND1) and FOXM1 in cooperation with TEAD (Figure 4a) [146]. Furthermore, YAP/TAZ/TEAD
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cooperate with AP-1 in the transcriptional amplification of the c-Myc oncogene to promote cell cycle
progression in skin cancer (Figure 4c) [147].

3.3. YAP/TAZ Signaling in the EMT

The EMT is a complex transdifferentiation process that allows for epithelial cells to acquire the
stem-like properties of mesenchymal cells, and is an important process in both fibrosis and cancer
metastasis. The EMT is executed through a series of transcription factor networks, including TWIST1/2,
ZEB1/2, Snail, and Slug. During cancer progression, cancer cells acquire aggressive features such as
migration, invasion, chemoresistance, and apoptosis resistance that are all triggered by the EMT [148].
YAP/TAZ signaling has also been shown to play a role in the EMT in mammary epithelial cells.
Constitutively active TAZ was shown to promote cell proliferation and EMT [25]. Moreover, YAP
levels were found to be elevated in the stem cell-like cells derived from non-small lung cancer cells, and
contributed to their self-renewal through Sox2. These effects required a physical interaction between
YAP1 and Oct4 (Figure 4e) [149]. YAP and KRAS act cooperatively with the transcription factor FOS to
activate Slug and vimentin-mediated EMT (Figure 4f) [150]. TAZ activity is required for the self-renewal
and tumorigenesis of breast cancer cells. Twist and Snail-mediated EMT processes induce Scribble
delocalization so that TAZ is released from Scribble, which stimulates the accumulation of stem-like
progenitor cells in breast cancer [151]. These findings suggest that TAZ-induced EMT functions as a
feed-forward mechanism of TAZ activation. The direct interaction between ZEB1 and YAP, but not
TAZ, stimulated the transcription of a ZEB1/YAP target gene set that is known to promote cancer
aggressiveness (Figure 4h) [152]. Indeed, this target gene set was found to be an excellent predictor
of poor clinical outcomes in patients with particularly hormone receptor-negative cancer. Similarly,
Snail/Slug-YAP/TAZ complexes control YAP/TAZ protein levels and the expression of target genes
that modulate self-renewal, differentiation, and bone formation (Figure 4i) [153]. Therefore, crosstalk
between YAP/TAZ and EMT transcription factors such as ZEB1/2, Snail/Slug, and Twist modulates
the EMT programs, thereby acquiring the characteristics of malignant cancer cells. A genome-wide
expression study revealed that TAZ protein levels were higher in breast cancer stem cells compared
with those of differentiated breast cancer cells. A high level of TAZ was also associated with the
chemoresistance and migratory potential of breast cancer stem cells [154]. The YAP-TEAD complex
can directly bind to the SOX promoter region to upregulate SOX9 levels and induced a cancer stem
cell phenotype in esophageal cancer cells (Figure 4a) [155]. YAP and the COX2 signaling pathway
coordinately regulate urothelial cancer cells with stem cell-like properties via SOX2 induction [156].
Conversely, SOX2 maintains cancer stem cells in osteoblastoma by direct inhibition of NF2 and WWC1,
upstream activators of the Hippo pathway, leading to activation of YAP [157] (Figure 4).
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Figure 4. YAP/TAZ-mediated regulatory networks in cancer. YAP/TAZ are the major downstream
mediators of the Hippo pathway and are composed of several domains (see Figure 1). The nuclear
YAP/TAZ interacts with multiple transcription factors and signaling pathway that collectively contribute
to tumorigenesis.

4. Conclusions

Accumulating evidence has highlighted the pivotal role of the Hippo pathway and its contribution
to organ and tissue homeostasis under various chemical and physical signals. The MST1/2-LATS1/2
kinase cascade incorporates various upstream inputs to regulate YAP/TAZ activity and subcellular
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localization so as to maintain balanced processes, including physiological growth, development,
and regeneration. In recent years, increasing research efforts have focused on unmasking the
physiological/pathological functions of the Hippo pathway using animal models and patients,
revealing a critical role in both fibrosis and cancer, which are inextricably linked. YAP/TAZ acts
as a cellular mechanosensor that induces the transdifferentiation of fibroblasts to myofibroblasts in
tissue fibrosis. In response to matrix stiffness, YAP/TAZ activation drives profibrotic and tumorigenic
effects. YAP/TAZ signaling is also capable of initiating the EMT via EMT-related transcription factors,
and this YAP/TAZ-dependent EMT program during tumorigenesis may further stimulate stemness
and tumorigenicity.

These new insights into the diverse functions of the Hippo pathway will help in discovering
novel therapeutic targets for the treatment of fibrosis and cancer. For example, VP is a small molecule
that modulates the YAP and TEAD interaction and could reverse fibrosis. [49,64,69]. Given the clear
profibrotic effect of YAP/TAZ, such pharmacological inhibitors targeting the Hippo pathway may be
beneficial for treating both fibrosis and cancer (Table 1) [69,79,158–165]. However, targeting the Hippo
pathway may also cause undesired harmful effects because of its central roles in organ development,
homeostasis, and regeneration. Therefore, further studies to uncover the other mechanisms or unknown
molecules regulating YAP/TAZ activity are expected to offer promising therapeutic targets in fibrosis
and cancer progression.

Table 1. Potential targets for effective Hippo pathway regulation.

Name Mode of Action Tested Application Reference

Verteporfin Disruption of YAP/TAZ- TEAD
complex

• HSCs isolated from C57BL/6J mice or Smo
flox/flox mice

• IPF lung epithelial cells
• UUO-induced renal fibrosis
• CCl4-induced liver fibrosis mouse model

[49,63,68]

Melatonin
Inhibiting of the expression and
activation of YAP1 via binding to
MT1&MT2 melatonin receptors

• Bleomycin induced experimental lung
fibrosis in mice [158]

Morin
Increased expression of MST1

and Lats1 Decreased expression
of YAP/TAZ

• Diethylnitrosamine (Den)-induced liver
fibrosis rat model

• Hepatic stellate cells derived form human
[159]

ω-3 PUFA YAP/TAZ degradation in a
proteasome-dependent manner

• CCl4-induced liver fibrosis mouse model
• Hepatic stellate cells derived from human

and rat
[160]

Fasudil Inhibitory effect on Rho/ROCK
signaling

• Bleomycin-induced mouse lung fibrosis [161]

Dobutamine Induced the cytoplasmic
translocation of YAP

• U2OS cell line [162]

Statin YAP/TAZ nuclear localization
and activity

• Breast cancer cell lines [163]

Lovastatin YAP/TAZ nuclear localization
and activity

• CCl4-induced liver fibrosis mouse model
• Human aortic vascular smooth muscle

cells
• Human kidney cells

[79]

JQ-1

Inhibitor of
bromodomain-containing

protein 4 (BRD4) mediated
profibrotic transcription

• CCl4-induced liver fibrosis mouse model
• Hepatic stellate cells derived from mouse [164]
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Abstract: Despite recent efforts, prostate cancer (PCa) remains one of the most common cancers
in men. Currently, there is no effective treatment for castration-resistant prostate cancer (CRPC).
There is, therefore, an urgent need to identify new therapeutic targets. The Hippo pathway and its
downstream effectors—the transcriptional co-activators, Yes-associated protein (YAP) and its paralog,
transcriptional co-activator with PDZ-binding motif (TAZ)—are foremost regulators of stem cells and
cancer biology. Defective Hippo pathway signaling and YAP/TAZ hyperactivation are common across
various cancers. Here, we draw on insights learned from other types of cancers and review the latest
advances linking the Hippo pathway and YAP/TAZ to PCa onset and progression. We examine the
regulatory interaction between Hippo-YAP/TAZ and the androgen receptor (AR), as main regulators
of PCa development, and how uncontrolled expression of YAP/TAZ drives castration resistance
by inducing cellular stemness. Finally, we survey the potential therapeutic targeting of the Hippo
pathway and YAP/TAZ to overcome PCa.

Keywords: hippo pathway; YAP/TAZ; prostate cancer; castration resistance; signal cross-talk;
feedback loops

1. Introduction

Prostate cancer (PCa) is worldwide one of the most prevalent cancers in men, with over one million
new cases reported annually [1,2]. Initially, premalignant prostatic intraepithelial neoplasia (PIN) lesions
form, which develop into advanced localized PCa followed by metastasis [3,4]. The prostate gland
consists of luminal, basal, and neuroendocrine cells embedded in fibromuscular stroma (Figure 1) [4,5].
The most commonly reported PCa is acinar adenocarcinoma, which is androgen receptor (AR)-positive
and arises from the prostate gland secretory luminal cell lineage [4,5]. A smaller subset of PCa
develops from the neuroendocrine cell lineage [4,5]. Neuroendocrine tumors are classified as small-cell
carcinoma and are more prevalent following recurrence [4,5] (Figure 1).

Early stages of prostate cancer are managed by surveillance, as well as classical approaches such
as radiation therapy and surgery [6,7]. However, the first line of treatment of locally advanced or
metastatic prostate cancer is androgen deprivation therapy (ADT) [8–10]. Although ADT is effective
initially, patients develop castration-resistant prostate cancer (CRPC) within 1–3 years. CRPC is defined
as PCa that progressed despite castrate serum testosterone levels (<50 ng/dL) [11,12].

Clinical management of CRPC is challenging, which is partly due to the molecular variation
between patients [13]. Several mechanisms activate AR in CRPC patients [12,14]. These include AR
mutations and amplification, which leads to AR hypersensitivity or promiscuity, causing the activation
of AR in response to low androgen levels and non-androgenic steroids [15,16]. PCa expressing some
AR splice variants also overcomes ADT. These alternative AR variants are constitutively active due to
the loss of the C-terminal part of the AR ligand-binding domain [14,17]. Additionally, CRPC patients
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have relatively higher androgen levels compared to healthy males [18], which is due to intratumoral
steroidogenesis, as well as altered adrenal steroid production [18,19]. Notably, ligand-independent
activation of AR also plays prominent roles in CRPC [20]. Despite recent efforts to optimize current
ADT strategies, CRPC remains a global burden. Advanced PCa is characterized by poor prognosis and
high mortality rate, causing approximately 350,000 global deaths annually [1,2]. There is, therefore,
an urgent need to unravel the complex mechanism underlying PCa development, progression, and ADT
resistance in order to identify new druggable targets.

Figure 1. Representation of different cell types in the prostate gland.

The Hippo signaling pathway is a major player in stem cells and cancer biology [21,22].
The Hippo signaling cascade, identified through studies of tumor suppressors in the fruitfly,
Drosophila melanogaster [23], is conserved across species, including humans [24]. It acts as a
crucial regulator of cell growth and proliferation, organ development, cellular homeostasis,
and regeneration [22,25]. The Hippo pathway is regulated by multiple signals such as,
cell-density/polarity, mechanotransduction, nutrients, and via G-protein-coupled receptors [26–29].
Importantly, apparent kinase cascade independent regulation of Yes-associated protein (YAP)/
transcriptional coactivator with PDZ-binding motif (TAZ) also takes place [30–32] (Box 1).
The upregulation of the Hippo pathway downstream effectors, YAP/TAZ, is central in a variety
of solid tumors [21,25,29,33,34]. Prominently, the implications of elevated activity of YAP/TAZ in
prostate cancer (PCa) are becoming apparent.

In this review article, we summarize the expanding evidence linking YAP and TAZ to PCa
development, hormone inhibition resistance, and metastasis. Additionally, we highlight the role of
the Hippo pathway in regulating prostate cancer stem cells and the importance of Hippo–YAP/TAZ
as a potential therapeutic target for PCa, and we stress hitherto outstanding questions of how the
dysregulated Hippo pathway drives PCa onset and development.
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Box 1. Yes-associated protein (YAP)/PDZ-binding motif (TAZ) Regulation by the Canonical
Hippo Pathway.

The Hippo pathway consists of an upstream serine-threonine kinase cascade. The chief kinases are MST1/2
(the mammalian Hippo homolog) and the MAP4K family of kinases, which phosphorylate and, in turn, activates
large tumor suppressor (LATS1/2) [35–45]. When the Hippo kinases are “active”, LATS1/2 phosphorylate and
thereby inhibit the transcriptional co-activator YAP [46] and its paralog TAZ [47], causing their cytoplasmic
retention by protein 14-3-3, AMOT, or degradation [30,48–51]. In contrast, when the kinase module is
“inactive”, dephosphorylation of YAP/TAZ occurs, which allows YAP/TAZ to translocate to the nucleus and
regulate transcription. YAP/TAZ-mediated transcriptional regulation is predominantly via direct binding to
the transcription factors TEAD1–TEAD4 [52–54]. As a consequence, the expression of multiple proliferative
and antiapoptotic genes occurs, such as connective tissue growth factor (CTGF) and cysteine-rich angiogenic
factor (CYR61) [52–54]. Additional kinases were also shown to directly phosphorylate and thereby regulate
YAP/TAZ, such as SRC [55–58], Nuclear Dbf2-related 1/2 (NDR1/2) [59], c-Jun N-terminal kinase (JNK) [60,61],
5’ adenosine monophosphate-activated protein kinase (AMPK) [62–64], and Nemo-like kinase (NLK) [65,66].
Finally, kinase-independent regulation of YAP/TAZ is also taking place [30–32].

2. Hippo/YAP Key Players in Early Stages of Prostate Cancer

Elevated YAP activity is observed in most solid tumors [34], and hyperactive YAP induces the
formation of several carcinomas including liver, lung, breast, sarcoma, and pancreas [21,22,33,67]. YAP
is also identified as a clinical marker for PCa progression [68] and regulator of CRPC [69]. YAP levels
correlate with patients’ Gleason score, prostate-specific antigen (PSA) levels, and extraprostatic
extensions [68,70] (Figure 2).

Additionally, exogenous overexpression of YAP in normal prostate epithelial cells induces
colony formation and increased migration in three-dimensional (3D) cultures [71]. How YAP becomes
hyperactivated and drives PCa initiation and development is currently not clear, but several mechanisms
were recently implicated (Figure 3).
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Figure 2. Schematic overview of YAP activity levels across different stages of prostate cancer (PCa).
YAP regulates multiple stages of PCa [68,70,71].

2.1. E26 Transformation-Specific (ETS) Transcription Factors

ETS-regulated gene (ERG) is a transcription factor that belongs to the E26 transformation-specific
(ETS) family and drives proliferation, apoptosis, and angiogenesis [72]. ERG overexpression in PCa
results due to the fusion on chromosome 21q22 between the first exon of the androgen regulated gene
TMPRSS2 and the coding sequence of ERG [72,73]. This is a relatively frequent translocation, present
in approximately 40–50% of PCa patients [74]. ERG overexpression results in the development of
PCa tumors in aged mice [75]. Mechanistically, ERG induces YAP promoter activity in the hormone
refractory PCa cell model (VCaP cells) [76], and ERG knockdown results in a decrease in YAP protein
levels [75] (Figure 3). ERG both transactivates TEAD4 and directly binds to the CTGF promoter region,
thereby inducing CTGF expression [75]. ETV1, an additional member of the ETS transcription factors,
induces YAP expression in LNCaP cells by recruiting the lysine-specific demethylase (JMJD2A) to
the YAP promoter [77] (Figure 3). ETV1-induced YAP expression in vivo causes PIN lesion formation,
which, when combined with a single copy loss of phosphatase and tensin homolog (PTEN), progresses
to malignant carcinoma [77]. PTEN is a negative regulator of the phosphoinositide 3-kinase/protein
kinase B (PI3K/AKT) pathway, which controls proliferation and apoptosis [78]. PTEN deletions are
identified in around 20% of primary PCa and 50% of advanced PCa [79].

2.2. Polarity Protein (Par3)

Epithelial cells are polarized cells with distinct functional apical and basolateral membrane
domains [80]. Par3, among other polarity proteins, is a major regulator of epithelial cell structure and
function [81,82]. Moreover, loss of Par3 is present in a variety of epithelial tumors [82]. Par3 loss leads
to the formation of high-grade PIN lesions in vivo due to high YAP activity [82]. In this context, Par3
interrupts the NF2-derived recruitment of LATS1 to the plasma membrane [83]. Additionally, PIN
lesions progress to PCa adenocarcinoma when combined with LATS1 loss in the Par3/LATS1 knockout
(KO) murine model [83]. Contradictorily, Par3 sequesters the potent Hippo kinase cascade activator,
kidney- and brain-expressed protein (KIBRA), and prevents it from forming a complex with NF2 [84].
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As a result, KIBRA complexes with Par3 and atypical protein kinase C (aPKC). Knockdown of Par3
expression in PCa cells restores LATS1 and YAP phosphorylation levels, resulting in a lower migration
rate in vitro and lower rate of metastasis in vivo [84]. The findings from both studies suggest that
Par3 expression is lost during tumor initiation, but might be retained in advanced PCa triggering
metastasis [83,84] (Figure 3). The regulation of Par3 in PCa is not fully understood and the interplay
between the Hippo pathway and polarity proteins in PCa requires further investigation.

2.3. Heat Shock Proteins

Heat shock proteins (Hsps) are cellular stress modalities that regulate signaling and
homeostasis [85]. Hsp expression is upregulated in response to chemotherapy and hormonal
therapy [86]. The heat shock protein 27 (Hsp27) is elevated in a variety of tumors such as lung,
breast, and cervical cancers [86]. Hsp27 is utilized by PCa tumor cells to resist apoptosis following
androgen deprivation [87]. Hsp27 acts as a regulator of MST1 via promoting its ubiquitin-mediated
degradation. As a result, LATS1 and MOB kinase activator 1 (MOB1) phosphorylation are reduced,
causing YAP dephosphorylation and nuclear translocation [88] (Figure 3). However, it is worth noting
that ablation of both MST1 and MST2 is needed both in vivo and in vitro to generally impair LATS1/2
activation [89–91], and, in some contexts, inhibition of the MAP4K family of kinases is also necessary
to reduce overall LATS1/2 activity and thereby to increase YAP activity [37,42,45].

Figure 3. Mechanisms of YAP regulation in early stages of prostate cancer. a. Heat shock protein
27 (Hsp27) induces MST1 ubiquitin-mediated degradation, which in turn causes LATS1 and MOB1
dephosphorylation and thereby inactivation, consequently inducing YAP nuclear translocation [88].
b. Two different mechanisms were proposed by which polarity protein (Par3) regulates YAP; (1) Par3
inhibits YAP activity through inducing the recruitment of Neurofibromatosis type 2 (NF2/Merlin) and
LATS1 to the membrane. As a result, LATS1 is activated, which induces YAP phosphorylation and
cytoplasmic retention [83]. (2) Par3 induces YAP activation through the dissociation of kidney- and
brain-expressed protein (KIBRA) from its canonical complex (KIBRA/NF2/ FERM domain-containing
protein 6 (FRDM6)) and drives the recruitment of KIBRA to the Par3/aPKC/KIBRA complex.
Thus, the interaction between KIBRA and LATS1 is disrupted, which induces LATS1 dephosphorylation
and thereby YAP activation [84]. c. E26 transformation-specific (ETS) transcription factors trigger
YAP induction. (1) ETS-regulated gene (ERG) activation drives YAP activation in old aged mice. ERG
induces YAP and TEAD4 promoter activity and thereby triggers YAP target gene expression [75].
(2) ETS translocation variant 1 (ETV1) drives YAP activation by recruiting lysine specific demethylase
(JMJD2A) to the YAP promoter [77].
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3. The Hippo Pathway Promotes Castration Resistance and Metastasis in Prostate Cancer

3.1. Androgen Receptor—Regulator of CRPC Progression

The androgen receptor (AR) is a transcription factor that belongs to the superfamily of steroid
receptor hormones [92]. AR signaling is essential for prostate development and homeostasis [93].
During absence of androgens, inactive AR resides in the cytoplasm bound to heat shock proteins [92].
Upon binding of dihydrotestosterone (DHT), AR dissociates and translocates to the nucleus to
induce gene expression [92]. AR-mediated gene expression occurs via multiple AR coactivators
and AR-mediated recognition of androgen response elements (AREs) on the target gene promoter.
AREs consist of two common inverted hexameric half-sites (5′–AGAACA–3′) separated by three base
pairs [94]. In healthy tissue, tight homeostatic androgen signaling between stromal and epithelial cells
regulate the prostate gland function [93,95]. Disrupted AR signaling is a key event in PCa initiation,
progression, and development of castration resistance [5,96,97]. However, to date, the exact molecular
mechanism via which CRPC develops is yet to be fully explored [93].

3.2. AR and YAP Colocalization

The role of the Hippo pathway in CRPC development and AR regulation recently gained
momentum (Figure 4). Coimmunoprecipitation and immunofluorescence microscopy revealed that
AR and YAP colocalize to and interact in the nucleus [98]. This interaction is androgen-dependent
in LNCaP cells, but androgen-independent in C4-2 cells [98]. C4-2 cells are a hormone-independent
subline of LNCaP cells, representing a clinical CRPC in vitro cell model [99]. Downregulation of
YAP signaling results in the suppression of AR target genes, suggesting that YAP is critical for AR
activity [98].

