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Regulation of the Hippo signaling pathway by ubiquitin

modification
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The Hippo signaling pathway plays an essential role in adult
tissue homeostasis and organ size control. Abnormal regulation
of Hippo signaling can be a cause for multiple types of human
cancers. Since the awareness of the importance of the Hippo
signaling in a wide range of biological fields has been
continually grown, it is also understood that a thorough and
well-rounded comprehension of the precise dynamics could
provide fundamental insights for therapeutic applications.
Several components in the Hippo signaling pathway are known
to be targeted for proteasomal degradation via ubiquitination
by E3 ligases. B-TrCP is a well-known E3 ligase of YAP/TAZ,
which leads to the reduction of YAP/TAZ levels. The Hippo
signaling pathway can also be inhibited by the E3 ligases (such
as ITCH) which target LATS1/2 for degradation. Regulation via
ubiquitination involves not only complex network of E3 ligases
but also deubiquitinating enzymes (DUBs), which remove
ubiquitin from its targets. Interestingly, non-degradative
ubiquitin modifications are also known to play important roles
in the regulation of Hippo signaling. Although there has been
much advanced progress in the investigation of ubiquitin
modifications acting as regulators of the Hippo signaling
pathway, research done to date still remains inadequate due to
the sheer complexity and diversity of the subject. Herein, we
review and discuss recent developments that implicate
ubiquitin-mediated regulatory mechanisms at multiple steps of
the Hippo signaling pathway. [BMB Reports 2018; 51(3):
143-150]

INTRODUCTION
Balanced protein, especially onco-proteins and tumor

suppressors, synthesis and degradation is critical for the
cellular homeostasis and broken balance leads to various types
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of cancers. Hippo signaling pathway is a key signaling
pathway which is responsible for the regulation of organ size
by controlling cell growth and proliferation (1, 2). When cells
perceive that they exist in the favorable conditions conductive
to growth (such as high nutrient or low cell density in culture
condition) YAP and TAZ, the key transcriptional activators of
Hippo signaling pathway, are stabilized and enter into nuclei.
YAP and TAZ in the nuclei interact with transcription factors
(mainly TEADs) and enhance the expression of target genes,
which are related to proliferation and anti-apoptosis (1).
However, when cells exist in suboptimal, or conditions
unfavorable to growth (such as serum starvation or high cell
density in culture condition), a kinase cascade consisting of
MST1/2 (mammalian homologs of Hippo in Drosophila) and
LATS1/2 are activated. Activated MST1/2 phosphorylates
LATS1/2, which enables LATS1/2 to phosphorylate YAP and
TAZ. Phosphorylated YAP and TAZ can be sequestered in the
cytoplasm by interacting with 14-3-3 protein, and subsequently
degraded by B-TrCP mediated ubiquitin-proteasome system
(1). In addition to YAP and TAZ, recent data revealed that the
respective levels of several components in the Hippo signaling
pathway are controlled by ubiquitin-proteasome system. In this
mini-review, we will discuss recent developments on how
ubiquitin mediated post-translational modifications regulate
the Hippo signaling pathway.