Interestingly, C4-2 cells harbor low MST1 kinase signaling, and restoring MST1 expression in
these cells results in impeding the YAP–AR nuclear interaction and AR activity [98,100]. One plausible
mechanism for AR upregulation in CRPC patients is, therefore, MST epigenetic silencing [101]. Cellular
myelocytomatosis (c-MYC), a transcription factor that regulates cellular growth and proliferation [102],
is commonly overexpressed in PCa patients, which induces tumor initiation [103]. Mechanistically,
c-MYC is a regulator of the enhancer of zeste homolog 2 (EHZ2), which is a subunit of polycomb
repressive complex 2 (PRC2) [104]. EZH2, a histone methyltransferase, catalyzes the trimethylation
of histone 3 at lysine 27 (H3K27me3) to regulate gene expression [105]. EZH2 functions both as a
transcriptional activator and repressor for specific gene sets in a cell-context-dependent manner [106].
EZH2 acts as a coactivator of the androgen receptor in CRPC [107]. c-MYC induces EZH2 activity via
suppressing microRNA (miR)-26a/b, which results in MST1 promoter silencing [101]. Treating C4-2
cells with JQ1 results in downregulating c-MYC, which in turn induces MST1 expression and decreases
cell survival [101]. However, combining MST1 knockdown with either c-MYC inhibition by 10058-F4
or EZH2 inhibition by GSK126 restores cell survival [101].

LATS2 and AR were, using immunohistochemistry, reported to colocalize within healthy prostate
epithelium patient samples [108]. When in the nucleus, LATS2 and AR form a protein complex,
which binds to prostate-specific antigen (PSA) promoter and enhancer regions [108]. LATS2 suppresses
AR activity through hindering the NH2- and COOH-terminal interaction within the receptor [108].
The activation status of LATS2 was not examined, and whether AR is a direct substrate for LATS2
is unknown; it is, therefore, still an outstanding question if this LATS2-mediated regulation of AR
transcription is phosphorylation-dependent [108]. Importantly, LATS2 levels negatively correlate
with PCa tumor stage, a conserved phenomenon with several other types of carcinomas [108–110].
Paradoxically, LATS2 is in a range of cell types and, in vivo, a YAP/TAZ–TEAD target gene [111–113],
which forms an integral component of a feedback loop that keeps YAP/TAZ–TEAD activity levels in
check [111–113]. Loss of LATS2 expression, but high YAP activity [75,98] and, therefore, impaired
Hippo pathway feedback in high-grade PCa might, therefore, be a defining PCa hallmark. The relatively
low LATS2 levels in PCa might be due to additional YAP/TAZ–TEAD-independent transcriptional
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regulation and/or post-transcriptional regulation of LATS2 protein. It will be critical to establish
if negative feedback loops within the Hippo pathway are prevalent in healthy prostates and, if so,
why these dynamic negative feedbacks might be defective in PCa. Therapeutically reinstating these
negative feedback loops within the Hippo pathway might then be a viable option. Overall, these reports
show that the Hippo kinase cascade and its effector YAP are regulators of AR nuclear localization
and activity.

3.3. The Hippo Pathway, Tumor Microenvironment, and Immune Response Evasion

Cross-talk between the Hippo pathway and the tumor microenvironment is widespread
across multiple solid tumors and regularly operates via a feed-forward loop that drives tumor
progression [21,26,114,115]. YAP/TAZ is a signaling nexus and regulates cell–cell interaction and
cell–stroma interaction through inducing the expression of a range of secretory proteins such as CYR61
and CTGF [31,54,115,116], as well as of components essential for mechanoresponsive plasma membrane
organelles such as caveolae [117], and components and regulatory elements of focal adhesions such as
integrins and cytoskeletal tension [54,118–122]. YAP/TAZ are well-established molecular sensors of
the extracellular matrix (ECM), and both sense the stiffness and composition of the ECM [31,115,118].
In vitro experiments show that cells cultured on high ECM matrix stiffness result in increased YAP/TAZ
nuclear localization and target gene expression [31,115,116,123,124]. In comparison, cells grown on low
ECM stiffness have a higher cytoplasmic fraction of YAP/TAZ [31,115,116,123,124]. This is particularly
important in PCa, as PCa is widely recognized for its rich tumor–stroma interaction [125,126].

Downregulation of α3 integrin causes PCa progression and promotes formation of metastatic
lesions via altering YAP/TAZ activity. Mechanistically, loss of α3β1 in PCa results in the inhibition
of the Abelson-related gene (Arg/abl2) tyrosine kinase cascade, which dephosphorylates the
p190Rho-Guanosine triphosphate (GTP)ase activating protein-(GAP)/p120RAS-GAP (p190RhoGAP/
p120RAS-GAP complex [127]. Consequently, Rho signaling is activated, ultimately causing increased
YAP/TAZ levels, which promotes cellular migration in vitro and metastasis in vivo [127]. However,
it is not entirely clear whether RhoA in this instance acts via the Hippo–LATS kinase cascade or
independently from it. Paradoxically, α3β1 loss inhibited skin tumorigenesis in vivo [128]. Importantly,
ECM regulates multiple cellular cancer properties [129] and it remains unclear whether these effects
are mediated via the Hippo pathway in PCa and importantly whether ECM stiffness is inducing YAP
activity in PCa. Addressing these questions might partly explain the increased YAP expression levels
in PCa patients.

The ability of tumor cells to evade immune response is widely recognized to be a hallmark
of cancer progression [130]. Intriguingly, YAP is partly responsible for this in PCa [131]. In a
PTEN/ SMAD4 knockout PCa mouse model, YAP levels are elevated [131]. In this model, YAP
expression results in myeloid-derived suppressor cell (MDSC) recruitment via the CXCL5/CXCR2 axis.
MDSCs mediate tumor immune response evasion through suppressing T-cell activation, proliferation,
and viability [132]. YAP–TEAD directly binds to the CXCL5 promoter, inducing CXCL5 expression.
Either MDSC depletion, or inhibition of YAP or CXCL5/CXCR2 activity halts tumor progression [131].
Similarly, YAP hyperactivation is observed in the Kras/p53 knockout pancreatic cancer mouse model,
which stimulates chemokines expression and thereby recruitment of MDSCs to tumors [133]. Of note,
YAP governs the recruitment of tumor-infiltrating type II macrophages (M2) in liver carcinoma, which
promotes tumorigenesis by avoiding immune clearance [134] (Figure 4). However, how the Hippo
pathway gets dysregulated and drives PCa tumor–stroma interactions is still not fully understood.

3.4. TAZ’s Role in Metastasis

YAP and TAZ are modulators of cell motility and cytoskeletal dynamics in a feedback dependent
manner [119]. TAZ in particular is a potent regulator of epithelial–mesenchymal transition (EMT) in
most types of solid cancers, including ovarian cancer, glioma, and breast cancer [135–140]. The role of
TAZ in PCa tumor progression and the regulatory nature between TAZ and AR is not well described.
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TAZ overexpression induces malignant transformation of the non-cancerous prostate epithelial cells,
RWPE-1 [141]. Knockdown of TAZ in PCa cells causes reduction in migratory rate in two-dimensional
(2D) cultures, as well as lower metastatic rate when injected in vivo. Endogenous expression of TAZ is
regulated by ETS transcription factors members ETV1/4/5 (Figure 4) [141]. ETV1/4/5 induce TAZ gene
expression, which results in the expression of SH3 domain-binding protein 1 (SH3BP1) via TAZ–TEAD.
SH3BP1 belongs to the RhoGAP protein family and regulates Rac signaling to modulate cytoskeletal
dynamics and cell motility [142]. So far, the PCa stage-specific levels of TAZ in PCa tumor samples are
yet to be investigated.

Figure 4. The Hippo pathway regulation of advanced prostate cancer. a. During androgen deprivation,
Wingless (WNT) signaling drives the nuclear translocation of YAP and AR, resulting in YAP and
AR target gene induction [143]. Additionally, YAP and AR colocalize in the nucleus and induce
gene expression independently from WNT signaling or androgen availability [98]. b. α3β1 integrin
stimulates the kinase activity of Arg/Abl, which phosphorylates 190RhoGAP, resulting in the inhibition
of RhoA GTPases. Consequently, YAP/TAZ are phosphorylated via LATS1 activity and/or actin
rearrangement and retained in the cytoplasm. α3β1 loss results in the disruption of this signaling
cascade, inducing prostate cellular migration and metastasis [127]. c. PTEN and SMAD4 activity loss
results in YAP hyperactivation. YAP signaling induces the recruitment of inflammatory cells [131].
d. LAST2 impedes AR receptor activity and restricts the binding of AR to the prostate-specific antigen
(PSA) promoter [108]. e. EZH2 and c-MYC cooperate to induce methylation and silencing of MST1,
which might induce AR activity [101]. g. ETV1/4/5 activate TAZ, triggering metastasis via the induction
of SH3BP1 [141].

4. The Hippo Pathway’s Role in Prostate Cancer Stem Cells

The development of CRPC following androgen deprivation therapy (ADT) is often inevitable [144].
CRPC likely develops from the prostate cancer stem cells (PCSCs), a subset of cells within the tumor
which regulate initiation, but importantly also recurrence [145]. PCSCs were successfully isolated from
patient tissue samples on the basis of their α2β1

hiCD133+CD44+ phenotype [146–149]. PCSCs have a
high proliferation rate and increased ability of colony formation in 3D cultures, as well as an ability
to form prostate-like structures when injected in immunocompromised mice compared to CD44−
and CD133− cells [146–149]. The Hippo pathway regulates cancer stem cells (CSCs) within a variety
of tumors [136,150,151]. Interestingly, PC3 and DU145 cells resistant to the chemotherapeutic agent
docetaxel possess a CD44+ phenotype. In this context, CD44 increases cellular migration rate in 2D
cultures via inducing YAP, CYR61, and CTGF expression [152].
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The stemness regulator microRNA, cluster miR-302–367, downregulates LATS2, which results in
YAP dephosphorylation and nuclear translocation [153]. Additionally, miR-302–367 overexpression in
LNCaP cells induces their capacity to form spheres in 2D cultures and xenograft tumors when injected
into castrated mice [153]. Cyclic guanosine monophosphate (cGMP)-specific phosphodiesterase type
5 (PDE5) also induces stemness via the Hippo pathway [154]. Pharmacological PDE5 inhibition or
inhibition via endogenous nitric oxide results in the activation of cGMP-dependent protein G (PKG);
this activates MST1/LATS1 phosphorylation causing TAZ cytoplasmic retention and degradation [154].
AR further inhibits the transcriptional activity of YAP in LNCaP, as well as in the serially propagated
castration-induced regression derived 22rv1 cells. Mechanistically, AR complexes with EZH2 and DNA
methyltransferase 3 (DNMT3a) at the YAP promoter, causing its methylation and silencing [155]. In this
sense, during androgen deprivation therapy, AR inhibition results in YAP transcriptional activation.
YAP expression results in the transcription of stemness-stimulating genes in a TEAD-dependent
manner, which induces sphere formation in vitro [155]. Additionally, inhibiting YAP activity in vivo
prevents PCa recurrence in castrated TRAMP mice [155] (Figure 5).

Figure 5. YAP/TAZ regulate prostate cancer stem cells (PCSCs). a. Inhibition of the stemness
regulator cyclic GMP-specific phosphodiesterase type 5 (PDE5) by nitric oxide causes activation of
cGMP-dependent protein G (PKG), which activates MST1/LATS1 and causes TAZ phosphorylation [154].
b. Stemness regulator microRNA (miR)-302–367 cluster induces LATS2 dephosphorylation which
results in YAP nuclear translocation [153]. c. DNMT3a and EZH2 form a heterotrimeric complex with
AR, which translocates to the YAP promoter inducing its silencing [155].

5. Targeting the Hippo Pathway for Prostate Cancer Therapy

5.1. Targeting YAP/TAZ–TEAD

The Hippo pathway is a critical regulator of several hallmarks of PCa. Targeting Hippo–YAP/TAZ
clinically, therefore, has therapeutic potential. As YAP/TAZ are transcriptional coactivators that
principally function via binding to the TEAD family of transcription factors [52,53,156–158], the most
direct route to target the Hippo pathway is via this interaction [158]. Verteporfin is a small-molecule

145



Cells 2019, 8, 370

inhibitor of this YAP/TAZ–TEAD interaction [159]. Verteporfin suppresses CRPC tumor growth and
PCSC proliferation, which ultimately also prevents recurrence [75,98,155]. Although Verteporfin is used
for macular degeneration treatment, its future use for cancer therapeutics is hampered by Verteporfin’s
low solubility and low target affinity, which makes it generally toxic [160,161]. Vestigial-like 4 (VGLL4)
is a tumor suppressor that competitively binds to TEAD via its tondu domain (TDU), thereby preventing
YAP from mediating transcription [162,163]. VGLL4-mimicking peptide (super TDU) abrogates YAP
binding to TEAD4, which has anti-tumor effects in gastric cancer patient-derived cells and in vivo
in the gastric cancer mouse model driven by Helicobacter pylori infection [164]. A YAP-like peptide
(17-mer) was designed aiming to impede YAP–TEAD binding. The 17-mer peptide has higher affinity
for TEAD1 compared to YAP [165,166]. Although targeting the YAP–TEAD interaction appears to be
the most straightforward route toward targeting the Hippo pathway, to date, none of the discovered
agents are approved for cancer therapeutics.

5.2. Statins

Statins are a class of US food and drug administration (FDA)-approved drugs for
hypercholesterolemia treatment [167]. Statins inhibit the enzyme, 3-hydroxy-3-methyl-glutaryl-
coenzyme A (HMG-CoA) reductase, which prevents the conversion of HMG-CoA to mevalonic
acid [168]. Subsequently, statins reduce the synthesis of geranylgeranyl pyrophosphate, which is
required for Rho GTPase activity [169,170]. Statins induce YAP phosphorylation through Rho GTPase
activity and actin rearrangement [169,170]. In vitro, statins induce gap 1 (G1) cell-cycle arrest and
apoptosis in the PCa cell line, C4-2B [171]. Importantly, retrospective studies in a large Taiwanese
cohort of statin-treated heart disease patients showed decreased incidence of PCa [172]. Furthermore,
statins were recently identified to reduce PCa aggressiveness and metastasis incidence significantly in
a retrospective study of a large cohort of Saskatchewan men [173]. Similarly, the occurrence of breast,
ovarian, colorectal, and liver cancer is also reported to be lower in statin users [167]. Nonetheless,
it remains unclear whether this statin-based clinical manifestation is mediated via the Hippo pathway.

5.3. Hippo Kinase Activators

The rapidly accelerated fibrosarcoma (RAF) family of serine/threonine kinases acts upstream
of the MST kinases [174]. RAF-1 suppresses apoptosis by sequestering and preventing MST2
phosphorylation [174]. Inhibition of RAF-1, therefore, results in the activation of MST2. ISIS 1532
oligonucleotide was designed to target the 3′ untranslated region of cRaf messenger RNA
(mRNA) [175,176]. In preclinical trials, ISIS 1532 inhibited lung carcinoma in in vivo mouse
models [175,176]. However, three phase II clinical trials in patients with advanced PCa, and ovarian
and colon cancers showed no significant response, and the agent was withdrawn from further
testing [176–179]. Targeting the Hippo pathway kinases proves challenging as it is regulated by a
variety of external cues and interacts with multiple signaling pathways [161]. In essence, activators
of the YAP/TAZ inhibitory kinases are needed, and designing kinase activators is in general more
challenging than inhibitors [180,181].

6. Signaling Cross-Talk between the Hippo Pathway and Multiple Signaling Pathways

6.1. WNT Receptor Signaling

Upon androgen deprivation, WNT signaling stimulation triggers the nuclear translocation of AR
and YAP to the nucleus, which induces AR-mediated gene expression independently from β-catenin
translocation [143] (Figure 4). YAP and TAZ are downstream effectors of WNT/β-catenin [182,183].
Upon WNT stimulation, YAP and TAZ are released from the WNT destruction complex and translocate
to the nucleus to induce transcription [182,183]. Additionally, WNT-mediated activation of YAP/TAZ
can occur independently from β-catenin via the scaffold protein, adenomatous polyposis coli (APC),
which facilitates SAV1 and LATS1 phosphorylation via glycogen synthase kinase 3 β (GSK-3β)
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activity [184]. Importantly, APC activation mutations are reported in 5% of PCa patients [185].
Contradictorily, knockout of APC in vivo in mouse models results in prostate tumor formation [186].
Impressive work using an array of CripsR knockout cell lines, as well as mouse models, showed that
alternative WNT signlling (Wnt5a/b) activates YAP/TAZ via GPCR α12/13; these G-coupled proteins
signal to activate RhoGTPases that inhibit LATS1/2 activity [139,187]. Whether APC or alternative
WNT signaling activates YAP/TAZ in PCa and whether this mechanism is mediated via androgen
receptor signaling remains unexplored.

6.2. Mechanistic Target of Rapamycin (mTOR) Signaling

The mTOR protein is a central cell growth regulator, which is regulated by growth factors, energy
levels, and nutrients. When active, mTOR stimulates biosynthetic pathways including nucleotide,
protein, and lipid synthesis, while inhibiting catabolic processes, such as autophagy [188,189].
Intriguingly, PCa tumor cells with high PI3K/AKT/mTOR activity are proposed as a mechanism
for prostate tumors to surpass hormone inhibition therapy [190–192]. Additionally, speckle-type
POZ (pox virus and zinc finger protein) protein (SPOP) mutations, the most common mutations
in primary PCa (10%) [74], induce PCa tumorigenesis via PI3K/mTOR [193]. Interestingly, YAP
activates mTORC signaling in breast epithelial MCF10A cells. Mechanistically, YAP suppresses
PTEN activity via miR-29 induction [194]. Consequently, in a transgene YAP mouse model, mTOR
was activated, causing skin hyperplasia [194]. One of the strongest regulators of mTOR activity is
amino-acid sensing; when amino-acid availability of specific amino acids is low, mTOR is switched
off [189]. YAP/TAZ–TEAD induce the expression of a range of cellular amino-acid transporters [195,196],
including the high-affinity hetero dimeric leucine transporter, LAT1 (encoded by SLC7A5 and SLC3A3).
Expression of LAT1 results in increased uptake of leucine at nutrient-limiting conditions [195], as is
prevalent in tumors. Consequently, the expression of amino-acid transporters activates mTOR [195–197].
These mechanisms thereby provide a metabolic advantage for tumor cells with hyperactive YAP/TAZ.
Furthermore, integrin α3 controls YAP phosphorylation and nuclear localization via the focal adhesion
kinase/cell division control protein 42/protein phosphatase 1A (FAK/Cdc42/PP1A) axis, which activates
mTOR [198]. Although these studies were not carried out in the context of PCa, they did indicate
that YAP/TAZ–TEAD activity might be triggering the activation of mTOR in PCa. Remarkably, PTEN
is a negative regulator of YAP activity in the PCa PTEN/SMAD4 knockout mouse model [131]. It is,
therefore, a relevant outstanding question as to whether there is a feedback loop between PTEN
suppression and YAP activity in PCa. Additionally, it remains unclear whether resistance to hormone
inhibition therapy occurs via positive selection of cells with high YAP activity, which in turn induce
tumorigenesis synergistically via TEAD binding and PI3K/mTOR activation.

6.3. Activator Protein (AP-1)

The activator protein (AP-1) transcription factor consists of dimeric complexes, which include
the DNA-binding protein families, cellular ju-nana (c-Jun), cellular FBJ osteosarcoma oncogene
(c-Fos), activating transcription factor (ATF), and cellular musculoaponeurotic fibrosarcoma (c-MAF)
proteins [199,200]. AP-1 activation is mediated via a range of paracrine signaling molecules, as well as
by the mitogen-activated extracellular signaling responsive kinase kinases (MEKs) [199,201,202]. AP-1
regulates multiple cellular responses such as inflammation, proliferation, and apoptosis [200,203].
Importantly, genome-wide analysis revealed that YAP/TAZ–TEAD mediate tumorigenesis by
co-occupying the same genomic region occupied by AP-1 [204,205]. YAP/TAZ–TEAD and the
AP-1 interaction occurs with the aid of the p160 family of steroid receptor co-activators (SRC1-3) [206].
Interestingly, SRC-3 is overexpressed in PCa, which promotes cell proliferation via AR activation [207].
Treating LNCaP cells with DHT induces the activity of c-Jun and tumor necrosis factor alpha (TNF-α)
promoter activity, which contains AP-1 binding sites. In this context, the activation of AP-1 due to AR
induction might synergistically be prompting YAP/TAZ target gene transcription [208]. These findings
provide evidence for cross-talk between YAP/TAZ–TEAD and AP-1. Nonetheless, further investigation
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is required to understand the role of this signaling cross-talk in PCa development and its role in
regulating AR.

7. Conclusions and Perspectives

To date, there are no identified somatic mutations of the Hippo pathway components in PCa.
Furthermore, although YAP was identified to be amplified in a subset of PCa [209], it is evident that
YAP/TAZ is a much more widespread contributor to PCa development. YAP and TAZ play key roles in
multiple stages of PCa initiation, development, and progression, as well as regulation of AR signaling.
However, the mechanistic insights into how YAP/TAZ becomes hyperactivated, how YAP/TAZ interacts
with the stroma and their precise role in PCa development are currently far from fully elucidated.
Obtaining further fundamental understanding of the complexity of YAP/TAZ hyperactivation in PCa
onset and development is, therefore, crucial for improving future clinical interventions and care for
PCa patients [210,211].

• How does YAP drive CRPC development? Androgen receptor bypass is a contributing mechanism
via which PCa cells develop castration resistance [212]. Androgen-deprived PCa cells activate
a variety of hormone receptors such as glucocorticoid receptor (GR) and its targets in order to
overcome androgen dependence [212]. Importantly, GR signaling activates YAP in MDA-MB-231
breast cancer cells [213]. Additionally, the perplexing ability of tumors to activate steroidogenesis
pathways causing AR hypersensitivity is not completely understood. Of note, YAP regulates
steroidogenesis in ovarian granulosa cells [214]. Whether YAP is involved in inducing CRPC via
AR bypass and intratumoral steroidogenesis, and whether YAP is essential for CRPC PCa cell
survival are, to a great extent, still unexplored questions.

• The estrogen receptor (ER) plays an important role in PCa [215,216]. ERα regulates proinflammatory
and pro-proliferative targets and is associated with high Gleason score [215,216]. In comparison,
ERβ receptor plays an anti-inflammatory, pro-apoptotic role [215,216]. Estradiol, the estrogen
receptor agonist, activates the Hippo pathway in the breast SK-BR-3 cell line via G-protein-coupled
estrogen receptor (GPER) [217]. Although anatomically distinct, the molecular and clinical
similarities between breast and prostate cancer [217] highlight the importance of examining if a
similar cross-talk mechanism is occurring in PCa.

• Activation of the Hippo kinase cascade module is a clear direction toward utilizing the Hippo
pathway therapeutically [161,181]. However, an ongoing challenge of this route is the complexity
of the Hippo pathway upstream regulators. Intriguingly, in PCa, it is unclear what causes the
Hippo pathway dysregulation. Delineating the upstream regulators of the Hippo pathway
in a PCa-specific context might, therefore, have direct clinical relevance. Importantly, YAP is
upregulated in CRPC; therefore, developing YAP activity inhibitors is an equally important
therapeutic direction. Successfully controlling YAP and/or TAZ activity state therapeutically
would be an immense step toward developing a personalized therapeutic strategy in CRPC.
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Abbreviations

ADT Androgen deprivation therapy
AMOT Angiomotin
AMPK 5′ adenosine monophosphate-activated protein kinase
AP-1 Activator protein 1
APC Adenomatous polyposis coli
aPKC Atypical protein kinase C
AR Androgen receptor
Arg/abl2 Abelson-related gene
ATF Activating transcription factor
CD133 Cluster of differentiation 133
CD44 Cluster of differentiation 44
Cdc42 Cell division control protein 42
c-Fos FBJ osteosarcoma oncogene
cGMP Cyclin guanosine monophosphate
c-Jun Cellular ju-nana
c-MAF Musculoaponeurotic fibrosarcoma
c-MYC Cellular myelocytomatosis
CRPC Castration-resistant prostate cancer
CTGF Connective tissue growth factor
CXCL5 C–X–C motif chemokine 5
CXCR2 C–C chemokine receptor type 2
CYR61 Cysteine-rich angiogenic factor
DHT Dihydrotestosterone
DNMT3a DNA methyltransferase 3
ECM Extracellular matrix
EMT Epithelial–mesenchymal transition
ER Estrogen receptor
ERG ETS-regulated gene
ETS E26 transformation-specific transcription factors
ETV1/4/5 E26 transformation-specific variant 1/4/5
EZH2 Enhancer of zeste homolog 2
FAK Focal Adhesion Kinase
FDA US food and drug administration
FRDM6 FERM domain-containing protein 6
GAP Guanosine triphosphate (GTP)ase activating protein
GTP Guanosine triphosphate
GR Glucocorticoid receptor
HMG-CoA 3-hydroxy-3-methyl-glutaryl–coenzyme A
Hsp27 Heat shock protein 27
JMJD2A Lysine-specific demethylase
JNK c-Jun N-terminal kinase
KIBRA Kidney- and brain-expressed protein
LATS1/2 Large tumor suppressor 1/2
M2 Tumor infiltration type II macrophages
MAP4K MAP kinase kinase kinase kinases
MDSCs Myeloid-derived suppressor cells
miR302-367 microRNA cluster 302-267
MOB1 MOB kinase activator 1
MST1/2 Mammalian Hippo homolog (Ste20-like kinases)
mTOR Mammalian target of rapamycin
NF2/Merlin Neurofibromatosis 2
NLK Nemo-like kinase
Par3 Polarity protein 3
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PCa Prostate cancer
PCSCs Prostate cancer stem cells
PDE5 Cyclic GMP-specific phosphodiesterase type 5
PI3K-AKT Phosphoinositide 3-kinase/protein kinase B
PKG cGMP-dependent protein G
POZ Pox virus and zinc finger protein
PPA1 Protein phosphate 1
PRC2 Polycomb repressive complex 2
PSA Prostate-specific antigen
PTEN Phosphatase and tensin homolog
RAC Ras-related C3 botulinum toxin substrate 1
RAF Rapidly accelerated fibrosarcoma family of serine/threonine kinases
RhoGAP Rho family of GTPases
SAV1 Protein salvador homolog 1
SH3BP1 SH3 domain-binding protein 1
Super TDU VGLL4-mimicking peptide
TAZ Transcriptional co-activator with PDZ-binding motif
TEAD1-4 TEA domain family member 1–4
VGLL4 Vestigial-like 4
WNT Wingless
YAP Yes-associated protein
17-mer YAP-like peptide
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Abstract: Angiogenesis, the formation of new blood vessels from pre-existing vasculature, is a
physiological process that begins in utero and continues throughout life in both good health and
disease. Understanding the underlying mechanism in angiogenesis could uncover a new therapeutic
approach in pathological angiogenesis. Since its discovery, the Hippo signaling pathway has emerged
as a key player in controlling organ size and tissue homeostasis. Recently, new studies have discovered
that Hippo and two of its main effectors, Yes-associated protein (YAP) and its paralog transcription
activator with PDZ binding motif (TAZ), play critical roles during angiogenesis. In this review,
we summarize the mechanisms by which YAP/TAZ regulate endothelial cell shape, behavior, and
function in angiogenesis. We further discuss how YAP/TAZ function as part of developmental and
pathological angiogenesis. Finally, we review the role of YAP/TAZ in tumor vascular mimicry and
propose directions for future work.

Keywords: Hippo pathway; cancer; angiogenesis; vascular mimicry; YAP; TAZ; MST1/2; LATS1/2

1. Introduction

1.1. Angiogenesis and Its Roles in Development and Pathogenesis

1.1.1. Angiogenesis

Angiogenesis is the formation of new blood vessels from pre-existing vasculature. There are two
main types of angiogenesis: sprouting angiogenesis and intussusceptive angiogenesis [1,2]. In sprouting
angiogenesis, enzymatic degradation of the capillary basement membrane weakens the endothelial
cell–cell interaction, which allows endothelial cells to proliferate and sprout toward an angiogenic
stimulator. During this stage, endothelial cells flatten to make a long, slender, tapering pseudopodium,
called filopodia; these are structures with a highly expanded endoplasmic reticulum and Golgi
apparatus, high in proteolytic enzyme production. Proteolytic enzymes secreted from filopodia
cleave the extracellular matrix and open a pathway for the developing sprout [3]. Intussusceptive
angiogenesis, on the other hand, does not rely on endothelial cell proliferation or migration. In this
type of angiogenesis, which is considered a fast angiogenesis compared to sprouting angiogenesis, an
existing vessel is split into two new vessels just by cellular reorganization. Based on recent studies
using scanning electron micrographs of Mercox casts, it has been shown that both types of angiogenesis
occur frequently [4]. However, as the intussusceptive angiogenesis process is faster, it normally occurs
in the early stage of angiogenesis compared to sprouting angiogenesis.

A variety of growth signaling pathways regulate angiogenesis (Figure 1). So far, vascular
endothelial growth-factor A (VEGF-A) is the best-understood pro-angiogenic signal. Loss of the single
allele or minor inhibition of this ligand is lethal during the developmental angiogenesis. VEGF-A binds
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to two receptor tyrosine kinases (RTKs): vascular endothelial growth factor receptor 1 (VEGFR1/Flt1)
and VEGFR2 (KDR). Usually, VEGF-A induces signaling pathways related to angiogenesis. For example,
it increases the secretion of matrix-metalloproteinases (MMPs) as well as endothelial cell proliferation [5].
Interestingly, it seems that upstream signaling pathways of angiogenesis are highly redundant and
several other RTKs such as the fibroblast growth factor receptor (FGFR), ephrin, and platelet-derived
growth factor receptor (PDGFR) can show the same effects as VEGFRs. Two very similar outputs
of these signaling pathways are: (1) hypoxia-inducible factor 1 (HIF-1) transcriptional activator
hetrodimerization, which usually occurs under low oxygen conditions and is involved in the adaptation
to both cellular and organismal hypoxia; and (2) MMP activation, which causes degradation of the
extracellular matrix to release more growth factors and to make it easier for endothelial cells to migrate.

 

Figure 1. Tumor angiogenesis. In tumor cells, several signaling pathways such as phosphoinositide
3-kinase (PI3K) and mitogen-activated protein kinase (MAPK) can phosphorylate eIF4E1 to increase
the HIF-1α translational level. Also, direct phosphorylation and hydroxylation are two important
post-translational modifications that cause HIF-1 dimerization and promote its degradation, respectively.
Activated HIF-1 then functions as a master switch to induce the expression of several growth factors such
as VEGF, PDGF, and Ang2, as well as extracellular matrix proteases such as matrix metalloproteinase
(MMP). MMPs allow the endothelial cells to escape into the interstitial matrix during sprouting
angiogenesis. Also, secreted growth factors induce survival, proliferation, migration, and vascular
permeability in endothelial cells. Abbreviations—PHD: prolyl hydroxylase domain protein; ATM:
ataxia telangiectasia mutated; HRE: HIF-1 response elements; HIF-1: hypoxia-inducible factor 1; MMP:
matrix metalloproteinase; VEGF: vascular endothelial growth-factor; VEGFR: VEGF receptor; PDGF:
platelet-derived growth factor.
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1.1.2. Angiogenesis in Development

Angiogenesis plays critical roles in embryogenesis and cardiovascular maturation [6,7].
The cardiovascular system is the first organ formed during vertebrate development. This complex
vascular network provides different tissues with nutrition and immune system support. In primitive
animals such as the fruit fly Drosophila melanogaster and the worm Caenorhabditis elegans, oxygen
diffuses through their skin to all cells in their body. During evolution, animals became more complex
and larger in size. Generally, modern metazoans have low surface area to volume ratio, which makes
it impossible to distribute necessary oxygen and other nutrients using simple diffusion [8]. As oxygen
diffusion is limited to about 100–200 μm thickness, all multicellular animals beyond this size need to
recruit blood vessels by angiogenesis so that oxygen and nutrients can be distributed to their cells.
Many cells with different properties and origins as well as numerous small angiogenic molecules are
involved in this highly regulated process.

Shortly after gastrulation, angioblasts (endothelial progenitor cells) start differentiating from
mesoderm layer in embryo. Angioblasts then unite together and form a very primitive network.
This process is the first stage of the formation of the vascular network and is called vasculogenesis [9].
After uniting, angioblasts produce different growth factors to recruit other none-endothelial cells such
as pericytes and smooth muscle cells to the primitive vasculature. The main role of non-endothelial
cells is deposition of a specific basement membrane, for stabilization of the new made vasculature [9].
This primitive blood vessel network can be a foundation for more new vessel formation, at this point
called angiogenesis. In summary, vasculogenesis is de novo vascular network formation in the embryo,
whereas angiogenesis results in new blood vessels from pre-existing vessels.

VEGF-A and its receptor tyrosine kinase is the best-known angiogenic factors involved in
angiogenesis. VEGF belongs to a gene family that includes several isoforms, namely VEGF-A, B, and
C [10]. We will talk more about VEGF isoforms and their specific function in the following sections.
Briefly, the VEGF-A gradient activates tip cells at the site of angiogenesis. These cells are very motile
and guide the angiogenesis towards the angiogenic factors [11]. The Notch signaling pathway plays
important role in regulation of VEGF-A response in endothelial cells to prevent excess angiogenesis.
Adjacent stalk endothelial cells have high expression of Notch 1 and Notch 4. VEGF-A up-regulates
the expression of delta-like ligand 4 (DLL-4) in tip cells, which binds to its receptor Notch 1 and Notch
4, and down-regulates VEGFR-2 expression in these cells [12]. At a short distance from tip cells, a
critical step in the development of blood vessels and lumen formation and extension occurs. As it is
difficult to mark the initial steps in tube formation, there is a lot of debate about its mechanism [13].

At the same time of angiogenesis the vessel start specifying into arteries, capillaries, and veins.
It is assumed that the difference in blood flow is the main factor responsible for establishing arterial
versus venous identity. It has been shown that the pattern of Eph receptor expression is different in
arteries, capillaries, and veins. However, it is not clear whether or not the difference in Eph receptor
expression is the result of arterial and venous formation or the cause [14]. Another important process
happens is vascular anastomosis, which generates connection between angiogenic sprouts and blood
vessels. Generally, there are two types of anastomosis, head-to-head and head-to-side. In head-to-head
anastomosis, two tip cells and in head-to-side one tip cell and one functional blood vessel generate
connections [13].

1.1.3. Angiogenesis in Pathogenesis

Angiogenesis needs to be accurately controlled during development and adulthood. Therefore, not
surprisingly, an imbalance in angiogenesis contributes to many diseases, including cancer, age-related
macular degeneration (AMD), diabetic retinopathy, immune disorders, inflammation, infection, and
ischemia [15–17]. So far, the majority of the reports on angiogenesis in human diseases come from studies
on the roles of angiogenesis in tumorigenesis. There is much evidence indicating a dependency of tumor
growth and metastasis on neovascularization occurring within and surrounding a tumor; normally,
tumors reach a “steady state” size of roughly 2 mm diameter when not fed by neovascularization [18].
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In addition to supporting tumor growth, blood vessels offer a means for cancer cells to metastasize
away from the primary tumor. Tumor cells survive in the circulation, target new organs, and induce
angiogenesis where they seed, perpetuating a vicious cycle. After embryogenesis, endothelial cells
in vasculature become largely quiescent and only activated in certain circumstances, such as wound
healing. During tumor expansion, however, the angiogenic switch is turned on, activating quiescent
endothelial cells to sprout new vessels [19]. Mounting evidence suggests that the angiogenic switch is
activated when tumors cause an imbalance in ratio of pro- and anti-angiogenic molecules. Usually,
tumors increase the pro-angiogenic factor in different ways. For example, increasing tumor size
reduces the tumor oxygen exchange rate, which activates the hypoxia signaling pathway. As result
of this activation, the expression of HIF increases, which subsequently results in upregulation of
pro-angiogenic molecules VEGF and FGF, and MMPs to increase angiogenesis (Figure 1). In addition,
it has been shown that up-regulation of some oncogene signaling pathways such as PI3K and MAPK
can contribute to increasing or reducing angiogenesis regulators. In addition, increasing MMPs
and other matrix degrading enzymes in aggressive tumors can also contribute to angiogenesis by
releasing such pro-angiogenic molecules from extracellular matrix as FGF and VEGF ligands, which are
tethered to the extracellular matrix through their heparin-binding motif. Moreover, thrombospondin 1
(TSP-1), which binds and suppresses transmembrane receptors in endothelial cells, is an important
counterbalance in the angiogenic switch. However, the signaling pathways and mechanisms in tumors
that down-regulate TSP-1 are not well known [20].

Blood vessels within tumors have distinct features different from those of normal blood vessels.
Their blood flow is not as consistent as that in normal blood vessels, which causes micro-hemorrhage
and sometimes bleeding in the tumors. Furthermore, these vessels are very active in branching and
sprouting new vessels. Metabolism, cell proliferation, and even cell death in the NE vasculature
endothelial cells are very high in tumor vessels [21]. Since the endothelial cells are almost always the
genetically intact cells from somatic quiescent cells, such different vessel morphology and endothelial
cell behavior and metabolism are likely the result of tumor cells that create an imbalance in angiogenic
molecule levels [21]. Even though some signaling pathways related to VEGF, FGFR, and HIF-1 have
been studied very well, many questions remain to be answered.

1.2. Yes-Associated Protein (YAP) and Paralog Transcription Activator with PDZ Binding Motif (TAZ)

YAP and its paralog are WW domain-containing transcriptional co-activators and major effectors
of the Hippo signaling pathway, which regulates tissue homeostasis, organ size, cell death, stem cell
renewal, and mechanotransduction [22–26]. The final output of the Hippo pathway is the inhibition of
YAP/TAZ co-transactivational activity by large tumor suppressor (LATS)1/2 kinases, and thereby their
cytoplasmic sequestration and ubiquitin ligase-dependent degradation (Figure 2) [27–29]. The four
main components of the Hippo pathway, including Warts [30], Salvador [31], Hippo [32], and the
adaptor protein Mats [33] were found during the screening of tumor suppressor genes in Drosophila [34].
Hippo, Sav, Wts, and Mats in Drosophila are conserved proteins and homologous to mammalian
mammalian STE20-like protein kinas 1/2 (MST1/2), WW45, LATS1/2, and Mps one binder 1 (MOB1),
respectively [35,36]. In mammalians MST1/2 serine/threonine (S/T) kinases play key role in the Hippo
pathway, as it is able to phosphorylate and activate three other components, including LATS, MOB, and
Salvador [37–39]. When LATS1/2 S/T kinases are activated, they bind to and phosphorylate YAP/TAZ
at five different conserved HxH/R/KxxS/T (H, histidine; R, arginine; K, lysine; x, any amino acid)
motifs, including YAP S127 and TAZ S89 [33,36,40,41]. LATS-dependent phosphorylation of YAP/TAZ
produces an interaction site for phospho-protein-binding protein 14-3-3, which inhibits YAP/TAZ
nuclear localization and its co-transactivation of downstream genes with transcription factors such as
TEA domain family protein (TEAD) and AP1 (Figure 2).
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Figure 2. An overview of the regulation of YAP and TAZ transcriptional co-activators. YAP and
TAZ are downstream mediators of numerous signaling pathways such as G-protein couple receptors
(GPCRs) and epidermal growth factor (EGFR). YAP and TAZ localization is mainly regulated through
phosphorylation by large tumor suppressor (LATS). The 14-3-3 phosphobinding protein interacts with
and sequesters phosphorylated YAP and TAZ. YAP and TAZ localization is also regulated through
physical interaction, for example with SMAD, β-catenin, and junction proteins. YAP: Yes-associated
protein (YAP); TAZ: transcription activator with PDZ binding motif.

YAP/TAZ play a critical role in regulating many cellular behaviors in response to various internal
and external stimuli [42]. For example, YAP/TAZ have been identified as conserved mechanotransducers
for sensing diverse mechanical cues such as shear stress, cell shape, and extracellular matrix rigidity,
and translating them into cell-specific transcriptional programs [43]. Cell extra-cellular matrix
conformational change and mechanical stresses activate Rho GTPase mediated actin polymerization.
Filamentous actin (F-actin) inhibits LATS activity and induces YAP/TAZ nuclear localization (Figure 2).
Junction proteins can also regulate YAP/TAZ localization and activity [25]. Merlin (protein of the
neurofibromatosis 2 (NF2) gene) directly interacts with angiomotin (AMOT) and α-catenin to recruit
LATS kinase to adherent junction. Cross phosphorylation between AMOT and LATS at adherence
junction results in YAP/TAZ phosphorylation and cytoplasmic retention. Scribble is a scaffold protein
which recruits MST and LATS to basolateral junction and cause the same outcome. Junctions protein
can also regulate YAP/TAZ activity just by sequestering them. It has been reported that AMOT and
α-catenin can physically sequester YAP/TAZ in tight and adherent junctions [44,45].

YAP/TAZ also respond to extracellular cues such as hormones and growth factors. It has been
shown that serum-borne lysophosphatidic acid (LPA) and sphingosine 1-phosphophate (S1P) act
through a group of G-protein coupled receptors (GPCRs), G12/13-coupled receptors, to induce cell
proliferation and migration. YAP/TAZ are necessary for G12/13-coupled receptors induced function.
Rho GTPase is the main connector of GPCRs and YAP/TAZ. In addition, it has been discovered that
epinephrine and glucagon can also regulate YAP/TAZ through a similar pathway [46]. In addition to

165



Cells 2019, 8, 407

GPCRs, RTKs are other important cell membrane proteins that regulate YAP/TAZ function. Ligand
binding induces RTK dimerization at the cell membrane [47]. Two kinase domains cross-phosphorylate
each other, which causes increasing kinase activity. The activated kinase domains phosphorylate
other sites and produce docking sites for intracellular signaling proteins. The activated RTK and
signaling proteins form a signaling complex that broadcasts signals along other signaling pathways.
It has been shown that PI3-kinase (PI3K), one of the main downstream signaling pathways of
RTKs, induces YAP/TAZ nuclear localization through inhibition of LATS activity (Figure 2) [48,49].
Recently, we provided the first evidence that the Hippo pathway effectors TAZ and YAP are critical
mediators of PI3K-induced mammary tumorigenesis and synergistically function together with PI3K
in transformation of mammary cells [50].

2. Roles of YAP/TAZ in the Regulation of Endothelial Function during Angiogenesis

Angiogenesis is a complex process with a series of sequential events. Endothelial cells as building
block of vasculatures play a critical role in this event. During early stage of angiogenesis, endothelial
cells loosen their junctions with other cells, change their shape and increase their motility. Therefore,
to gain a better understanding of angiogenesis, the regulation of endothelial cell shape and behaviors
should be firstly studied. Endothelial cells can be in quiescent, proliferating, or differentiating state
according to the stimuli they received from their environment. If endothelial cells are seeded into
collagen-coated plates, they enter to a high proliferating state. However, soon after plating the
same cells in Engelbreth–Holm–Swarm mouse sarcoma (matrigel), the cells stop proliferating and
differentiate to tube-like structure within 8–12 h. The comparison of gene expression by endothelial
cells in these two distinct states reveal several important regulators, such as CTGF, CYR61, and
angiopoietin-2, all of which are known as transcriptional target of YAP/TAZ [51]. Significantly, many
genes and signaling pathways have also been shown to regulate endothelial cell shape and behavior
though YAP/TAZ.