THE UBIQUITIN MODIFICATION SYSTEM

Ubiquitination is a post-translational modification of proteins
in which single ubiquitin (Ub), or multiple ubiquitins, are
attached to a substrate protein via its C-terminal glycine
(Gly76) residue. Ubiquitin is produced in a precursor of linear
chains of ubiquitin moieties or a single copy of ubiquitin fused
to ribosomal proteins. The activity of deubiquitinating
enzymes (DUBs) is required to produce free ubiquitin, either
by processing precursor ubiquitin chains or by recycling
ubiquitin via removing it from its targets (Fig. 1C, upper left
panel). The ubiquitination reaction is catalyzed by the
sequential action of three types of enzymes: Ub-activating
enzymes (E1s); Ub-conjugating enzymes (E2s); and, Ub ligases
(E3s) (Fig. 1A) (3). In certain cases, an additional conjugation
factor, named E4 is requited for efficient multi-ubiquitination
(4). The nature of ubiquitin conjugation to substrates is diverse,
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Fig. 1. The ubiquitin system. (A) Ubiquitin is activated by a
ubiquitin-activating enzyme (E1) and transferred to a ubiquitin-
conjugating enzyme (E2). E3 ligase binds target substrate and
coordinates the covalent attachment of ubiquitin. Target proteins
may be mono-ubiquitinated or, as in this example, poly-
ubiquitinated. (B) The HECT E3 ligase acts as an acceptor of
ubiquitin from E2 enzyme. Ubiquitin is then transferred to a
specific Lys residue in the substrate. Conversely, RING E3 ligase
acts as scaffold by facilitating interaction between E2 and
substrate. These E3s can be a single chain or as large
multiprotein complexes. (C) Generation of free ubiquitin from the
precursors is a key function of deubiquitinases (DUBs). DUBs
have a crucial role in maintaining ubiquitin homeostasis and
preventing degradation of ubiquitin together with substrates of the
proteasomal or lysosomal pathways (recycling of ubiquitin) (upper
left panel). DUB-E3 interactions can rescue E3s or common
substrates from degradation, or remove a non-degradative ubiquitin
signal (upper right and lower left panels). The A20 combines
DUB activity with E3 activity in one single polypeptide chain to
modulate the ubiquitination status of key adaptors in NF-kB
signaling (lower right panel). E3 ligase and DUB activity is
indicated with black arrows and red arrows, respectively.

and the various ubiquitin forms determine the role of
substrates in distinct cellular pathways and mechanisms. A
monomeric ubiquitin can be conjugated at a single lysine
residue (mono-ubiquitination), or at several lysine residues of
substrate  (multi-ubiquitination). Conjugation of extended
ubiquitin chains on a substrate can occur through sequential
attachment of ubiquitin to lysine of the preceding ubiquitin
(poly-ubiquitination). Ubiquitin is conjugated using internal
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lysines (K), including K6, K11, K27, K29, K33, K48 and K63
(5, 6). Each of the seven lysines in ubiquitin can be used in the
formation of polyubiquitin chains, generating diverse molecular
signals which determine the fate of proteins. The substrate
specificity of ubiquitination is determined by the E3 ligases
which mediate substrate recognition and ubiquitin transfer
from E2 enzymes to the substrate. The fate of ubiquitinated
proteins depends on the type of ubiquitin linkage. The
K48-linked ubiquitin chains target proteins for proteasomal
degradation, whereas other types of ubiquitin linkages mediate
proteolytic as well as non-proteolytic functions including
protein trafficking, protein-protein interaction and activation of
proteins.

The human genome encodes two potential E1s, approximately
30 E2s and over 600 E3s. As E3s primarily determine the
specificity of the ubiquitin system, a large volume of E3s are
necessary, but only a few E1s and E2s. The E3 ligases are
categorized in two groups on the basis of their catalytic
domain: HECT (homologous to E6-associated protein
Carboxy-terminus), and RING (“really interesting new gene”)
finger, differ in the manner(s) by which each transfers ubiquitin
to the substrate (Fig. 1B). The HECT E3s contain a conserved
catalytic Cys, which acts as an acceptor of ubiquitin from E2s.
Ubiquitin is then transferred to a specific Lys residue in the
substrate. Unlike HECT E3s, RING E3s do not have a direct
catalytic role in protein ubiquitination. Instead, RING E3s
facilitate interaction between E2s and substrates via acting as
scaffolds. These E3s exist as a single protein, or as large
multiprotein  complexes that determine specificity and
regulatory complexity (Fig. 1B). Of the human E3s, most
(~95%) belong to the RING family and only ~5% of E3s
belong to the HECT family (7).