Most in vitro cancer angiogenesis assays use endothelial cells. Bovine aortic endothelial cells
(BAECs) and human umbilical vein endothelial cells (HUVECs) are two main cell types that are
used in these assays. Although it is easy to harvest the aforementioned cells form blood vessels
and then expand them in primary cell cultures, they do not represent high tumour blood vessel
heterogeneity [52–55]. Furthermore, in vitro conditions rarely reflect the in vivo environment, as they
cannot expose the cells to hemodynamic forces, which are necessary to activate several signaling
pathways in endothelial cells. Due to these limitations, many scientists are focusing on developing new
methods to study the function of key component of angiogenesis. Recently, Cuia et al. [56] developed
a three-dimensional (3D) microfluidic angiogenesis model to study immune-vascular and cell-matrix
interactions. By using this model they demonstrated that soluble immunosuppressive cytokines and
endothelial–macrophage interactions are involved in regulating glioblastoma tumor angiogenesis.
It was observed that endothelial–macrophage interactions regulate in vitro proangiogenic activity
through integrin receptors and Src–PI3K–YAP signaling. In another study, a 3D culture model was
developed in auxetic scaffolds to evaluate vascular differentiation [57]. By using this model it was
confirmed that cytoplasmic YAP expression of cells from auxetic scaffolds contributes to the enhanced
vascular differentiation and angiogenesis. Therefore, developing new models, which are closer to
in vivo models, will facilitate uncovering unknown functions of the YAP/TAZ and the Hippo pathway
in angiogenesis.

2.1. Angiomotin (AMOT) Family

The AMOT family contains three members: AMOT, AMOT like 1 (AMOTL1), and AMOT-like
protein 2 (AMOTL2). AMOT is expressed in two different isoforms through alternative splicing,
p130-AMOT, and p80-AMOT (lacks the N-terminal 400 amino acids present in the p130 isoform).
It is a membrane associated protein that regulates endothelial cells motility and behavior during
angiogenesis [58]. p130-AMOT contains PPXY motifs, which mediate its interaction with the WW
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domain of YAP/TAZ [44]. p130-AMOT can inhibit transactivating function of YAP/TAZ by either
bringing MST, LATS, and YAP to tight junctions and increasing YAP phosphorylation or physically
sequestering YAP into F-actin. AMOT like 1 (AMOTL1) has 62% homology with AMOT and
compensates for the absence of AMOT in mice models and exhibits similar expression pattern, controls
endothelial polarity and junction stability during sprouting angiogenesis [59]. Studying AMOTL1
uncovered a novel function for the first time for cytoplasmic YAP. The E3 ubiquitin ligase Nedd4 targets
AMOTL1 for ubiquitin-dependent degradation at tight junctions. Interestingly, YAP recruits c-Abl to
tight junctions to phosphorylate E3 ubiquitin ligase Nedd4 on tyrosine. This tyrosine phosphorylation
reduces the affinity of Nedd4 to AMOTL1, resulting in increasing the AMOTL1 and tight junction
stability [60]. Surprisingly, another component of the Hippo, LATS can also regulate AMOT. LATS
regulates AMOT function through direct phosphorylation on the LATS substrate conserved sequence,
H/X/R/XXS. This phosphorylation site is S175 of AMOT, and has critical role in interaction with F-actin.
When LATS phosphorylates Ser-175, it disrupts AMOT interaction with F-actin and reduces F-actin
stress fibers and focal adhesions, which subsequently inhibits endothelial cell migration in vitro and
zebrafish embryonic angiogenesis in vivo [61]. Since LATS is the major regulator of YAP/TAZ and
AMOT and its interaction with Hippo signaling pathway can also regulate cell shape and motility
of non-endothelial cells, which play important roles in cancer biology [62], how the LATS–AMOT
interaction can affect YAP/TAZ function in angiogenesis is a critical question for future studies (Figure 3).

 

Figure 3. An overview of the regulation of YAP and TAZ transcriptional co-activators in angiogenesis.
Several receptors regulate YAP and TAZ activity directly via LATS or other unknown pathways, which
can affect angiogenesis. VEGFR regulates YAP and TAZ through three main pathways including
the Rho GTPase, MAPK, and PI3K pathway. The TGF-β, Wnt, and CD44 pathways regulate YAP
and TAZ as well as LATS activity through several not well-known mechanisms. Abbreviations—TF:
transcription factor; ECM: extracellular matrix; Fz: frizzled receptor.

2.2. CD44

Vascular barrier integrity is another factor, which is mainly developed and regulated by endothelial
cells during angiogenesis. This semi-selective barrier is disrupted in several diseases such as
inflammation, atherosclerosis, and tumor angiogenesis. Endothelial cell-surface CD44 serves as
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a barrier regulatory receptor in endothelial cells [63]. Also, hyaluronan, a frequent glycosaminoglycan
in the extracellular matrix, plays critical roles in angiogenesis, mainly through CD44 [64]. CD44 is
also known for the regulation of matrix metalloproteinase level and activation, interactions with
cortical membrane proteins, both of which plays a key role during angiogenesis. CD44 knock out mice
show impaired barrier function, altered junctional organization, and dysfunctional endothelial cell
junctions. It was observed that in these mice after angiogenesis, blood vessels express reduced levels
of CD31 (also known as PECAM-1). Expression of CD31 restores barrier strength and endothelial cell
morphology, which together with other evidence showing that CD44 regulates vascular endothelial
barrier integrity and morphology via a CD31-dependent mechanism [65]. CD44 has been associated
with one of upstream regulators of the Hippo pathway, Merlin [66]. Furthermore, CD44 deficiency
causes reduction in CD31 and vascular endothelial (VE)-cadherin that has been connected with
a reduction in tight junction, leading to Ajuba inhibition of LATS [67]. Another study showed
independently that reduced CD31 expression induces Ajuba expression, resulting in LATS inactivation
and YAP nuclear localization in cells originally derived from brain microvascular endothelial cells [68].
Additionally, it has been shown that CD44 regulates endothelial cell proliferation and survival by
modulating cell adhesion molecules via the Hippo pathway [69,70]. Although these studies have
shown CD44 as an upstream regulator of angiogenesis and the Hippo signaling pathway, how the
CD44–Hippo interaction can affect YAP/TAZ function in angiogenesis is a critical question for future
studies (Figure 3).

2.3. Extracellular Matrix (ECM)

One of the important factors that regulates endothelial cells’ behavior in normal condition and
during angiogenesis is the physical property of the microenvironment. This includes cell morphology,
ECM stiffness or confined adhesiveness, and flow dependent endothelial cells regulation. In normal
conditions, increasing cell density causes YAP/TAZ cytoplasmic localization. When the cells are
confluent their morphology is different and covers less area. To answer the question whether YAP/TAZ
localization is regulated by cell morphology, micropattern plates have been used. Each of these plates
has many microdomains with different sizes and shapes. Culturing cells in these plates showed
that in small domains, where cells were round, YAP was mostly cytoplasmic, whereas on larger
domains, where cells were spread and flat, YAP was in nucleolus [71]. Endothelial cell spreading and
ECM stiffness induce YAP/TAZ nuclear localization independent of the NF2/Hippo/LATS pathway,
instead requiring Rho activity and the actomyosin cytoskeleton [72]. Nakajima et al. [73] studied the
spatiotemporal localization and transcriptional activity of YAP in endothelial cells of in vivo and found
blood flow regulates localization of YAP through mechanotransduction signaling during physiological
condition and angiogenesis. They found LATS-independent YAP nuclear localization in HUVEC cells
exposed to shear stress and endothelial cells in blood vessels with flow. They also found, during vessel
remodeling (a type of intussusceptive angiogenesis), that YAP localized into the nucleus through a
flow-regulated mechanism. Recently, by using micropatterns a new technique has been designed
to mimic mechanosensitivity and study the influence of extracellular physical cues on endothelial
mechanosensing during angiogenesis. Using, this novel method, they found potential divergent
kinetics for two important transcriptional related proteins in endothelial cells, MRTF-A and YAP,
during angiogenesis (Figure 3) [74].

2.4. Transforming Growth Factor-β (TGFβ)/Bone Morphogenic Protein (BMP)

Several signaling pathways play critical role in endothelial cells during angiogenesis. The most
well-known one is VEGF/VEGFR pathway. We will discuss in detail about this pathway and its
links to the Hippo pathway in the following sections. Transforming growth factor-β (TGFβ)/bone
morphogenic protein (BMP) regulates proliferation, differentiation, migration, and survival depending
on the cell type. In endothelial cells, TGFβ1, TGFβ2, and TGFβ3 are three most common ligands for
serine/threonine kinase receptors, including TGFβ type II receptor, activin receptor-like kinase (ALK1)
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and ALK5. The latter two are known as TGFβ type I receptors. TGFβ receptor activation causes specific
SMAD transcription factors phosphorylation and nuclear localization. In the nucleus SMAD interacts
with other transcription factors, which leads to the transcription of a wide array of target genes. Several
in vivo studies have shown the importance of the TGFβ signaling pathway in angiogenesis [75–77].
Interestingly, the Hippo pathway interacts with TGFβ pathway in several points. The RASS1FA
scaffold protein regulates the TGFβ-induced YAP–SMAD interaction and SMAD cytoplasmic retention.
However, when RASSF1A is degraded, TGF-β activation causes YAP/SMAD nuclear localization
and gene transcription [78]. Also, in response to hypoxia and TGF-β stimuli, LATS is ubiquitinated
and degraded, resulting in YAP dephosphorylation and subsequently activation [79]. Endoglin is a
type III TGFβ receptor that is upregulated in endothelial cells during angiogenesis. It is shown that
Endoglin crosstalk Hippo pathway that leads to the regulation of secreted matricellular proteins and
chemokines, cell migration and morphology, and extracellular matrix remodeling [80]. Also, another
transcriptomics study showed the importance of the Hippo signaling pathway in TGFβ-activated cells.
Evaluation of long non-coding RNAs (lncRNAs) and mRNAs with the Arraystar Human lncRNA
Expression Microarray after TGFβ in human endothelial cells showed many of the transcriptome
changes can be through YAP/TAZ [81]. However, how the interaction between TGFβ and YAP/TAZ in
human endothelial cells can regulate angiogenesis is unclear (Figure 3).

2.5. WNT Pathway

The WNT signaling pathway has been widely implicated in maintenance of the vascular system and
angiogenesis. Wnt binds to the frizzled (Fz) and low-density lipoprotein receptor-related protein (LRP)
complex at the cell surface. Cytoplasmicβ-catenin levels are regulated by complex protein down-stream
of Fz/LRP that include dishevelled (Dsh), glycogen synthase kinase-3β (GSK-3), axin, and adenomatous
polyposis coli (APC). When Wnt binds Fz/LRP, β-catenin degradation is inhibited by GSK-3/APC/axin.
Inversely, in the absence of Wnt protein, β-catenin is targeted for ubiquitination. β-catenin can regulate
many features of endothelial cells such as gene transcription and cytoskeleton structure [82]. Fz can
also interact with the heterotrimeric G proteins and led to induction of YAP/TAZ transcriptional activity
during central nervous system angiogenesis (Figure 3) [83]. Activation of heterotrimeric G proteins,
specifically Gα12/13, can activate Rho GTPases resulting in inhibition of LATS1/2 to promote YAP/TAZ
activation and TEAD-mediated transcription [84]. The Wnt antagonist Dickkopf2, known as regulated
by YAP, promotes angiogenesis in rodent and human endothelial cells through regulation of filopodial
dynamics and angiogenic sprouting via LRP6-mediated APC/Asef2/Cdc42 signaling [85]. This evidence
shows the potential collaboration between Wnt and Hippo pathway to regulate angiogenesis (Figure 3).

2.6. PROX1 Transcriptional Programing—Key Regulators of Blood Vessel and Lymphatic Endothelial Cell
Trans-Differentiation

The lymphatic microvasculature collects the removal of interstitial fluid/proteins and brings them back
to the circulatory system. Although its function is in close coordination with blood vasculature, lymphatic
endothelial cells have their own specific function and molecular composition. Isolation of primary
lymphatic and blood microvasculature endothelial cells from human has revealed some similarities as
well as unique molecular properties that distinguish lymphatic and blood vascular endothelium from each
other [86]. Several studies showed that both lymphatic and blood vessel endothelial cells have the ability to
monitor and respond to shear stress through YAP/TAZ to control cell–cell junction, and prevent regression
of valves and focal vascular lumen collapse [73,87–90]. Both blood vessels and lymphatic endothelial
cells have the same origin. Differentiation of lymphatic endothelial cells and having different fate from
blood vessel endothelial cells mainly depends on a transcription factor activity, called Prox1 [91]. Prox1
is involved in cell fate determination, gene transcriptional regulation, and progenitor cell regulation
during lymphogenesis as well as trans-differentiation of blood vessel and lymphatic endothelial cells.
It has been shown that Prox1 expression is negatively regulated by YAP/TAZ activity [92]. YAP/TAZ
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regulate lymphatic identity through Prox1 transcriptional programing, which is a critical checkpoint
underlying lymphatic endothelial cells differentiation from blood vessel endothelial cells [92].

3. Roles of YAP/TAZ in Developmental Vasculogenesis and Angiogenesis

Vasculogenesis and angiogenesis are responsible for forming new blood network in the embryo.
Vasculogenesis begins with the differentiation of precursor cells (angioblasts) into endothelial cells and
the de novo formation of a primitive vascular network, which makes the heart and the first primitive
vascular plexus inside the embryo. Then, angiogenesis remodels and expands this network [93].
At early stage of mouse embryo development, TAZ has no expression, and comes up at all stages
after blastocyst. However, YAP expression is dynamic and widespread during mouse development
from the beginning. Knock out mice reveal the importance of YAP for early development of both
yolk sac vasculature and placenta [94]. YAP-knocked out embryos die in the first half of gestation
because of severe defects in early yolk sac vascular plexus and placenta development. Interestingly,
TAZ cannot compensate this YAP specific phenotype. YAP function in vascular development has
been also explored in zebrafish. YAP null mutant zebrafish showed increased vessel collapse and
regression [74]. During regression, blood circulation in the endothelial cells activates YAP/TAZ, which
leads to induction of CTGF and actin polymerization [95–99].

Comparing sprouting front, remodeling plexus, arteries, and veins in postnatal mouse retinas
showed YAP/TAZ have distinct expression and localization in endothelial cells according to their
physiological conditions and developmental stage [100–107]. YAP is expressed evenly throughout the
vasculature with mostly cytoplasmic localization. During angiogenesis, YAP localizes into nucleus
at sprouting area. TAZ expression is variable throughout the vasculature with highest expression in
sprouting fronts. Surprisingly, when YAP or TAZ were conditionally knocked out in endothelial cells,
mild vascular defects were observed [100]. Deleting both YAP and TAZ in mice causes a dramatic
defect in blood vessel development at the retinal vasculature, a 21% decrease in radial expansion, a
26% decrease in capillary density, and a 55% decrease in branching frequency. These results indicate
that endothelial YAP and TAZ are critical for the vascular growth, branching, and regularity of
blood vessel network. In another study, it was observed that overexpression of YAP-active form
increased angiogenic sprouting, which is blocked by angiopoietin-2 (ANG-2) depletion or soluble Tie-2
treatment [101].

YAP and TAZ are known mainly for their co-transcriptional activity in the nucleus. However,
cytoplasmic YAP/TAZ have also distinct functions in angiogenesis and vascular remodeling. Deletion
of the LATS1/2 in mice endothelial cells results reduction in YAP/TAZ phosphorylation and cytoplasmic
retention. The retinas of these mice show migration defect with reduced extension distance, which can
be partially rescued by overexpressing YAP-S127D (cytoplasmic form of YAP). Intriguingly, deletion of
YAP/TAZ, Cdc42, or LATS1/2 in endothelial cells has a very similar phenotype in the retina, implying
the possibility of operation in a common pathway in angiogenic tip cell development. Cytoplasmic
YAP/TAZ positively regulates the activity of the Rho family GTPase CDC42 activity, which causes
proliferation, and migration of vascular endothelial cells during retinal angiogenesis [102].

VEGFRs and their ligands VEGFs regulate the functions of several types of cells in cardiovascular
system such as hematopoietic precursors, as well as endothelial and lymphendothelial cells.
In mammals, there are three RTKs, known as VEGFR1–3, which bind to five VEGF ligands, derived from
alternative splicing. VEGFR-1 is one of main negative or positive regulators of VEGFR-2. VEGFR-2
and VEGFR-3 play crucial roles in angiogenesis and lymphogenesis, respectively. VEGF family
members secrete 40-kDa dimeric glycoproteins including VEGFA, B, C, D and placenta growth factor
(PLGF) [103]. PLGF and VEGFB just bind VEGFR-1. VEGFC, and D are known ligands for VEGFR-3
and regulate lymphogenesis. VEGFA, and B bind to both VEGFR-1 and -2 and are involved in regulating
of endothelial cell mitosis, and survival, as well as angiogenesis and microvascular permeability.
Alternative gene splicing of VEGFA makes several isoforms namely, VEGF121, VEGF165, VEGF189, and
VEGF206 [104]. Ligand binding induces VEGFR dimerization and increasing kinase domain activity.
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Cross phosphorylation between kinase domain produces docking site for intracellular signaling
protein that broadcast signaling. PI3K and MAPK are two main signaling pathways downstream of
VEGFRs. Recently, we made a novel bioluminescent-based biosensor to quantify the kinase activity
of the large tumor suppressor (LATS), a central kinase in the Hippo signaling pathway [105,106].
Using this biosensor against a small kinase library, we found VEGFR activation by VEGF triggers
PI3K/MAPK signaling, which subsequently activates the Hippo effectors YAP and TAZ (Figure 3).
We demonstrated VEGF activation induces angiogenesis in vitro and in vivo, which was abolished
by YAP/TAZ knockdown. In addition, we found treatment of YAP/TAZ knocked down cells with
Cyr61 and ANG-2, known as YAP/TAZ pro-angiogenic targets, can partially rescue the phenotype.
Wang et al. [107] identified that YAP/TAZ are essential co-transcriptional activators in endothelial
cells and YAP/TAZ activity is controlled by VEGF during developmental angiogenesis. YAP/TAZ
localization in endothelial cells is different during embryogenesis. In early embryos (E10.5 and E11.5)
YAP/TAZ are predominantly in the nucleus. However, they are mostly localized in the cytoplasm in
later developmental stages (E14.5). Interestingly, by using transgenic mouse cell line overexpressing
VEGF, increased angiogenesis and nuclear YAP/TAZ were observed. Moreover, endothelia-specific
deletion of YAP/TAZ caused severe vascular defects throughout the whole body as well as yolk sac
vascularization. They also studied the roles of YAP/TAZ in retina and brain vascularization during
postnatal angiogenesis. Deletion of YAP/TAZ in endothelial cells reduced cell proliferation but had
no effect on blood vessel regression. However, YAP/TAZ knockout reduced vessel coverage, length,
and branch points in the developing brain cortex. Significantly, they also showed that VEGF changes
cytoskeleton dynamics by regulating Src family kinases (SFKs) and Rho GTPases, which results in
YAP/TAZ nuclear localization. Interestingly, YAP/TAZ can also regulate VEGFR2 and its activity.
YAP/TAZ knocked down in endothelial cell impairs proper VEGFR2 trafficking and its downstream
signaling. ChIP-Seq analysis of endothelial cells after VEGF treatment and comparison with knocked
down YAP/TAZ cells revealed that VEGF induces a YAP/TAZ-dependent transcriptome linked to
cytoskeleton assembling genes.

Signal transducer and activator of transcription 3 (STAT3) is a transcription factor interacting with
YAP/TAZ interacting proteins in endothelial cells [108]. Interleukin 6 (IL-6) treatment results in STAT3
phosphorylation by receptor-associated Janus kinase that induces its nuclear localization and regulates
gene expression in the acute-phase inflammatory response. YAP binding extends IL-6-driven STAT3
accumulation in the nucleus and increases the expression of Ang-2, which promotes angiogenesis.
Ang-2 blockage or selective STAT3 inhibitors attenuate retinal angiogenesis in Tie2Cre-mediated YAP
transgenic mice.

Additionally, YAP/TAZ can also regulate endothelial cells and angiogenesis through regulating
none-endothelial cells such as pericytes as well as vascular smooth muscle cells or mural cells. Pericytes
are functionally important as if they are lost, blood vessels become hemorrhagic and hyper dilated,
which cause edema, diabetic retinopathy, and embryonic lethality [109]. Recent studies have shown
the importance of pericytes in tumor progression [110]. Kato et al. [111] showed recently that YAP/TAZ
regulates several key functions of pericytes. Knocking down of YAP/TAZ in pericytes of mice reduces
hepatocyte growth factor expression which leads to impaired activation of the c-Met receptor in alveolar
cells [111]. They also showed YAP/TAZ regulates angiopoietin-1 expression in pericytes, which together
with hepatocyte growth factor coordinates the behavior vascular cells during lung morphogenesis.

4. Roles of YAP/TAZ in Pathological Angiogenesis

In general angiogenesis related diseases can be categorized into two major groups depending on
whether there is need for more angiogenesis or it should be inhibited to cure the disease. In the first
category, therapeutic angiogenesis can help damaged tissue to be repaired, such as in limb ischemia,
myocardial infarction, and arteriosclerosis. In second category, pathological angiogenesis should be
inhibited to stop or slow down the progression of a disease such as in benign and malignant angiogenic
tumors, as well as retinopathies [112].
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One of the factors that can affect systematic angiogenesis is. Mesenchymal stromal cells (MSCs)
are multipotent non-hematopoietic cells with multi-lineage potential to differentiate into various
tissues, including osteoblasts (bone cells), chondrocytes (cartilage cells), myocytes (muscle cells), and
adipocytes (fat cells which give rise to marrow adipose tissue). MSCs are also known to regulate
angiogenesis in different organs especially in bone marrow. MSCs detect mechanosignals and regulate
angiogenesis through secretion of several pro-angiogenic factors such as VEGF and placental growth
factor (PGF). The amount of this pro-angiogenic factors secretion in MSCs cells is correlated with age.
Interestingly, MSCs derived from children are more mechanosensitive, showing enhanced angiogenesis
on stiff substrates. This difference is possibly due to activity in Hippo signaling as MSCs derived from
children have lower Hippo signaling activity and higher YAP nuclear localization and transactivating
activity [113]. Another factor affecting systematic angiogenesis is endothelial cell-derived exosomes
(EDEs) that promote trans-endothelial migration and angiogenesis. Atherosclerotic cerebrovascular
disease includes a variety of medical conditions such as elevated blood pressure [114]. Levels of YAP
in EDE are higher and those of pS127-YAP are lower in patients with atherosclerotic cerebrovascular
disease [114]. However, how this YAP protein level change in EDEs regulates angiogenesis is not
completely understood.