Ubiquitination is a reversible modification. Disassembly of
ubiquitin chains is mediated by DUBs, also known as
deubiquitinases. The approximately 100 DUBs encoded in the
human genome are categorized in five subclasses on the basis
of their Ub-protease domain structures: Four Cys protease
classes (ubiquitin-specific protease, USP; ubiquitin C-terminal
hydrolase, UCH; Otubain protease, OTU; Machado-Joseph
disease protease, MJD); and, one metalloprotease class. All
DUBs, which are metalloproteases and have a Ub-protease
domain, are called “JAMM” (JAB/MPN/Mov34 metalloenzyme).
The diverse functions of DUBs can be classified into three
categories. First, DUBs generate free ubiquitin from linear
polyubiquitin precursor proteins, as well as a ubiquitin fused
to ribosomal proteins. Second, DUBs remove the ubiquitin
chain from posttranslational modified proteins, leading to
protein stabilization or reversal of ubiquitin signaling. Third,
DUBs can edit the ubiquitin chains to alter ubiquitin signaling.
As expected from their function, DUBs have been widely
implicated in cellular and pathogenic processes (8). However,
the precise mechanisms by which (the “how”) DUBs
determine specificity are still poorly understood.

Many DUBs interact with E3 ligases, such coupling between
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opposing catalytic activities may serve various purposes. For
example, DUBs are associated with E3 ligases, which have an
intrinsic property of self-ubiquitination. These interactions
reverse E3-mediated auto-ubiquitination and antagonize
self-inflicted degradation (Fig. 1C, upper right panel) (9-11). As
ubiquitination has also been related to the activation of
signaling pathways, DUB-E3 ligase interactions allow
fine-tuning of the ubiquitination status of a common substrate,
and thereby switching on and switching off a signaling
pathway (Fig. 1C, lower left panel) (12, 13). In rare cases,
extreme coupling of DUB and E3 ligase is seen with A20,
which has both DUB and E3 ligase activity in the same
polypeptide. Mechanistically, A20 can remove K63-linked
polyubiquitin chains from receptor interacting protein 1 (RIP1,
key adaptors in the NF-xB signaling) in an OTU-dependent
manner and catalyzes formation of K48-linked polyubiquitin
chains onto RIP1 to promote proteasome-mediated degradation
(Fig. 1C, lower right panel) (14).

REGULATION OF HIPPO SIGNALING COMPONENTS
BY UBIQUITIN

The regulation of YAP/TAZ by ubiquitin

The transcriptional co-activator YAP and TAZ are major
downstream effectors of the Hippo pathway, which shuttle
between cytoplasm and nucleus, where they induce expression
of genes involved in cell-proliferation and anti-apoptosis via
interactions with transcription factor, TEAD. When the Hippo
pathway is on, activated LATS1/2 phosphorylate YAP at five
HxRxxS consensus motifs, and TAZ has four of these sites. Of
these sites, phosphorylation of YAP Ser381 (TAZ Ser311) has
been linked to regulation of YAP/TAZ protein stability, as it
primes subsequent phosphorylation in a phosphodegron by
Casein kinase 1 (CK16/¢). The phosphorylated phosphodegron
then recruits the B-TrCP E3 ligase, leading to ubiquitination
and degradation (15, 16). Fig. 2 shows a schematic diagram for
the E3 ligases and DUBs which we discuss in this review.
Notably, TAZ contains another phosphodegron located in the
N-terminal region, and the N-terminal phosphodegron is
unique in TAZ but not shared by YAP (15, 17). Huang et al.
showed the N-terminal phosphodegron of TAZ is phosphorylated
by GSK3 kinase, which is inhibited by the phosphoinositide
3-kinase (PI3K) pathway. The phosphorylation of TAZ
Ser58/62 by GSK3 recruits B-TrCP, leading to ubiquitination
and degradation of the TAZ. Moreover, the N-terminal
phosphorylation of TAZ is regulated by the PTEN/PI3K/AKT
pathway but in a way seemingly independent of the Hippo
pathway (17). Besides the B-TrCP induced ubiquitination, the
E3 ligase F-box and WD repeat domain-containing 7 (Fbxw?)
mediates the ubiquitination of YAP, and thus its subsequent
proteasomal degradation. Importantly, Foxw7 levels inversely
correlate with YAP abundance in hepatocellular carcinoma
(HCQO) tissues, suggesting that Fbxw7 could represent a
potentially reliable prognostic marker and YAP may represent
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a potential therapeutic target for HCC (18).

Despite the presence of a phosphodegron, YAP is a
relatively stable and mainly regulated by cytoplasmic-nuclear
shuttling. In contrast, TAZ is constantly turned over, indicating
that protein degradation may be the main route for TAZ
inhibition. Recent studies have shown that YAP activity can be
indirectly modulated by several E3 ligases. The nonreceptor
tyrosine phosphatase PTPN14 and Angiomotin (AMOT) can
antagonize YAP activity by sequestering it in the cytoplasm;
this sequestration is achieved through protein-protein
interactions mediated by the PY motif of PTPN14/AMOT and
WW domains of YAP (19-22). Thus, ubiquitination and
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Fig. 2. Ubiquitin-mediated regulation of the core Hippo pathway
components. E3 ligase CHIP targets MST1/2 for ubiquitination.
Drosophila CYLD (dCYLD) decreases Hpo (Drosophila ortholog of
MST1/2) activity, but it is necessary to investigate whether the
suppression is due to deubiquitinase activity of dCYLD. Nedd4 and
Herc4 induce SAV1 ubiquitination and degradation in mammals
and Drosophila, respectively. Multiple E3 ligases, such as Nedd4,
ITCH, SIAH2 and WWP1, target LATS1/2 for degradation, thus
negat[vely regulate Hippo 5|gnal|ng The activity of LATS1 or level
of LATS2 is also regulated in the nucleus by CRLA®". The activity
of LATS1/2 can be indirectly modulated by E3 ligase or DUB. The
deubiquitination of AMOTL2 by USP9X depresses LATS1/2 activity
and subsequently activates YAP/TAZ. Praja2-mediated ubiquitination
targets MOB1 for degradation which leads to inactivation of
LATS1/2. B-TrCP and Fbxw7 mediate the ubiquitination of YAP/TAZ,
and thus their subsequent proteasomal degradation. Both AMOT
and PTPN14 as interacting proteins of YAP/TAZ can undergo
ubiquitin-mediated proteolysis by each different E3 ligases, and thus
allow YAP to translocate into nuclei. In contrast, deubiquitination of
AMOT by USP9X results in stabilization of AMOT and retention of
YAP in the cytoplasm, which leads to lower YAP/TAZ activity. E3
ligase and DUB activity is indicated with black arrows and red
arrows, respectively.

BMB Reports

145



Ubiquitin modification in the Hippo signaling
Youngeun Kim and Eek-hoon Jho

degradation of PTPN14 and AMOT through CRL2"™*%" E3 ligase
and Nedd4-like E3 ligases (Nedd4, Nedd4-2 and ITCH)
positively regulate YAP activity, respectively (19, 23). Moreover,
it has been reported that tankyrase inhibitors inhibit YAP
activity by stabilizing AMOT family proteins via the
tankyrase-RNF146 axis (24). The E3 ligase RNF146 has been
shown to recognize the tankyrase-mediated poly-ADP
ribosylation (PARsylation) of substrates and promote their
ubiquitination and degradation (25). Wang and colleagues
showed that tankyrase associates with AMOT family protein,
promoting their degradation through RNF146. Thus, tankyrase
inhibitors such as XAV939 stabilize AMOT family proteins and
suppress YAP activity. These results suggest that the
tankyrase-RNF146-AMOT axis acts as an upstream signal,
regulating YAP in the Hippo pathway (24). In contrast, Thanh
Nguyen et al. identified the DUB USP9X as an indirect
negative regulator of YAP/TAZ using a cell-based RNAi screen.
USP9X leads to deubiquitinate AMOT at Lys 496, resulting in
stabilization of AMOT and reduced YAP/TAZ activity (26).