Structural changes of the vascular wall and vascular remodeling is commonly correlated with
hypertension. Vascular remodeling can be induced in mice by angiotensin II fusion in 2-weeks. Mice
treated with angiotensin II show YAP up-regulation in their blood vessels. Interestingly, disrupting the
YAP–TEAD interaction with verteporfin inhibits Ang II-induced vascular remodeling in mice [115].

Retinal neovascularization, such as age-related macular degeneration (AMD or ARMD),
retinopathy of prematurity (ROP), and proliferative diabetic retinopathy (PDR), are the leading
cause of blindness in developed countries. Although the mechanism of retinal neovascularization is not
well understood, endothelial dysfunction as a result of hypoxic stimuli such as ischemia or inflammation
is one of main players. Laser photocoagulation and VEGFR inhibitors are the two main existing
treatments. Laser photocoagulation can destroy retinal neurons and affect normal visual function.
Effects of VEGFR inhibitors are mostly short-term due to the development of resistance to anti-VEGF
therapies [116]. Therefore, it is urgent to study the underlying cellular and molecular mechanisms of
these diseases to find novel therapeutic approaches. AMD is the leading cause of sight loss, which
can be classified as wet or dry. The wet AMD is characterized by choroidal neovascularization with
abnormal blood vessels that grows behind the macula and leak fluid. The proliferation of choroidal
endothelial cells is the key step in angiogenesis. The in vivo AMD mouse model is created by laser
photocoagulation. In this model, YAP expression in choroidal endothelial cells is significantly higher
and mostly localized in the nucleus. Choroidal endothelial cells with highly expressed YAP also express
high protein level proliferating cell nuclear antigen (PCNA) with a higher mitosis rate. Intriguingly,
knocking down YAP in these cells in combination therapy with ranibizumab, a VEGF monoclonal
antibody, decreased the expression of PCNA, choroidal endothelial cell proliferation, and the incidence
as well as leakage area of choroidal neovascularization [117]. YAP/TAZ conditionally knocked out mice
show markedly attenuated choroidal neovascularization volume and suppressed vascular leakage
compared with wild type mice [118]. Also, it has been shown that treatment of human retinal
microvascular endothelial cells (HRMECs) with dimethyloxalylglycine (DMOG), to mimic hypoxia
conditions, induces angiogenesis through YAP and STAT3 [119]. In endothelial cells and during hypoxia
conditions total YAP, and p-STAT3 (Tyr705) increases, while pS127-YAP decreases. Un-phosphorylated
YAP localizes p-STAT3 into the nucleus and promotes the transcription of VEGF. YAP also regulates
proliferation, migration and tube formation of HRMECs in vitro. Additionally, YAP inhibition reduces
retinal pathological neovascularization in mouse oxygen-induced retinopathy model.

High morbidity and mortality in diabetic patients are mainly due to impaired angiogenesis and
wound healing. The most common complications of diabetes include having damaged blood vessels,
increased permeability, and growth of new blood vessels in the retina. These symptoms together are
known as diabetic retinopathy. Treatment for diabetic retinopathy is similar to AMD treatment and
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has low efficacy to arrest the progression of this disease. The Hippo signaling pathway is important
for the progression of diabetic retinopathy and can be used to develop new therapeutic approaches.
Diabetic rats show decreased levels of p-S127-YAP and p-MST, while TAZ and TEAD total proteins
are increased in their retinas [120]. These changes in the Hippo signaling activity result in increasing
pro-angiogenic factors secretion and retina new blood vessel formation. Another complication of
diabetes is delayed wound healing due to impaired angiogenesis and poor dermal healing. Recently, it
has been shown that substance P, a neurotransmitter composed of 11 amino acids, accelerates wound
healing in diabetic mice through endothelial progenitor cell mobilization and YAP activation [121].
Additionally, a non-invasive method, low-intensity pulsed ultrasound can accelerate healing through
activation of YAP and TAZ in endothelial cells. Low-intensity pulsed ultrasound treatment activates
YAP and TAZ nuclear localization through LATS inhibition, which can promote angiogenesis and
vascular remodeling [122].

Hyperglycemia and elevated free fatty acids in diabetic patients cause metabolic stress, which
inhibits endothelial angiogenesis. The Hippo signaling pathway and YAP/TAZ play critical role in
endothelial angiogenesis inhibition during metabolic stress. For example, treatment of endothelial
cells with palmitic acid inhibits their cell proliferation, migration, and tube formation ability. After
palmitic acid treatment, MST expression increases dramatically, which then activates LATS and
results in YAP phosphorylation and exclusion from nucleolus. Interestingly, either knocking down
MST or overexpression of YAP prevented palmitic-induced inhibition of angiogenesis. Palmitic acid
treatment damages endothelial cells mitochondria and releases mitochondrial DNA. Mitochondrial
DNA activates cytosolic DNA sensor cyclic GMP-AMP synthase (cGAS)-stimulator of interferon genes
(STING)-interferon regulatory factor 3 (IRF-3). cGAS-STING-IRF3 signaling activates IRF3 transcription
factor, which then directly interacts with MST promoter and increases its expression [123]. In addition
to the mentioned functions, Hippo signaling also regulates endothelial metabolisms. Peroxisome
proliferator-activated receptor gamma co-activator 1-alpha (PGC1α), a major player controlling
glucose consumption in mitochondria, is regulated by YAP. Constitutively active YAP (YAP-S127A)
up-regulates PGC1α expression, resulting in increased in vitro and vascular morphogenesis in the
fibrin gel subcutaneously implanted on mice. Knocking down PGC1α inhibits YAP-S127A-induced
angiogenesis [124].

5. Roles of YAP/TAZ in Tumor Angiogenesis and Vascular Mimicry

Like normal tissues, cancer cells need to have access to blood vessels to get oxygen and nutrition and
evacuate their waste. Almost always, angiogenic switch activates quiescent vasculature near tumors to
form new blood vessels. After angiogenic switch, tumors exhibit diverse patterns of neovascularization.
Cancer cells in primary tumors use nearby vessels for entering to blood, known as intravasation.
Those cells surviving in the blood extravasate and form micrometastases. Dormant micrometastases
can form macroscopic tumors if they are able to activate tumor angiogenesis [125]. In the past decades
many studies tried to find the mechanism by which cellular genes regulate angiogenesis during tumor
progression. YAP and TAZ are known as two key regulators of tumor angiogenesis.

Astrocytoma, a type of cancer that can form in the brain or spinal cord, has very significant
angiogenesis. Analysis of blood vessel density in diffuse astrocytomas, in particular glioblastoma,
revealed that the levels of TAZ in endothelial cells are positively correlated with blood vessel density.
TAZ expression is also correlated with vascular VEGFR2 level. Expression of both TAZ and VEGFR2
is up-regulated in endothelial cells of high grade glioblastoma, which indicates the importance of
VEGFR2/TAZ signaling pathway in angiogenesis [126]. Comparing YAP and TAZ localization in
normal brain and tumor-associated endothelial cells shows YAP and TAZ are highly accumulated in the
nucleus [107]. Angiosarcoma is another type of cancers with high level of angiogenesis. Unexpectedly,
YAP activation inhibits angiogenesis in angiosarcoma. Heterogonous angiosarcoma cells can be divided
in to CD31 high or low expressing cells. CD31low cells are more tumorigenic and chemoresistant than
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CD31high cells due to more efficient reactive oxygen species (ROS) detoxification. CD31low cells also
have less angiogenesis ability with higher YAP nuclear localization [127].

YAP shows high activation in cholangiocarcinoma patient biopsies and human cholangiocarcinoma
cell lines. Microarray expression profiling of cholangiocarcinoma cells with overexpressed or
knocked-down YAP reveal that YAP regulates important genes in proliferation, apoptosis, and
angiogenesis [128]. YAP/TEAD regulate pro-angiogenic microfibrillar-associated protein 5 (MFAP5)
transcription in cholangiocarcinoma cells. Secreted MFAP5 induces angiogenesis of human
micro-vascular endothelial cells. Also, YAP activation is correlated with high MFAP5 expression in
both human cholangiocarcinoma and cholangiocarcinoma xenografts. Additionally, YAP activation
and its correlation to angiogenesis have been reported in gastric cancer [129]. Cancer-associated
MSCs are important component of tumor microenvironment. MSCs cells isolated from cancer patients
demonstrate different features compared to bone marrow-derived MSCs. Cancer-associated MSCs
have higher YAP expression. YAP knockout in MSCs inhibits their proliferation, migration, invasion,
and pro-angiogenic ability by reducing the activation of β-catenin and its target genes.

Vasculogenic mimicry (VM) is a term that was first introduced by Maniotis et al. [130] in 1999 when
they observed that tissue sections from aggressive human intraocular and metastatic melanomas do
not show any significant necrosis and have patterned networks of interconnected loops of extra-cellular
matrix. Vascular mimicry (VM) is the formation of blood supply system by tumor cells rather than
endothelial cells, which is independent of typical modes of angiogenesis. High tumor VM reflects
the plasticity of aggressive tumor cells to express vascular cell markers and tumor vasculature. High
tumor VM is associated with a high tumor grade, shorter survival, invasion, metastasis and poor
prognosis [131]. The first characterization of VM was in melanoma. In melanoma, VM is characterized
as involving areas with high levels of laminin, collagen IV and VI, and heparin sulfate proteoglycans,
and it should have plasma and red blood cells, confirming its function as a blood/nutrient supplier [132].
In addition to providing oxygen and nutrients, VM can provide a new route for escaping and
metastasizing cancer cells. So far VM has been shown in variety of cancers including melanoma [133],
breast and lung cancer [134,135], ovarian cancer [136], osteosarcoma [137], gastric cancer [138], bladder
cancer [139], hepatocellular cancer [140], and colorectal cancer [141], etc.

Small population of cancer cells have stem cell characteristics, which are known as critical player
in initiation, progression, metastasis, and recurrence of tumors. Cancer stem cells can be quiescent
for several years to several decades. Upon activation, they can transdifferentiate to different tumor
components including the vasculature. YAP is elevated in cancer stem cells derived from non-small
cell lung cancer and regulates their ability to form angiogenic tubules [142]. YAP induces vasculogenic
mimicry in cancer stem cells by regulating the embryonic stem cell transcription factor Sox2. YAP
regulates Sox2 transcription independent of TEAD, through physical interaction with Oct4 by its
WW domain. It has been shown that YAP also regulates vasculogenic mimicry of pancreatic ductal
adenocarcinoma via interaction with TEAD [143]. YAP inhibition using verteporfin or short hairpin
RNA (shRNA) suppresses vasculogenic mimicry by reducing Ang2, MMP2, VE-cadherin, and SMA
expression in vitro and in vivo. Tube formation assay experiments showed when YAP is inhibited,
pancreatic ductal adenocarcinoma cancer cells have less ability to induce HUVEC tube formation
in vitro. Molecular analysis showed that in addition to Ang2 and MMP2, cyclin E1 decreased, which
causes cell cycle arrest in the G1 phase. Also, poly-ADP ribose polymerase (PARP) western blot analysis
showed more apoptotic cells in pancreatic cells. Evaluating of pancreatic adenocarcinoma xenograft
mode with and without YAP inhibition showed reduction in tumour cells as well as VM content.
In another study, we showed that YAP and TAZ regulate vasculogenic mimicry by upregulating
pro-angiogenic factors such as Cyr61 and Ang2 in breast cancer cell lines [106]. In our study we
inhibit YAP/TAZ by using verteporfin or short interference RNA (siRNA). Consistently with previous
publication, YAP inhibition reduced VM in vitro. Also, we found that Cyr61 and Ang-2 may play critical
roles in VM regulation, as an addback experiment using purified Ang-2 and Cyr61 can significantly
rescue the phenotype.
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6. Conclusion and Future Directions

In conclusion, YAP and TAZ play central roles in regulating angiogenesis during development
and pathogenesis of many diseases (Table 1). YAP/TAZ can induce angiogenesis through activation of
multiple downstream targets such as Cyr61, Ang2, and MMP2. YAP/TAZ may also mediate angiogenesis
induced by CD44, ECM, TGFβ, AMOT, and RTKs such as VEGFR, FGFR, IGFR, TGFR, and Tie2
(Figure 3). On one hand, YAP/TAZ regulates key functions of endothelial cells and pro-angiogenic
production of cancer cells during tumor angiogenesis. On another hand YAP/TAZ are involved in
several important features of cancer cells such as cell proliferation, immune evasion, EMT, and the
cancer stem cell phenotype [144]. Therefore, targeting YAP/TAZ offers a new and attractive strategy to
treat aggressive tumors by targeting both angiogenesis and other cancer phenotypes at the same time.
In addition, since targeting RTKs involved in angiogenesis (such as VEGFR, and FGFR) often results in
short-term and limited effects on overall survival of cancer patients [145,146], combination treatments
which target both RTKs and Hippo signaling can offer a new and attractive strategy to treat aggressive
tumors. Moreover, since YAP/TAZ are also involved in the dysregulation of angiogenesis during the
development of many other diseases such as diabetes and AMD, targeting YAP/TAZ will provide new
therapeutic strategies to treat these diseases in the future.

Table 1. Summary of the role of YAP and TAZ function in physiological and pathological angiogenesis.

Main Finding Ref.

Angiomotin is a negative regulator of YAP [44]

Angiomotin-like 1 degradation by Nedd4 is regulated by YAP through c-ABL [60]

YAP/TAZ are the main mediators of mechanotransduction in endothelial cells [72]

BMP9 crosstalk with the Hippo pathway regulates endothelial cell matricellular response [80]

mRNAs upregulated in ECs in response to TGFβ1 treatment are involved in hippo signaling [81]

Flow-dependent endothelial YAP regulation contributes to vessel maintenance [73]

YAP/TAZ negatively regulate prox1 during developmental and pathologic lymphangiogenesis [92]

YAP disruption in mice causes defects in yolk sac vasculogenesis and chorioallantoic fusion [94]

YAP/TAZ activity is essential for vascular regression via Ctgf and actin polymerization [95]

Adherens junction and endothelial cell distribution in angiogenesis is regulated by YAP/TAZ [100]

YAP regulates angiopoietin-2 expression in ECs [101]

Vascular tip cell migration is regulated by YAP/TAZ-CDC42 signaling pathway [102]

VEGFR is a regulator of YAP/TAZ in the Hippo pathway in angiogenesis through PI3K/MAPK pathways [106]

VEGF activates YAP/TAZ via its effects on actin cytoskeleton [107]

YAP promotes angiogenesis via Stat3 [108]

YAP mediates angiotensin II-induced vascular smooth muscle cell phenotypic modulation and
hypertensive vascular remodelling

[115]

YAP inhibition ameliorates choroidal neovascularization [117]

YAP/TAZ regulates vascular barrier maturation [118]

YAP via interacting with STAT3 regulates VEGF-induced angiogenesis in retina [119]

Substance P accelerates wound healing in type 2 diabetic mice through YAP activation [121]

Ultrasound treatment accelerates angiogenesis by activating YAP/TAZ [122]

Palmitic acid inhibits angiogenesis through YAP suppression [123]

YAP1-TEAD1 controls angiogenesis and mitochondrial biogenesis through PGC1α. [124]

Blood vascular density and VEGFR2 expression in astrocytomas is regulated by TAZ [126]

Cell proliferation, chemoresistance, and angiogenesis in human cholangiocarcinoma is regulated by YAP [128]

YAP regulates OCT4 activity and SOX2 expression to facilitate vascular mimicry [142]

Verteporfin suppresses vasculogenic mimicry of pancreatic ductal adenocarcinoma [143]
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Abstract: The cellular signaling pathways underlying peripheral nerve sheath tumor (PNST) formation
are poorly understood. Hippo signaling has been recently implicated in the biology of various cancers,
and is thought to function downstream of mutations in the known PNST driver, NF2. Utilizing
CRISPR-Cas9 gene editing, we targeted the canonical Hippo signaling kinase Lats2. We show that,
while germline deletion leads to early lethality, targeted somatic mutations of zebrafish lats2 leads to
peripheral nerve sheath tumor formation. These peripheral nerve sheath tumors exhibit high levels of
Hippo effectors Yap and Taz, suggesting that dysregulation of these transcriptional co-factors drives
PNST formation in this model. These data indicate that somatic lats2 deletion in zebrafish can serve
as a powerful experimental platform to probe the mechanisms of PNST formation and progression.

Keywords: Lats2; Hippo; Yap; Taz; peripheral nerve sheath tumor; schwannoma; zebrafish

1. Introduction

Peripheral nerve sheath tumors (PNSTs) are relatively uncommon, making up just 8.6% of all
primary brain or central nervous system tumors reported in 2011–2015 [1]. Based on these numbers,
it was estimated that an additional 7500 new cases would be reported in 2018, representing one in
every 50,000 people [1]. PNSTs are comprised of multiple tumor classifications including schwannoma,
neurofibroma, perineurioma, and malignant peripheral nerve sheath tumors (MPNSTs) [2,3]. Nearly
all of these tumors are benign (99.2%); however, they can result in loss of nerve function and/or
neuropathic pain [4]. Although rare, the malignant subset of these tumors, termed MPNSTs, have poor
prognosis for patient survival [5,6].

Very few genetic alterations are well recognized as drivers of PNST formation, and our
understanding of these alterations and their underlying molecular mechanisms is far from complete. It is
generally accepted that schwannomas, neurofibromas, and MPNTSs are derived from Schwann cells [7].
The subset of PNSTs with known genetic causes is termed neurofibromatosis. Neurofibromatosis
commonly refers to three distinct and genetically determined dominant disorders, all leading to PNST
formation with distinct characteristics [8]. These three disorders are referred to as neurofibromatosis 1
(NF1), neurofibromatosis 2 (NF2), and schwannomatosis. The aberrant genes that drive these disorders
are NF1, NF2, and INI1/SMARCB1, respectively [8]. While the specific genetic variants causing these
disorders are well defined, the molecular mechanisms by which they drive tumorigenesis remain
incompletely understood and represent a key area of research. While approximately 90% of NF1
cases are sporadic, both syndromic and sporadic tumors can result from loss-of-function mutations
in NF1 [9]. NF1 encodes neurofibromin 1, and acts as a Ras GTPase-activating protein, suggesting
that improper regulation of Ras-related growth and proliferation may be an underlying cause in NF1
cases [10]. The NF2 gene encodes for the tumor suppressor Merlin [11,12]. While the exact function of
Merlin is not well understood, it has been shown to function as an upstream regulator of the Hippo
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signaling pathway, with direct implications in Schwann cells [13,14]. Finally, in schwannomatosis,
the mutated gene of interest, INI1/SMARCB1, encodes a subunit of the SWI/SNF protein complexes
that is known to function in chromatin remodeling [8]. In all three of these cases, the phenotypic
variability is common and a high mutational load is noted [8]. This suggests that genetic modifiers as
well as cooperating mutations exist and can alter the phenotypic outcomes of PNSTs. In support of
this, while approximately half of MPNST cases are associated with NF1 mutations, only 10% of NF1
cases eventually develop MPNST [15]. The other half of MPNST cases are sporadic, highlighting the
importance of identifying other potential drivers of tumorigenesis.

As a signaling pathway downstream of Merlin/NF2, Hippo-Yap/Taz signaling is an obvious
candidate for further study in PNST biology, and a logical pathway for targeted therapeutics. The Hippo
pathway is primarily defined as a phosphorylation cascade composed of kinases Serine/Threonine
Kinase 3 and 4 (Stk3 in zebrafish, Mst1/2 in mammals), and Large Tumor Suppressor Kinases 1 and
2 (Lats1/2), along with their respective adaptor/scaffolding proteins Salvador Family WW Domain
Containing Protein 1 (Sav1 in zebrafish, WW45 in mammals), and MOB kinase activators 1 and 2
(Mob1a/b). After phosphorylation by Stk3/4, Lats1/2 regulates the main effectors of Hippo signaling
transcriptional co-activators Yes-associated protein 1 (Yap) and its paralog, WW domain containing
transcription regulator 1 (WWTR1/Taz), via phosphorylation. This phosphorylation leads to cytoplasmic
sequestration of Yap/Taz through 14-3-3 protein binding, as well as subsequent ubiquitination and
proteasomal degradation. Non-phosphorylated Yap/Taz translocate to the nucleus and, as they
cannot bind DNA directly, associate with several families of transcription factors, most commonly
TEA-Domain (TEAD) transcription factors, and both activate and repress expression of various genes.

Several studies have demonstrated roles for Hippo signaling in normal Schwann cell biology.
Conditional knockout of Nf2 in Schwann cells of mice led to hypomyelination and an increased
Schwann cell number. This conditional knockout also affected injury response, as impaired axonal
regeneration and remyelination were observed following sciatic nerve crush. Extending these findings
to Yap signaling, the authors found that either mono- or bi-allelic deletion of Yap was able to rescue
the impaired axonal regeneration in Nf2 conditional knockouts [14]. Yap and Taz have since been
identified as crucial to proper Schwann cell development. Several groups have shown that Yap
and Taz can function redundantly in Schwann cells and are necessary for proper proliferation and
myelination [16–18].

In recent years, Hippo signaling has also been shown to play a key role in aberrant Schwann
cell biology, including PNST formation. Some of the first evidence of Hippo pathway involvement
in PNSTs came through study of NF2. While working to uncover the molecular mechanisms of NF2
mutant tumorigenesis, Li et. al. found that E3 ubiquitin ligase, CRL4DCAF1 promotes tumorigenesis
of NF2-mutant cells by inactivating Lats1/2 and, hence, activating Yap [19]. Further study of Hippo
signaling in the context of NF2 mutation revealed that genetic and pharmacological inhibition of Yap
led to decreased tumor cell proliferation and survival in NF2 mutant cells and was able to reduce
schwannoma tumor growth in mouse transplant models [20]. At the same time, several discovery-based
studies of nerve sheath tumors identified alterations in Hippo pathway signaling. A proteomic screen
for factors affected within sporadic human schwannomas revealed the activation of several receptors,
including PDGFRβ, Her3, and Her2. Immunostaining and in vitro work in human schwannoma cell
lines went on to suggest that expression of these receptors was under the control of Yap, and that
proliferation in these tumors was linked to Yap signaling [21]. Furthermore, whole-exome sequencing of
inherited and sporadic schwannoma reported LATS1 mutations, suggesting that Hippo signaling could
play a role in both types of schwannoma [22]. A more comprehensive and targeted study of sporadic
schwannomas provided compelling evidence for the role of Hippo-Yap/Taz signaling in these tumors.
Targeted sequencing of LATS1 and LATS2 in sporadic schwannoma revealed mutations in 1% and 2%
of cases, respectively, suggesting that their mutation may be rare. However, promoter methylation of
LATS1 and LATS2 was seen in 17% and 30% of cases, respectively. Overall, 76% of cases had at least one
alteration in the NF2, LATS1, or LATS2 gene. Of those cases, 43% of the tumors contained nuclear Yap
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expression by immunohistochemistry [23]. Transcriptomic data of vestibular schwannoma tumors from
those patients also revealed deregulation of Hippo signaling [24]. These alterations may not be confined
to schwannomas, as a case report of whole-exome sequencing in a single NF1 patient suggested that
mutations in Hippo pathway-associated genes were overrepresented [25]. Strong evidence of Yap
activation has also been seen in low-grade meningiomas and embryonal rhabdomyosarcoma [26,27].
LATS2 mutations were also found in 11% of malignant pleural mesotheliomas and, of particular
interest, co-occurring mutations of NF2 and LATS2 correlated with poor prognosis [28]. Consistently,
these studies have found evidence for Lats1/2 activity in PNST formation, suggesting an important
function in nerve sheath tumorigenesis. Cementing this role, combined conditional deletion of Lats1
and Lats2 within the Schwann cell lineage led to nerve-associated tumors in 100% of mice, and the
development of a mouse model for MPNST [29]. The development of malignant tumors in this model
also suggests that Lats1/2 and Yap/Taz signaling may be involved in malignant transformation of
PNSTs. Consistent with this thought, a Yap/Taz conserved gene signature was more highly elevated in
human MPNST samples than in NF1 or normal nerve samples [29]. Overall, these studies highlight
a clear role for Hippo-Yap/Taz signaling in PNSTs.

Zebrafish have emerged as a reliable and advantageous model organism for the study of various
cancers [30,31]. This includes several models of MPNST [32]. An MPNST model in nf1- and p53-deficient
zebrafish successfully demonstrates several advantages of zebrafish in this context. The lack of a fully
developed immune system in early zebrafish larvae facilitated the transplantation of tumor cells
without host rejection, while the large reproductive capacity of the fish allowed the investigators
to test the effect of various drugs on tumor growth [33]. As many tumor suppressor genes play
essential roles in developmental differentiation and proliferation, the germline mutation of these
genes can lead to embryonic or larval lethality and difficulty in studying their role in cancer biology.
Somatic inactivation via transcription activator-like effector nucleases (TALEN) and clustered regularly
interspaced short palindromic repeats and caspase9 (CRISPR-Cas9) has proved valuable for the
development of retinoblastoma and medulloblastoma models in zebrafish [34–36]. These advantages
suggest that the development of a zebrafish model of Hippo pathway-associated PNST would
be beneficial.

In this study, we provide evidence supporting the role for Hippo-Yap/Taz signaling in PNST
formation by presenting a novel model of PNSTs in zebrafish. Somatic inactivation of the Hippo
kinase Lats2 by mosaic CRISPR-Cas9 gene editing resulted in obvious tumorigenesis. Histological
examination of the resulting tumors identified them as resembling PNST in morphology. This diagnosis
was confirmed by immunostaining of known markers Sox10 and S100. Immunohistochemical analysis
also revealed the tumors to be highly proliferative and to contain high levels of Hippo pathway
effectors Yap and Taz.

2. Materials and Methods

2.1. CRISPR Design

Clustered regularly interspaced short palindromic repeats (CRISPR) guides were designed
against regions of zebrafish lats2 exon5 and exon6 and lats1 exon4 and exon7 using ZiFiT
Targeter Version 4.2 (http://zifit.partners.org/ZiFiT,inthepublicdomain). The targeted sequences were,
5′-GGAGCTAGTTATGGGGCTGA-3′ for lats2 exon5, 5′-GGCATTGGGGCCTTTGGTG-3′ for lats2
exon6, 5′-CCTCCCTATTCCATGCACC-3′ for lats1 exon4, and 5′-GGGACTCTCGGGCGACGCAC-3′
for lats1 exon7. CRISPR gRNA templates were generated by cloning annealed oligonucleotides
with appropriate overhangs into BsaI-digested pDR274 plasmid. CRISPR gRNAs were synthesized
using a MEGAshortscript T7 Transcription Kit and purified using a mirVana miRNA Isolation Kit
(Ambion, Austin, TX, USA). Zebrafish codon-optimized cas9 was synthesized using a mMESSAGE
mMACHINE Kit (Ambion) and polyadenylated using a Poly(A) Tailing Kit (Ambion). CRISPR
gRNAs and cas9 mRNA were co-injected into 1- to 4-cell zebrafish embryos from wild type ZDR
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fish maintained internally in the Link lab, at 12.5 ng/μL and 300 ng/μL, respectively, and surviving
embryos were raised to adulthood before outcrossing to identify the founder fish carrying germline
edits in lats2. Offspring from these fish were raised to adulthood, then fin-clipped for genotyping (see
below for details). The resulting 1710-bp deletion mutant described here was identified via sequencing
(Retrogen, San Diego, California, USA). This mutant allele is designated lats2mw87 (c.1048-2605del),
where 1048–2605 denotes the deleted nucleotides of transcript: lats2-204 ENSDART00000139620.3 from
GRCz11 genomic build.

2.2. Genotyping

Genomic DNA was extracted from zebrafish tissue using a Puregene Core Kit (Qiagen, Hilden,
Germany). The genomic region containing the lats2mw87 mutation was amplified by PCR. The PCR
protocol utilized primers flanking the expected deletion. The thermocycle conditions for detecting
presence of a large deletion allele were designed using extension times allowing amplification of
an amplicon ~750 bp in size, the expected size of an allele containing our targeted large deletion,
but not for the WT allele amplicon of 2455 bp (Figure 1A). When detecting the presence of a WT allele,
we either increased the extension time and screened for the presence of a 2455-bp amplicon, as well as
the 750-bp amplicon, or included a third internal primer located within the sequence deleted in the
lats2mw87 allele. A list of primers used for genotyping is provided below.

lats2 Exon4 Forward Primer: 5′-CCTGAAACAGACTGGTAGC-3′
lats2 Exon6 Reverse Primer: 5′-TTGAGTTGTGAGTCCATCGG-3′
lats2 Exon5 Large Deletion Internal Primer: 5′-CATGTTTGTGGAGTAAGCAC-3′
lats1 Exon4 Forward Primer: 5′-CAAGCGCTATTCTGGGAACT-3′
lats1 Exon7 Reverse Primer: 5′-AAACTGAGCCAAGTCCTCCT-3′

2.3. Paraffin Histology

Adult fish used for paraffin histology were fixed in 10% neutral buffer formalin overnight at
4 ◦C. Large adult fish were cut open along their belly on the anterior to posterior axis to allow
for better penetration of the fixative. Samples were then processed in paraffin on a Sakura VIP5
automated tissue processor (Sakura Finetek Europe, Flemingweg, The Netherlands) for histology
and immunohistochemistry. After paraffin embedding, samples were sectioned at 4 μm (Microm
HM355S, ThermoFisher Scientific, Waltham, Massachutesetts, USA) onto poly-l-lysine coated slides
and air-dried at 45 ◦C overnight for any subsequent immunohistochemistry or routine H&E staining.
Brightfield light microscopy images were taken using a NanoZoomer 2.0-HT (Hamamatsu Photonics
K.K., Hamamatsu City, Shizuoka, Japan).

2.4. Immunohistochemistry

An optimal immunostaining protocol was developed with the use of a Leica-Bond Max
Immunostaining platform. All slides were dewaxed prior to their optimal antigen retrieval protocol.
All antibodies used a citrate buffer epitope retrieval (Leica Epitope Retrieval Solution 1, AR 9661).
PCNA (sc56, 1:6000, Santa Cruz Biotechnology, Dallas, TX, USA), Yap1 (ab81183, 1:100, Abcam,
Cambridge, UK), Sox10 (GTX128374, 1:100, Genetex, Irvine, CA, USA), Yap/Taz (D24E4, 8418, 1:200,
Cell Signaling Technology, Danvers, MA, USA), and S100 (PA0900, ready to use, Leica, Wetzlar,
Germany) were detected and visualized using Bond Polymer Refine Detection System (DS9800, Leica)
with the addition of a DAB Enhancer (AR9432, Leica), with a Modified F protocol (primary antibody
incubation: 15 min at room temperature). All slides were counter-stained with hematoxylin and
cover-slipped using a synthetic mounting media. Omission of the primary antibody served as the
negative control.

2.5. Nomenclature

HUGO gene nomenclature for gene names and symbols was used within the text.
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Figure 1. Injection of two lats2 gRNAs leads to deletions and tumorigenesis. (A) Schematic depicting
the zebrafish lats2 gene and the PCR-based genotyping assay used to identify and differentiate between
successful large deletion alleles and WT alleles. Arrows indicate the target sites of the gRNAs used.
F refers to a forward primer; R refers to a reverse primer. (B) Agarose gel separation of PCR amplicons
generated based on the genotyping assay depicted in (A). Amplicons of the correct size, indicative
of a large genomic deletion, are present in lats2 CRISPR-injected embryos, but absent in uninjected
negative controls. Numbers above lanes represent the number of embryos used as the template
DNA for each PCR sample. First lane contains a 100-bp ladder (NEB). (C–H’) Six examples of lats2
CRISPR-injected fish that developed tumors by 6 mpf. Arrows denote tumors when not obviously
visible. (I) Kaplan-Meier plot of tumor-free survival in lats2 CRISPR-injected fish.

3. Results and Discussion

We targeted zebrafish lats2 for deletion with CRISPR-Cas9 genetic editing techniques. Utilizing
simultaneous injection of two CRISPR guide RNAs (gRNAs) targeting exons 5 and 6 of zebrafish lats2,
we generated large deletions early in the coding sequence. These deletions remove the coding sequence
that includes the serine threonine kinase domain, which is critical for the Lats2 protein function in
canonical Hippo pathway phosphorylation. Providing evidence for large deletions of human LATS2 in
a clinical setting, the engineered mutations in zebrafish are similar to the large deletions reported in
patients with malignant pleural mesotheliomas [28]. To determine whether we are able to create large
deletions in zebrafish with this strategy, we designed a genotyping protocol utilizing primers flanking
the expected deletion. The thermocycle conditions for our PCR amplification were designed using
extension times allowing of an amplicon ~750 bp in size, the expected size of an allele containing our
targeted large deletion, but not for the WT allele amplicon of 2455 bp (Figure 1A). By increasing the
extension time, or including a primer within the predicted deletion site, WT alleles were amplified,
ruling out false negatives. Genotyping both single and pooled F0-injected embryos demonstrated
that large deletions were efficiently generated with simultaneous injection of two CRISPR gRNAs,
along with cas9 mRNA (Figure 1B).
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Using this strategy, we were able to identify F0 adults with germline transmission of lats2 large
deletions. This led to the generation of F1 fish with a lats2 mutant allele containing an in -frame
1710-bp deletion. This deletion corresponds to a 570-amino-acid deletion in the Lats2 protein. We refer
to this mutant allele as lats2mw87. This was the only germline-transmitting mutant allele recovered.
A previously reported lats2 nonsense mutant allele containing a 16-bp deletion in exon 3 (termed
lats2ncv108) has been described. Fish homozygous for this allele were reported as viable, with no obvious
defects [37]. Interestingly, we find that homozygous lats2mw87 fish generated from heterozygous
incrosses appear viable, with no overt phenotypes at five days post-fertilization (dpf); however,
by 60 dpf we fail to recover Mendelian ratios of lats2mw87 homozygous mutants, with a significant
discrepancy between the observed and expected genotype proportions (p < 0.0025; Chi-square analysis;
Table 1). The few lats2mw87 homozygous mutants that did survive to adulthood appeared to be
largely normal; however, all died prior to reaching 12 mpf, with no identifiable cause of death,
and we were unable to breed these animals. One explanation for the potential differences in viability
between these lats2 alleles could be the recently described genetic compensation observed in several
cases of mutant alleles containing indels and a premature termination codon [38,39]. In these cases,
it appears that the nonsense-mediated decay caused by premature termination codons is able to initiate
compensatory increases in gene expression of known orthologues, and thus mask potential phenotypes.
As the lats2ncv108 is a nonsense frameshift mutation, it may trigger this compensatory mechanism,
with lats1 being a prime candidate. Our in-frame deletion would not be predicted to trigger this effect.
Alternatively, our large deletion could result in a truncated Lats2 protein that functions in a dominant
negative fashion and thus caused the more severe decrease in viability we observed. Although they
are not the focus of this study, the discrepancies between these two mutant alleles could provide
interesting insight into Lats2 function and warrant further investigation.

Table 1. lats2WT/mw87 in-cross survival and Chi-square analysis.

lats2WT/WT lats2WT/mw87 lats2mw87/mw87

Expected 14.25 (25%) 28.50 (50%) 14.25 (25%)
Observed 19 (33.33%) 35 (61.40%) 3 (5.26%)

Chi-square 11.95
Degrees Freedom 2

p value (two tailed) 0.0025

As F0 fish, mosaic for deletion of lats2, grew to adulthood, we found that as early as three
months post-fertilization (mpf), fish developed large tumors (Figure 1C–H’). These tumors varied
in location across both the head and the torso of the fish. The tumors observed also varied in the
degree of pigmentation they contained; some appeared primarily opaque with scattered pigmentation,
and others were more darkly pigmented. By 6 mpf, ~14% (13/96) of surviving lats2 CRISPR-injected
fish developed visible tumors. At 12 mpf the percentage of tumor incidence increased to ~24% (23/96)
(Figure 1I). Notably, we identified tumors only by gross observation of free swimming fish in tanks.
Therefore, the tumor incidence could likely be higher than the numbers reported here. Similarly,
the initial onset of these tumors was likely to occur earlier than our first detection of obvious tumors.
Indeed, tumors showed variability in size, making it likely that we were unable to identify smaller,
internal tumors. Most often we observed one prominent tumor on an affected fish. However, we did
identify some individuals where two separate tumors were visible. Of note, we did not observe any
tumor formation in the few lats2mw87 homozygous mutants that survived to adulthood.

We isolated six fish containing tumors of varying sizes and locations for detailed histology.
We utilized hematoxylin- and eosin-stained paraffin sections for this analysis. Histology revealed
that every tumor exhibited very similar spindle cell morphology, and extensively infiltrated both
muscle and bone. Spindled cells were observed wrapping around muscle cell fibers in each fish
analyzed (Figure 2A–F’). Histological analysis suggested that these were PNSTs. More specifically,
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the whorl pattern seen in the tumors, termed a “Schwannian whorl,” is a distinct characteristic
of cellular schwannomas [40]. Tumors also contained varied numbers of pigment-bearing cells,
scattered throughout the tumor area. While rare, cases of PNSTs with pigmented cells have been
reported [41]. Given that both melanocytes and Schwann cells arise from Sox10-positive neural crest
lineage, the tumors could originate from an early neural crest lineage. As Hippo signaling has been
implicated in cancers of multiple type and origin, we wondered whether other tissues might also be
affected. To assess this, we dissected fish containing visible tumors and assessed all tissues for tumor
nodules. We also performed histological analysis and were unable to identify any tumors other than
the described PNSTs. As we did not perform this detailed analysis on every lats2 CRISPR-injected
fish, it is possible that we missed rare tumors from other origins or tissues. However, the fact that all
identified tumors were PNSTs suggests that Hippo pathway signaling is of particular importance in
PNST biology.

 

Figure 2. lats2 CRISPR-injected fish develop tumors resembling PNSTs. (A–G) Low power image of
tumors revealed anatomical position and size. Scale = 2.5 mm F and G represent two distinct tumors
from the same fish. (A’–F’) Higher-power images of the sections in (A–F) revealing cellular morphology.
Scale = 100 μm. Boxes in A–G denote the tumor area shown at higher magnification in A’–G’.

To confirm the diagnosis of PNST, we performed immunohistochemical (IHC) staining with two
known markers of PNSTs, S100 and Sox10 [40,42,43]. We found that tumors were largely Sox10-positive,
while diffusely and faintly positive for S100, supporting the diagnosis of PNST (Figure 3A–B’).
IHC staining for proliferative cell nuclear antigen (PCNA) revealed that the tumors were highly
proliferative, with large numbers of cells throughout the tumors staining positive (Figure 3C,C’).
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Figure 3. lats2 CRISPR-injected fish tumors bear markers supporting PNST diagnosis.
(A,A’) Representative images of Sox10 immunohistochemical staining in lats2 CRISPR-injected fish.
(B,B’) Representative images of S100 immunohistochemical staining in lats2 CRISPR-injected fish.
(C,C’) Representative images of PCNA immunohistochemical staining in lats2 CRISPR-injected
fish Scale = 2.5 mm for A–C, and 100 μm for A’–C’. Boxes in A–C denote the tumor area shown
at higher magnification in A’–C’.

Yap and Taz are the main effectors of the Hippo pathway, and the targets of Lats1/2 phosphorylation.
As phosphorylation of Yap and Taz by Lats1/2 leads to their cytoplasmic sequestration and eventual
ubiquitin-mediated degradation, we also assessed Yap and Taz protein by IHC. To assay the Taz protein,
we used a Yap/Taz antibody that we and others have previously shown to specifically recognize Taz
in zebrafish [44–46]. Staining with this antibody revealed that all tumors analyzed were positive for
Taz; however, we did see variability in the intensity of staining from sample to sample (Figure 4A–E).
Closer inspection shows that, while most tumor cells show Taz staining, Taz was often primarily
cytoplasmic and diffuse, with scattered cells displaying nuclear Taz. We also observed that areas of
high cell density appeared to correlate to low or absent Taz staining (Figure 4A’–E’). Similar to Taz,
staining for Yap revealed high levels of staining in all tumor samples (Figure 4F–J). In contrast to Taz
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staining, we found that Yap staining appeared more consistently nuclear. Most interestingly, the same
areas of high cellularity that show low or absent Taz were consistently Yap-positive, and in some cases
appeared to be enriched (Figure 4F’–J’). The variation in staining pattern between these two antibodies
suggests that there may be differences between Yap and Taz and the forms in which they are found in
PNST (i.e., nuclear vs. cytoplasmic, phosphorylated vs. unphosphorylated, etc.), and perhaps define
different cell states within the tumor. To further assess these regions of high cell density, we assessed
Sox10 and PCNA expression on adjacent sections. We found that these regions did not appear to be
significantly different from the surrounding tissue in Sox10 or PCNA staining, suggesting that their
identity and proliferative capacity are not greatly altered (Figure 5A–D). While Yap and Taz were
found to have many redundant functions, compound genetic studies indicate that Taz may play a more
prominent role in Schwann cell development and myelination [16–18]. This suggests that in PNST
tumorigenesis, Yap and Taz could share many functions, but also display divergent roles. Our results
showing the exclusion of Taz staining within regions of high cell density has yet to be described in
existing models of PNST, which suggests that, within single PNSTs, separate populations of cells exist
with distinct Hippo-Yap/Taz signaling states.

 

Figure 4. Yap/Taz protein expression in lats2 CRISPR-injected fish tumors. (A–E, A’–E’) Representative
images of Taz immunohistochemical staining in lats2 CRISPR-injected fish. (F–J, F’–J’) Representative
images of Yap immunohistochemical staining in lats2 CRISPR-injected fish. Arrows denote regions of
high cell density in A’–J’. Scale = 2.5 mm for A–J, and 100 μm for A’–J’. Boxes in A–J denote the tumor
area shown at higher magnification in A’–J’.
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Figure 5. Yap/Taz, Sox10 and PCNA protein expression in areas of high cell density. (A) Representative
image of Yap immunohistochemical staining in regions of high cell density with peripheral nerve sheath
tumor. (B) Adjacent section to A with Taz immunohistochemical staining. (C) Adjacent section to A with
Sox10 immunohistochemical staining. (D) Adjacent section to A with PCNA immunohistochemical
staining. Scale = 50 μm.

Our study follows the publication of a similar report that found that conditional deletion of Lats1/2
within the Schwann cell lineage led MPNST formation in mice [29]. The results presented here from
zebrafish are largely consistent with the findings in mice, and therefore demonstrate a conserved role
for Lats2 signaling in PNSTs across species. However, we note several differences between these two
models. In the mouse model, knockout of Lats1 or Lats2 alone was insufficient for tumor formation.
Zebrafish consistently developed tumors with somatic targeting of lats2 alone. Importantly, our CRISPR
gRNAs are targeted against regions specific to the lats2 gene, and do not target lats1 sequences. We also
targeted lats1 with a similar large deletion strategy using separate gRNAs and found that 0 of 33 F0
fish developed tumors (Figure S1). Interestingly, the earliest we identified tumorigenesis in the fish
was 3 mpf, with some fish first showing visible tumors at one year of age, and still other fish never
developing tumors. Conversely, Wu et al. found that inactivation of Lats1/2 in mice led to rapid tumor
formation, with palpable tumors developing as early as three weeks of age and a maximum lifespan
of 4–5 months [29]. This is particularly intriguing as genetic editing in our fish model likely occurs
within the first 24 h post-fertilization. There are several potential explanations for the varying onset of
tumorigenesis between these two models of PNST. The delayed tumorigenesis in the fish may be due
to compensation by lats1 in our model. Alternatively, the mosaic nature of our mutagenesis, including
heterozygous and homozygous deletions, may result in fewer potential tumor of origin cells, while the
Cre recombinase strategy used in the mouse can efficiently create homozygous mutations throughout
the Schwann cell lineage. The temporal difference in tumorigenesis may also suggest that, in the fish
model, additional mutations in other tumor suppressors or oncogenes may be necessary. We find
this explanation most interesting. If it is true, further study of this model focused on identifying the
co-occurring mutations necessary for tumorigenesis could prove beneficial.
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The data presented here indicate that somatic deletion of lats2 in zebrafish can serve as
a complementary experimental system to the previously described mouse model for probing the
mechanisms of Lats2-Yap/Taz PNST. One advantage of the zebrafish model, in comparison with
the murine system, is the reduced amount of breeding required to generate large pedigrees and
achieve high experimental sample sizes. Injections into large numbers of embryos allows for easy
generation of a high number of tumor-bearing fish on any number of genetic or transgenic backgrounds.
Another advantage is the increased number of transgenic fish available for characterization of cell
signaling, stress responses, or metabolic state. For instance, injection into fluorescent reporter fish
for Notch [47,48], BMP [49–51], Wnt [52,53], Hedgehog [54,55], Hippo [44,56,57], or other pathways
would allow for sorting of tumor cells by reporter activity and subsequent analysis of the unique
transcriptomic or proteomic signatures of those populations. Finally, as an aquatic species, drug screens
and chemotherapeutic analysis is more easily accomplished.

In conclusion, we present here a novel model of PNSTs in zebrafish by somatic inactivation of
the Hippo kinase Lats2. This methodology shows robust presentation of PNST formation in adult
genetically mosaic fish. This work further solidifies the role of Hippo-Yap/Taz signaling, and specifically
Lats2 in PNST biology, and offers a new model to study this form of cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/9/972/s1,
Figure S1.
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Abstract: The Hippo pathway was originally identified as an evolutionarily-conserved signaling
mechanism that contributes to the control of organ size. It was then rapidly expanded as a key pathway
in the regulation of tissue development, regeneration, and cancer pathogenesis. The increasing amount
of evidence in recent years has also connected this pathway to the regulation of innate and adaptive
immune responses. Notably, the Hippo pathway has been revealed to play a pivotal role in adaptive
immune cell lineages, as represented by the patients with T- and B-cell lymphopenia exhibiting
defective expressions of the pathway component. The complex regulatory mechanisms of and by the
Hippo pathway have also been evident as alternative signal transductions are employed in some
immune cell types. In this review article, we summarize the current understanding of the emerging
roles of the Hippo pathway in adaptive immune cell development and differentiation. We also
highlight the recent findings concerning the dual functions of the Hippo pathway in autoimmunity
and anti-cancer immune responses and discuss the key open questions in the interplay between the
Hippo pathway and the mammalian immune system.

Keywords: Hippo pathway; innate immunity; adaptive immunity; cancer immunity; autoimmunity;
YAP (yes-associated protein); TAZ (transcriptional co-activator with PDZ-binding motif); LATS (large
tumor suppressor kinase); MST (mammalian STE20-like protein kinase)

1. Introduction

Since its initial discovery in Drosophila, the Hippo pathway has gained immense attention for
being strongly involved in organ development [1–4], stem cell biology [5–7], regeneration [8–10], and
cancer biology [11–14]. The Hippo pathway responds to a wide range of extracellular and intracellular
physiological cues, sensing the entire cellular environment, orchestrating cellular responses, and thus,
contributing to cell fate determination [15,16]. The Hippo pathway is now known to be composed
of more than 30 components, including the core kinase module and the transcriptional module [17].
As shown in Figure 1, the kinase module includes 11 kinases, namely mammalian STE20-like protein
kinase 1 (MST1, also known as STK4) and MST2 (also known as STK3), mitogen-activated protein
kinase kinase kinase kinases (MAP4Ks, including seven kinases, namely, MAP4K1/2/3/4/5/6/7), large
tumor suppressor kinase 1 (LATS1) and LATS2, and in addition, their activating adaptor proteins,
salvador family WW domain-containing protein 1 (SAV1), Ras-related proteins RAP2s (including
three GTPases RAP2A/B/C), and MOB kinase activator 1A (MOB1A) and MOB1B, respectively.
The transcriptional module includes yes-associated protein (YAP) and transcriptional co-activator
with PDZ-binding motif (TAZ, also known as WWTR1), in combination with their best-characterized
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target transcription factors, TEA domain family members (TEADs, including four transcription factors,
namely, TEAD1/2/3/4). When the kinase module is “ON” (the Hippo pathway is “activated”), MST1/2
or MAP4Ks phosphorylate and activate the downstream kinases LATS1/2, which in turn promotes
inhibitory phosphorylation of the transcriptional co-activators YAP/TAZ, resulting in the cytoplasmic
sequestration or proteasomal degradation of YAP/TAZ [18]. In contrast, when the upstream kinase
module is “OFF” (the Hippo pathway is “inactivated”), hypophosphorylated YAP/TAZ translocate
into the nucleus wherein they bind to and thus activate TEADs transcription factors to promote the
target gene transcription. YAP/TAZ-mediated transcription generally drives multiple aspects of cell
behavior, including cell proliferation, survival, cell plasticity, and stemness, which is essential for
tissue development and regeneration [19]. Thus, in short, the activation of LATS1/2 kinases and the
inactivation of YAP/TAZ transcriptional co-activators represent the major molecular functions of the
canonical Hippo pathway.

In addition to its roles in tissue development and tumorigenesis, numerous studies in recent
years have revealed the extensive roles of the Hippo pathway in immune regulation, both in adaptive
and innate immune systems (Figure 2). For example, Drosophila Hippo (Hpo) and its mammalian
homologues MST1/2 have been revealed to mediate Toll-like receptor (TLR) signaling in both flies [20]
and mammals [21,22]. YAP/TAZ bind and inhibit TBK1 (TANK binding kinase 1) or IRF3 (interferon
regulatory factor 3) to antagonize the antiviral innate immune responses [23,24]. The critical functions
of the Hippo pathway in innate immune responses have also been reviewed elsewhere [25–27].
In this review, we focus on the current knowledge about the functions of the core Hippo pathway
components in adaptive immunity, particularly in lymphocyte homeostasis during their development
and differentiation. Although the molecular functions of MST1/2 in the mammalian adaptive immune
system have been extensively studied in previous works, characterization of the other components
of the Hippo pathway is an emerging field of research. In contrast to their pivotal functions in
adherent cell physiology, it appears that YAP/TAZ are dispensable for physiological and malignant
hematopoiesis [28]. Recent studies have demonstrated that MST1/2 regulate the lymphocyte biology
independently of the key Hippo pathway components YAP/TAZ and LATS1/2 [29,30]. Indeed, growing
evidence suggests a crosstalk between the Hippo pathway and other pivotal signaling networks
involved in immune regulation, such as MAPK (mitogen-activated protein kinase), p53, and the
FOXO (forkhead box O) pathway [17,31,32]. We also discuss the complexity of the signal transduction
mechanisms downstream of the Hippo pathway in immune cells, which appear to be distinct from
those in adherent cells that have been widely used to draw the Hippo signaling network to date.
Although the Hippo pathway takes its name from MST1/2—the mammalian homologs of the Drosophila
Hippo (Hpo), MST1/2 are also known to regulate several proteins other than the key Hippo signaling
components. Therefore, the functional outputs of MST1/2 are not limited to LATS1/2 or YAP/TAZ [18].
In this review, we define the signaling that specifically regulates LATS1/2 kinase activity and/or
YAP/TAZ transcriptional activity as the “canonical” Hippo pathway. Other signaling cascades that
involve the core Hippo pathway components (particularly MST1/2) but do not regulate LATS1/2 kinase
or YAP/TAZ are defined as the “alternative” Hippo pathway (Figure 1).
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Figure 1. Canonical and alternative Hippo pathways. The heart of the Hippo pathway consists of the
kinase module (indicated in red) and the transcriptional module (indicated in blue). The kinase module
includes 11 kinases, namely mammalian STE20-like protein kinases (MST1/2), mitogen-activated
protein kinase kinase kinase kinases (MAP4K1-7), and large tumor suppressor kinases (LATS1/2), as
well as their activating adaptor proteins, salvador family WW domain-containing protein 1 (SAV1),
Ras-related proteins (RAP2A/B/C), and MOB kinase activators (MOB1A/B). The transcriptional module
includes the transcriptional co-activators, namely, yes-associated protein (YAP) and transcriptional
co-activator with PDZ-binding motif (TAZ), and in addition, the transcription factors TEA domain
family members (TEAD1–4). When the upstream signals are integrated to activate the Hippo pathway,
LATS1/2 kinases phosphorylate and inhibit YAP/TAZ. Phosphorylation of YAP/TAZ promotes their
proteasomal degradation or cytoplasmic retention via 14-3-3 binding. In contrast, when the kinase
module is inactivated (the Hippo pathway is inactivated), hypophosphorylated YAP/TAZ translocate
into the nucleus wherein they bind to TEAD1–4 and thus induce proliferative and anti-apoptotic gene
transcription. In this review, we define the signaling that specifically regulates LATS1/2 kinase activity
and/or YAP/TAZ transcriptional activity as the “canonical” Hippo pathway. The other signaling cascades
that involve MST1/2 but do not regulate LATS1/2 kinases or YAP/TAZ are defined as the “alternative”
Hippo pathway. MST1/2 have been shown to modulate a number of proteins, including nuclear
Dbf2-related kinases (NDR1/2, also known as STK38/STK38L), forkhead box O (FOXO1/3), protein
kinase C alpha (PKCα), and interferon regulatory factor 3 (IRF3) in the regulation of immune system.
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Figure 2. Cellular components of the mammalian immune system. The mammalian immune system
consists of two distinct parts, innate and adaptive immunity. Basophils, eosinophils, neutrophils, mast
cells, natural killer cells, macrophages, and dendritic cells mediate the innate immunity. They provide
the first line of defense against bacteria, viruses, and cancer. The adaptive immune system refers to an
antigen-specific defense mechanism that takes several days to develop but provides long-lasting
protection. The adaptive immune system includes B cell-mediated humoral immunity and T
cell-mediated cellular immunity, both of which are directed towards the specific antigens. Macrophages
and dendritic cells are unique subsets that have both innate and adaptive immune cell traits. As
professional antigen-presenting cells, macrophages and dendritic cells are critical in the induction of
adaptive immunity by presenting the antigens to antigen-specific T and B lymphocytes.

2. Hippo Pathway in Adaptive Immune Cell Lineage and Functions

Adaptive immunity is defined by antigen-specific immune responses, consisting of cellular
(cell-mediated) and humoral (antibody-mediated) responses. All T cells, B cells, and antigen-presenting
cells cooperatively orchestrate this process. Recent studies have revealed pivotal functions of MST1/2
in T-cell development and differentiation, as well as in B cell homeostasis in the splenic marginal zone
and the periphery. MST1/2 also play key roles in antigen-presenting cells, including macrophages
and dendritic cells. It is likely that MST1/2 regulate the adhesion and trafficking of the immune cells
and thus coordinate various immunological events. Mechanistically, MST1/2 appear to exert their
biological functions via both canonical and alternative downstream effectors in the Hippo pathway,
as suggested by a series of in vivo mice studies.

2.1. Clinical Significance of the Hippo Pathway in Adaptive Immunity

The importance of the Hippo signaling pathway in the adaptive immune system is supported
by the clinical case reports of patients who have loss of heterozygosity mutations of the MST1
gene or hyper-methylation of the MST1 promoter region [33–38]. MST1-deficient patients show
susceptibility to bacterial and viral infections, clinical signs of T and B cell lymphopenia, and in addition,
although counterintuitive, autoimmune manifestations (this seemingly contradictory outcome of MST1
deficiency is discussed in Section 2.4.). MST1/2-deficient mice were found to recapitulate some of these
symptoms in the patients, including lymphopenia and autoimmune symptoms such as autoantibody
production [29,33,36,39]. These mouse models have greatly helped in our understanding of the
biological functions and molecular mechanisms of immune regulation by MST1/2 kinases.
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2.2. MST1/2 in T Cell Development

Hematopoietic stem cells (HSC) give rise to both common lymphoid progenitor cells (CLP) and
common myeloid progenitor cells (CMP) inside the bone marrow. CLP produce T cell progenitors,
known as early thymic progenitors (ETP), which develop and mature within the thymus (Figure 3).

Figure 3. The Hippo pathway in the development of dendritic cells, B cells, and T cells. In bone marrow,
hematopoietic stem cells (HSC) give rise to common myeloid progenitors (CMP) and common lymphoid
progenitors (CLP). CMP generate pre-dendritic cells (pre-DC). Pre-DC are dendritic cell-restricted
progenitors that routinely leave bone marrow for the lymphoid and non-lymphoid tissues to get
differentiated into local dendritic cells. In the spleen, pre-DC further maturate into CD8+ DC that
possess a higher capacity of antigen cross-presentation to T cells. CLP give rise to transitional B cells
(TB) that differentiate into marginal zone B cells (MZB) in the spleen. MZB provide the first line of
defense against specific pathogens by mediating rapid antibody responses. CLP in the bone marrow
migrate into the thymic cortex to generate early thymic progenitors (ETP), also known as double
negative 1 (DN1) thymocytes. After the DN2–4 maturation stage, they subsequently become double
positive (DP) thymocytes. DP thymocytes further mature into single positive (SP) T cells that migrate
into the thymic medulla and egress to the periphery. MST1/2 are shown to mediate DC functions, B cell
development, and the thymic egress of mature T cells via distinct mechanisms.

T lymphocytes originate in the thymus via three-steps, initiating as double-negative thymocytes
(DN; CD4−CD8−), then changing to double-positive thymocytes (DP; CD4+CD8+), and finally, maturing
into single-positive (SP; CD4+CD8− or CD4−CD8+) thymocytes. Single-positive mature thymocytes
are then released from the thymus to the peripheral tissues to compose and start adequate adaptive
immune responses [40,41]. MST1/2 are found to express at low levels in double-positive thymocytes,
but their expression rises at the single-positive stage [30], suggesting the important functions of MST1/2
in later stage of T cell development.

Using MST1 single knockout mice (Mst1−/− mice), earlier studies have found the accumulation
of Mst1−/− single-positive thymocytes in the perivascular space where T cells exit into the periphery,
resulting in a decreased number of peripheral T cells [42,43]. In vitro lymphocyte adhesion cascade
assays demonstrated that Mst1−/− T cells show reduced stopping times and disrupted integrin-mediated
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adhesion to endothelium, indicating that MST1 plays a major role in the efficient emigration of T
cells from the thymus [42]. Mechanistically, the involvement of the alternative Hippo pathway has
been proposed. MST1 in complex with RAP1 and RAPL (also known as RASSF5) phosphorylates
NDR1 (nuclear Dbf2-related 1, also known as STK38) kinase, which recruits KINDLIN-3 (also known
as FERMT3) to the immune synapse [44]. KINDLIN-3 was independently shown to mediate the
high-affinity interaction between LFA-1 (also known as ITGB2; expressed on T cells) and ICAM1
(intercellular adhesion molecule 1; expressed on endothelial cells) to ensure efficient lymphocyte
migration [45–47]. Another proposed mechanism suggests that MST1/2 directly phosphorylate and
thus mediate MOB1A/B binding to DOCK8 (dedicator of cytokinesis 8) [30]. DOCK8 modulates the
cytoskeletal remodeling as well as the cell migration in thymocytes by acting as a guanine nucleotide
exchange factor (GEF) for RAC1 (Rac family small GTPase 1) [48]. It is to be noted that T cells from
DOCK8-deficient mice shared some phenotypes of the MST1/2-deficient thymocytes, peculiarly a
failure to polarize LFA-1 to the immune synapse [48], suggesting a key function of the Hippo pathway
in small GTPase activation and cytoskeletal remodeling. Thus, collectively, MST1 functions in both
cytoskeletal remodeling (through MOB1A/B phosphorylation) as well as cell adhesion (through NDR1
phosphorylation), ensuring the efficient emigration of T cells from the thymus.

2.3. Hippo Signaling in Effector T Cell Differentiation and Functions

Mature T lymphocytes that successfully pass the thymic selection incessantly migrate from the
thymus towards the secondary peripheral lymphoid system to prepare for the antigen stimulation
followed by the activation and differentiation phase (Figure 4). Naive T cells (Th0 cells) comprise
CD4+ and CD8+ T cells that have not encountered its cognate antigen within the periphery and thus
have not been differentiated. The expression levels of MST1 decrease as cell differentiation progresses
from naive CD4+ T cells to effector/memory T cells. In contrast, MST2 expression levels remain
constant [29], indicative of a dominant role of MST1 in naive T cell functions. Although the precise
mechanism remains to be elucidated, recent studies have suggested that MST1, via the alternative
Hippo pathway, contributes to the maintenance of naive CD4+ and CD8+ T cells. MST1 promotes cell
survival [34,49] and restricts antigen receptor-induced proliferation [29] of naive T cells in order to
maintain their homeostatic state. In addition to its role in thymic egress, MST1 functions in naive T cell
survival and maintenance, may also account for T cell lymphopenia observed in human patients with
MST1 deficiency.

Upon stimulation by the T cell receptor signaling and specific cytokines in the surrounding
environments, naive CD8+ T cells become cytotoxic T lymphocytes (CTL), while naive CD4+ T cells
activate and differentiate into specialized subtypes, including type 1 helper (Th1) cells, Th2 cells, Th17
cells, or regulatory T cells (Treg) (Figure 4). We highlight the emerging roles of the Hippo pathway in
cytotoxic T cells as well as Th17 and Treg cells below.

2.3.1. Hippo Pathway in Cytotoxic CD8+ T Cell Differentiation and Functions

Although much is still unknown about the roles of the Hippo pathway in the regulation of
cytotoxic T cell physiology, it is known that the T-cell-receptor and IL-2 (interleukin 2) signaling induce
the expression and activation of the canonical Hippo pathway in CD8+ T cells [50]. Activation of the
T cell intrinsic Hippo signaling pathway suppresses YAP-mediated induction of the expression of
transcriptional repressor BLIMP-1 (also known as PRDM1), thus resulting in terminal differentiation of
the CD8+ T cell [50]. However, another report has suggested that MST1 in CD8+ T cells suppresses the
cytotoxic function of CD8+ T cells upon T cell receptor stimulation [51]. MST1 via FOXO suppresses
the expression of the transcription factor T-bet (also known as TBX21). T-bet boosts cytotoxic T
cell functions by inducing the effector cytokine IFNγ (interferon gamma) and the cytotoxic protease
granzyme B expression [52]. Thus, MST1 deletion in CD8+ T cells potentiates cytotoxic effector
functions and prevents tumor growth in a syngeneic mouse model [51]. Together, these studies suggest
seemingly paradoxical results that the Hippo pathway promotes terminal differentiation of CD8+ T
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cell while suppressing their cytotoxic functions. Future studies validating the role of other Hippo
pathway components in cytotoxic T cells will be required in order to clarify the complex regulatory
mechanisms of cytotoxic T cell differentiation and functions by the Hippo pathway.

Figure 4. Roles of the Hippo pathway in effector T cell differentiation. The primary event of naive T
cell activation is the interaction between T cell receptor (TCR) on T cells and an antigen loaded on
antigen-presenting cells (APC). APC present antigenic peptides with major histocompatibility complex
(MHC) class I (for CD8+ T cells) or class II (for CD4+ T cells) molecules. Upon activation, naive CD8+ T
cells differentiate into cytotoxic T lymphocytes (CTL) that mediate cellular immunity and secrete series
of cytokines such as interferon gamma (IFNγ). Naive CD4+ T cells differentiate into T helper (Th) cells,
including effector T cells (Th1, Th2, Th17) and regulatory T cells (Treg). Transforming growth factor beta
(TGFβ) signaling is required for Treg lineage, while interleukin 6 (IL-6) together with TGFβ cytokines
are essential for Th17 differentiation. Key transcription factors have also been identified for each T cell
lineage [forkhead box P3 (FOXP3) for Treg, RAR related orphan receptor gamma t (RORγt, also known
as RORC) for Th17]. Treg cells produce TGFβ and suppress effector T cell activities, maintaining
immune system homeostasis and self-tolerance. Th17 cells produce IL-17 cytokine and are involved in
chronic and autoimmune inflammation. MST1/2 and YAP are shown to mediate Treg differentiation by
diverse mechanisms. TAZ acts as a critical co-activator of RORγt for Th17 differentiation.

2.3.2. Hippo Pathway in Helper CD4+ Th17 and Treg Cells

Among CD4+ cell subsets, critical functions of the Hippo pathway in the regulation of Th17 and
Treg cells have recently been revealed. IL-17-producing Th17 cells represent a pro-inflammatory subset,
while FOXP3 (forkhead box P3)-expressing Treg cells are immunosuppressive [53,54]. The balance
between Th17 and Treg cells is regulated by the inflammatory cytokines such as IL-6 and TGFβ
(transforming growth factor beta), which has emerged as a striking factor in autoimmunity and cancer
immune escape [53,54] (Figure 4).

Previous studies have demonstrated that MST1 promotes Treg differentiation and prevents
autoimmunity and tissue damage [39,55]. MST1 appears to enhance the expression of FOXP3, the key
transcriptional factor for Treg lineage, via the alternative Hippo pathway involving FOXO1/3 [39]
or SIRT1 (sirtuin 1) [55]. In addition, another report suggested that MST1 also contributes to the
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contact-dependent suppression of Treg cells by mediating the immunological synapse formation
between dendritic and Treg cells [56]. Collectively, these findings highlight the diverse functions of
MST1 in Treg physiology.

A complementary recent study demonstrated that TAZ promotes Th17 lineage and inhibits Treg
differentiation of naive CD4+ T cells [57]. On one hand, TAZ binds to RORγt (RAR related orphan
receptor gamma t) and enhances its transcriptional activity to promote Th17 differentiation. On the
other hand, TAZ competes with FOXP3 for its binding to the histone acetyltransferase TIP60 (also
known as KAT5), thus destabilizing FOXP3 and inhibiting Treg differentiation [57]. Interestingly, the
expression of TAZ is increased during Th17 differentiation in vitro [57]. This is in contrast with YAP,
which is not expressed in Th17 cells, but is highly expressed in Treg cells [58]. Another study found that
YAP in Treg cells induces the genes involved in the TGFβ superfamily member activin pathway and
thus reinforces TGFβ–SMAD signaling, upregulating FOXP3 expression and Treg functions. Genetic
inhibition of YAP dramatically dampened the immune suppressive function of Treg cells, and therefore
boosted the anti-cancer immune responses [58]. Thus, these studies suggest opposite roles of YAP and
TAZ in Th17/Treg differentiation. It is clear that YAP and TAZ share similar molecular activities [59]
and show functional redundancy during embryonic development [3] and regeneration [60] as the
simultaneous deletion of YAP and TAZ generally results in a more severe phenotype than their single
depletion. However, several lines of evidence in recent years indicate their distinct functions [61–63].
This divergence adds an extra level of complexity to the functions of the Hippo pathway in different
cell-types in a context-dependent manner. The precise molecular mechanisms underlying these
superficially contradictory regulations remain to be elucidated.

2.4. Critical Roles of MST1 in B cell Development and Functions

B cell progenitors arise from common lymphoid progenitors (CLP) in the bone marrow, and further
develop into mature B cells in the secondary lymphoid tissue, such as the spleen [64] (Figure 3). MST1
is expressed in B-cell lineages and its deficiency causes B cell lymphopenia as well as autoantibody
production in humans and in mouse models [29,33,36,39]. MST1-deficient mice show reduced CD19
expression, and disrupted B cell receptor clustering/downstream signaling, which results in a dramatic
reduction of B cell viability and a developmental defect of marginal zone B cells (MZB) [65].

As described above, MST1 plays pivotal roles in both T cell and B cell development. Therefore, MST1
deficiency causes T and B cell lymphopenia in human patients, resulting in combined immunodeficiency.
However, MST1-deficient patients also exhibit autoimmune-like symptoms, including autoantibody
production. These symptoms are likely due to the impaired, MST1-lacking T cell functions, instead
of the intrinsic signals in B cells. While T cell-specific MST1-deficient (Lck-Cre/Mst1F/F) mice
demonstrated autoantibody production, B cell-specific MST1 deficiency (Mb1-Cre/Mst1F/F) did not
result in autoantibody production for up to 18–20 months [66]. As MST1 is critical for the proper
activities of FOXO, defective MST1–FOXO signaling impairs the differentiation and function of Treg
cells, collapsing immune tolerance and thereby provoking autoimmunity [39,55]. Another study
demonstrated that IL-4-rich environments created by MST1-deficient CD4+ T cells also contribute
towards the uncontrolled B cell responses [67]. Together, these results not only highlight the critical
functions of MST1 in B cell development, but also demonstrate its role in maintaining immune tolerance
to prevent B cell overactivation through the regulation of CD4+ T cells. Despite the critical functions of
MST1 in B cell regulation, other components of the Hippo pathway have been poorly explored in B cell
lineage. It would be of interest to elucidate the involvement of other Hippo pathway components in B
cell development and functions in future studies.

2.5. MST1/2 in Dendritic Cell Functions

Dendritic cells arise from bone marrow-resided pre-dendritic cells (pre-DC) that migrate to
non-lymphoid (such as payer’s patches and dermis) or lymphoid (mainly spleen) tissues where they
further differentiate into lymphoid dendritic cells [68,69] (Figure 3). Differentiated mature dendritic
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cells in peripheral tissues capture exogenous antigens and migrate to the draining lymph node
through CCR7 (C-C motif chemokine receptor 7)-dependent chemotaxis [70]. Among lymphoid
dendritic cells, CD8+ dendritic cell subset represents the population with a higher capacity of antigen
cross-presentation to T cells [71].

An early study found that MST1-deficient mice show impaired trafficking of dendritic cells from
the skin to the draining lymph node [42]. MST1-deficient dendritic cells demonstrated reduced
attachments to the extracellular matrix in vitro [42]. Another study has suggested that MST1
mediates CCR7-dependent chemotaxis of human mature dendritic cells through the regulation
of actin cytoskeleton [72]. Thus, MST1 regulates adhesion and cell motility, orchestrating the efficient
migration of dendritic cells. MST1 also plays an important role in directing the T cell lineage
by regulating the production of dendritic-cell-derived cytokines. MST1-deficient dendritic cells
(Cd11c-Cre/Mst1F/F) produce more IL-6 due to the activation of the p38 MAPK pathway, which in
turn stimulates IL-6–STAT3 (signal transducer and activator of transcription 3) signaling in CD4+

T cells to facilitate Th17 differentiation [73]. More recently, another study identified MST1/2 as
crucial regulators of CD8+ dendritic cells that reside in lymphoid tissue and elicit efficient antigen
cross-presentation [74]. MST1/2 promote oxidative metabolism and contribute to the maintenance
of bioenergetic activities in CD8+ dendritic cells. Mechanistically, although not fully elucidated,
MST1/2 appear to exert their functions via the alternative Hippo pathway as the dendritic cell-specific
ablation of LATS1/2 or YAP/TAZ failed to phenocopy MST1/2 deletion. MST1/2 orchestrate selective
expression of the T-cell-activating cytokine IL-12 via crosstalk with the non-canonical NF-κB (nuclear
factor-kappa B) signaling pathway in CD8+ dendritic cells [74]. Together, these results highlight the
important roles of MST1/2 in dendritic cellular functions. Further in vivo analyses involving other
Hippo pathway components in each dendritic cell subset will bring advances in our understanding of
lineage commitment, differentiation, and the function of dendritic cells.

2.6. Hippo Pathway in Macrophages

Macrophages are one of the fastest immune cells that are capable of interacting with antigen at sites
of infection or tumor initiation. Macrophage provides both MHC (major histocompatibility complex)
class II and peptide complex, together with co-stimulatory signals, to T cells. The production of
inflammatory cytokines in response to antigenic stimulation to initiate and maintain the inflammatory
response is also a key function of the macrophages [75].

Critical roles of the Hippo pathway in the biological functions of macrophages have been
highlighted in recent studies. MST1/2 boost the phagocytic induction of reactive oxygen species
and the anti-bacteria response in macrophages. MST1/2 promote the recruitment of mitochondria to
phagosome by phosphorylating PKCα (protein kinase C alpha), and thus regulating the mitochondrial
trafficking and mitochondrion-phagosome juxtaposition, which is required for effective reactive oxygen
species generation to kill bacteria [21]. Intriguingly, several recent studies have revealed the reciprocal
interaction between the Hippo pathway and endocytic trafficking [76–80]. It is therefore possible that
the Hippo pathway may modulate intracellular trafficking and, in turn, regulate the functions and
integrity of organelles in macrophages as well as other immune cell-types.

YAP is also implicated in the regulation of antiviral responses in macrophages. In antiviral
immune responses, viral DNA or RNA in cytosol activates TBK1 that phosphorylates and activates
the key antiviral transcription factor IRF3 to induce the type I interferon response [81]. YAP binds
to IRF3 and thus blocks its dimerization and translocation to the nucleus after viral infection [23].
However, since YAP/TAZ are rarely expressed in a variety of immune cells [24], their regulation in
macrophages requires further validation. Another study consistently demonstrated that YAP/TAZ,
through their direct binding, impair ubiquitylation-dependent TBK1 activation and antiviral responses
in YAP/TAZ-abundant adherent cells, including HEK293, mouse embryonic fibroblasts (MEFs),
and NMuMG epithelial cells [24]. In contrast, however, another study suggested that MST1 directly
phosphorylates IRF3 to inhibit its dimerization and activation, impeding cytosolic antiviral defense
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in the aforementioned cell lines [82]. The precise role of the Hippo pathway in regulating antiviral
immune response is thus not fully elucidated, but the interplay between canonical (through YAP/TAZ)
and the alternative (through IRF3) Hippo pathway downstream of MST1/2 may contribute to these
counterintuitive results. Future studies clarifying the role of other Hippo pathway components in
antibacterial and antiviral responses will provide a clear mechanistic insight into the functions of the
Hippo pathway in innate immune responses.

3. Dual Functions of the Intracellular Hippo Signaling in Regulating Immune Responses

As we have highlighted above, the Hippo pathway plays crucial roles in the adaptive immune cell
development and functions. Recent studies have revealed that the Hippo pathway in non-immune cells
also contributes to the induction and direction of the immune responses in both immunostimulatory
and immunosuppressive ways. These involve cytokine production, immune checkpoint molecule
expression, and extracellular vesicle release from the non-immune cells, allowing for intercellular
communication and orchestrating the immune responses.

3.1. Immunostimulatory Role of the Hippo Pathway in Non-Immune Cells

Apart from its physiological roles, recent studies have also suggested the involvement of the Hippo
pathway in several aspects of the tumor cell-intrinsic mechanisms of immune suppression in tumor
microenvironments (Figure 5). YAP-mediated transcription is shown to promote cytokine/chemokine
production in many types of tumors. For example, active YAP in murine prostate adenocarcinoma
promotes CXCL5 (C-X-C motif chemokine ligand 5) secretion, which attracts CXCR2 (C-X-C motif
chemokine receptor 2)-expressing myeloid derived suppressor cells (MDSC) to suppress the immune
responses [83]. Pharmacological inhibition of the CXCL5–CXCR2 axis as well as MDSC depletion
by neutralizing antibodies therefore impeded tumor progression [83]. Another study using the
KRAS/p53 mutant pancreatic ductal adenocarcinoma model found that active YAP contributes
to the differentiation and accumulation of MDSC in tumor microenvironments by promoting the
expression and secretion of multiple cytokines and chemokines, including CXCL1/2 and C-C motif
chemokine 2 (CCL2) [84]. YAP has further been found to function downstream of the ovarian
cancer-specific oncogene PRKCI (protein kinase C iota) to up-regulate TNF (tumor necrosis factor)
expression, recruiting MDSC to inhibit cytotoxic T cell functions. [85]. An additional mechanism
for YAP-mediated immune-suppression is suggested to be through the recruitment of type II (M2)
macrophages that suppress the immune clearance of cancer cells [86]. Tumor-initiating cells with
YAP hyperactivation recruit M2 macrophages at the early phases of cancer development, mainly
through direct YAP–TEAD targeting of CCL2 and CSF1 (colony stimulating factor 1) [87]. Interestingly,
a knockdown of CCL2/CSF1 in tumor-initiating cells blocked M2 macrophage recruitment and
abolished tumorigenesis in an immune system-dependent manner, suggesting that YAP-activated
tumor-initiating cells are eliminated without the protection of M2 macrophages. Similarly, another
in vitro study suggested that YAP in DLD-1 colon cancer cells contributes to the M2 macrophage
differentiation of co-cultured THP-1 monocytes [88]. Collectively, these studies demonstrate that the
activation of YAP in cancer cells promotes cytokine/chemokine production and thus contributes to the
recruitment of immunosuppressive cells in tumor microenvironments.

In addition to the alteration of the cellular composition in tumor microenvironments, a context
and cell-type dependent involvement of an immune checkpoint molecule has been implicated in
YAP-mediated immune-suppression. The immune checkpoint receptor, programmed cell death 1 (PD-1,
also known as PDCD1), and its ligand PD-L1 (programmed death-ligand-1, also known as CD274)
provide a negative regulatory pathway that prevents self-antigen recognition by T cells [89]. Cancer
cells hijack this built-in regulatory pathway to evade the host immunity by upregulating PD-L1, which
results in the apoptosis or anergy of T cells by stimulating suppressive PD-1 signaling in T cells [89].
Several studies suggest that YAP/TAZ suppress T-cell-mediated killing of cancer cells by directly
transcribing PD-L1 in human melanoma, lung cancer, and breast cancer cells [90–93]. YAP–TEAD
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transcription complex binds to the PD-L1 promoter or enhancer, directly inducing PD-L1 expression.
In contrast, another study demonstrated that YAP inhibits IFNγ-inducible PD-L1 expression in murine
syngeneic cancer models [94]. YAP–TEAD transcriptional complex induces the expression of its target
gene miR-130a, which in turn suppresses the expression of IRF1, the major transcriptional factor for
PD-L1 expression, and thus inhibits tumor growth in mice [94]. Immunosuppressive functions of the
Hippo pathway will be discussed in the following section.

Figure 5. Dual functions of the cancer cell-intrinsic Hippo pathway in immune modulation. (Left)
Immunnostimulatory effects mediated by YAP activation or LATS1/2 inactivation. In cancer cells,
YAP inhibits IFNγ-inducible PD-L1 (programmed death-ligand-1, also known as CD274) expression
partially through miR-130a-mediated suppression of IRF1. IRF1 up-regulates the expression of PD-L1
that binds to PD-1 (programmed cell death 1, also known as PDCD1) on T cells and provides inhibitory
signals to cytotoxic T cells (CTL). Upon deletion of LATS1/2, extracellular vesicles (EVs) secreted
from cancer cells trigger an anti-cancer immune response by stimulating the host nucleic-acid-sensing
pathway and enhancing antigen cross-presentation. (Right) Immunosuppressive effects mediated
by YAP activation. Active YAP induces the expression of PD-L1, as well as cytokines [TNFα (tumor
necrosis factor alpha), CSF1 (colony stimulating factor 1)] and chemokine ligands [CXCL1 (C-X-C
motif chemokine ligand 1), CXCL2, CXCL5, and CCL2 (C-C motif chemokine 2)]. Those cytokines or
chemokines recruit immunosuppressive cells, such as myeloid derived suppressor cells (MDSC) and
M2-type macrophages, to inhibit CTL functions.

3.2. Immunosuppressive Role of the Hippo Pathway in Non-Immune Cells

It is largely accepted that the Hippo pathway acts as a tumor suppressor in adherent cells that
inhibits cell proliferation and survival, preventing tumorigenesis [11–14]. Inactivation of the Hippo
pathway drives a cell-intrinsic program to promote cell proliferation and survival, allowing cellular
expansion and migration. Hyperactivation of YAP/TAZ is wide-spread in human neoplasia [8], and
numerous reports indicate gene amplification and epigenetic modulation of the YAP/TAZ loci in
cancer [12], implying that YAP/TAZ-mediated transcription drives the development and sustainability of
human cancer. However, this assumption is in contrast with the fact that germline or somatic mutations
in key components of the canonical Hippo pathway are relatively rare in human cancers [11–14]. So far
mutations in NF2 or LATS2 loci have been highlighted in specific types of human cancers, such as
mesothelioma, schwannoma, and meningioma. However, another conundrum is that these mutations
only occur in specific cancer histotypes and are not broadly distributed [13]. Therefore, it is not
surprising that the Hippo pathway has divergent functions in cancer growth. For instance, YAP has
been shown to have a tumor suppressive function in colorectal cancer [95], multiple myeloma [96], breast
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cancer [97,98], and lung squamous cell carcinoma [99]. Moreover, the cell type-dependent functions of
LATS1/2 in promoting or suppressing cancer cell growth became apparent [100]. These studies suggest
that the precise role of the Hippo pathway in human cancer is context dependent, and that the Hippo
pathway has dual functions in both cancer progression and suppression.

Another, perhaps more feasible, possibility for the low mutation rate of the Hippo pathway
components in human neoplasia is that this pathway may possess built-in feedback mechanisms that
prevent the overgrowth of undesirable cells in the organism. These include cell-intrinsic feedback
mechanisms that prevent the Hippo pathway dysregulation [101–103], the selective elimination
of YAP-activated cells from the neighboring cells [104], and immunomodulation by the Hippo
pathway (Figure 5) [94,105]. As mentioned above, YAP inhibits IFNγ-inducible PD-L1 expression
and thus inhibits tumor growth in syngeneic mouse models [94]. Another study revealed that
LATS1/2-deficient cancer cells induce a type I interferon response via the host TLR signaling, enhancing
cross-presentation of tumor antigens to boost the anti-cancer immune response [105]. While LATS1/2
deficiency showed a significant increase in anchorage-independent cancer cell growth in vitro, their
growth in vivo in immune-competent mice is severely compromised due to the induction of strong
anti-cancer immune responses. Though the precise mechanism remains to be elucidated, it is likely that
nucleic-acid-rich extracellular vesicles (EVs), released from LATS1/2-deficient cancer cells, stimulate
the host nucleic-acid-sensing TLR signaling to induce a type I interferon response [105]. Therefore,
enhanced immunogenicity unmasked by the LATS1/2 deletion in cancer cells induces strong immune
responses and overwhelms any growth advantage that might be gained due to LATS1/2 deletion,
leading to a strong inhibition of tumor growth in the immune-competent host. Thus, collectively,
immunosuppressive functions of the Hippo pathway provide a built-in homeostatic control mechanism
that prevents tissue overgrowth and tumorigenesis. Interestingly, while genetic ablation of MST1/2
in liver [106–108] and intestine [109] promotes tumorigenesis, deletion of LATS1/2 in liver [110,111]
or kidney [112] does not result in the development of cancer. These observations imply that the
molecular functions of MST1/2 and LATS1/2 are not necessarily the same, and canonical and alternative
Hippo pathways in non-immune cells may exert different functions on immunomodulation in a
context-dependent manner. This complexity adds to the already divergent functions of the Hippo
pathway in the regulation of the mammalian immune system.

4. Conclusions

In recent years, much attention has been drawn toward the elucidation of the diverse roles of
Hippo signaling in adaptive immunity. Especially, MST1/2 have been revealed to be broadly involved in
maintaining proper adaptive immune responses by regulating cell survival, differentiation, migration,
and function in diverse immune cell types. It is interesting to note that other key Hippo pathway
components, such as LATS1/2 and YAP/TAZ, seem to be less important and only partially participate
in these processes, as is evident by their negative expression or unaffected phosphorylation status
upon immune cell activation [29,57]. Moreover, studies utilizing conditional deletion of YAP/TAZ or
LATS1/2 in mice revealed that these genes are dispensable for some immune cell functions [28,74].
Although it requires further validation, previous studies thus imply that the alternative Hippo signal
transduction may play key roles along with MST1/2 in regulating immune cell functions in several
contexts. This includes the characterization of NDR1/2 in T cell biological functions [44,113]. NDR1/2
(also known as STK38/STK38L) belong to the NDR/LATS subfamily of AGC serine/threonine kinases.
NDR1/2 and LATS1/2 share many overlapping molecular functions and regulatory mechanisms, such as
phosphorylation by MST1/2 kinases, binding to MOB1A/B, and kinase activity towards YAP (reviewed
in [114]). In addition, unbiased proteomic studies of the Hippo pathway interactome have consistently
placed NDR1/2 in the Hippo pathway network [76,77,79]. Therefore, in future studies, it is worth
validating whether NDR1/2 act as the main mediators of the alternative Hippo pathway in vivo and
investigating how these diverse regulations of the Hippo pathway result in different biological outputs
downstream of NDR1/2- or LATS1/2-dependent signaling branches in the adaptive immune system.
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Accumulating evidence, using semisynthetic substrates and model systems, suggests that the
Hippo pathway involves important mechano-regulated factors that integrate physical cues to gene
expression and cellular responses. Mechanical signals such as cell shape, extracellular matrix stiffness,
and shear flow, modulate activities of RHO GTPases, which in turn lead to actin cytoskeleton remodeling
(reviewed in [115]). The actin cytoskeleton network can control nuclear–cytoplasmic shuttling and
the transcriptional activities of YAP/TAZ [116–118]. In particular, focal adhesion regulates the Hippo
signaling through RAP2 GTPases [119]. The integrin signaling also transduces mechano-signals to the
Hippo pathway [120–124]. Given that the immune cells are continuously exposed to stresses that came
from extracellular matrix and liquid shear-flow, it is of particular interest to investigate the involvement
of the Hippo pathway in sensing mechanical forces and processing physical cues in lymphocytes.
While we have made substantial advances in our understanding of the Hippo signaling in the adaptive
immune system, the research must continue in order to broaden our knowledge on the interplay
between the Hippo signaling pathway and the immune system. Delineating these interactions will
have important clinical implications in autoimmune diseases and cancer.
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