The regulation of LATS1/2 by ubiquitin

LATS1/2 plays the most critical role in regulation of the Hippo
signaling pathway. LATS1/2 phosphorylates YAP/TAZ on
Ser127/89 and Ser381/311, respectively, controlling YAP/TAZ
on two levels, Ser127/89-mediated cytoplasmic-nuclear
shuttling and Ser381/311-mediated phosphodegron mediated
degradation (15, 16, 27, 28). Importantly, multiple upstream
inputs of the Hippo pathway appear to converge on the
LATS1/2. Expanded (Ex) and Merlin (also known as NF2 for
neurofibromatosis type 2) behave as a linker for the apical
plasma membrane and actin cytoskeleton. Kibra has a C2
domain that interacts with phospholipids and it may target
interacting proteins to the cell surface. These three proteins
form a complex and then recruit the Hippo pathway kinases to
the apical plasma membrane, which leads to activation of
LATS1/2 (29-31). In addition, LATS1 can bind or colocalize
with F-actin, suggesting that F-actin may directly regulate the
LATS1/2 kinase activity (32). GPCR signaling, cell attachment,
and cell geometry can also regulate YAP/TAZ activity through
LATS1/2 (33-36). Following the establishment of such upstream
signals, several protein complexes activate the LATS1/2, which
functions as a central player to suppress the YAP/TAZ activity.
Therefore, comprehensive understanding of the regulation of
LATS1/2 represents a dynamic area of active investigation in
the Hippo signaling field.

LATS1/2 contains two PPXY motifs (one motif in LATS2) that
are known to interact with WW domains mediating protein-
protein interaction by recognizing proline-rich peptide
sequences (37). The WW domain-containing E3 ligase, ITCH,
catalyzes ubiquitination and subsequent degradation of
LATS1/2, thereby promoting cell growth and survival (38, 39).
Other WW domain-containing E3 ligases, such as NEDD4,
WWP1 and Smurf, also bind to the PPxY motifs and promote
degradation of LATS1/2. NEDD4 ubiquitinates and destabilizes
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LATS1/2 and thus enhances the YAP transcriptional activity
(40, 41). WWP1 also inhibit LATS1 by targeting it for
ubiquitin-mediated degradation, which in turn leads to
promotion of cell proliferation in breast cancer cells (42). In
Drosophila, Smurf was also identified as a regulator of Warts
(Wts, the Drosophila ortholog of LATS1/2). dSmurf associates
with Wts and modulates Wits protein turnover and then Yorkie
(Yki, the Drosophila ortholog of YAP) activity. However, the
mechanisms as to how dSmurf regulates the turnover of Wts
need further investigation. In addition, it remains to be
determined whether the dSmurf-mediated ubiquitination is
essential for Wts turnover (43). Prior studies have indicated
that the closed form, active Merlin enters into the nucleus,
binds to E3 ligase CRL4"*"" and inhibits its activity (44). The
derepressed CRLA™™ which is caused in Merlin/NF2-deficient
tumor cells, targets LATS1/2 for ubiquitination and inhibition
in the nucleus (45). Whereas LATS1 is poly-ubiquitinated and
targeted for proteasomal degradation, LATS2 is oligo-
ubiquitinated at multiple sites resulting in loss of kinases
activity. Thus active YAP/TAZ accumulates in the nucleus and
supports the oncogenic potential of Merlin/NF2-deficient
tumor cells (45). It has recently been reported that scaffold
protein Cullin4A (CUL4A) interacts with LATS1 and enhances
its proteasomal degradation, thereby promoting proliferation
and epithelial-mesenchymal transition (EMT) of gastric cancer
cells (46). Interestingly, CUL4A is a core component of the
Cullin4A-RING E3 ligase (CRL4) complex (47). Although, these
observations may explain the means by which CUL4A inhibits
LATS1, the precise mechanisms need to be investigated.
Ubiquitination of LATS1/2 also plays a role in stress response.
Hypoxia-activated E3 ligase, SIAH2, induces LATS1/2
degradation and subsequently de-repressed YAP activity,
promoting tumorigenesis. Notably, targeting SIAH2 in tumor
cell restores the tumor suppressor function of LATS2 in a
xenograft animal model, indicating that the SIAH2-LATS1/2
pathway may have a role in tumorigenesis (48).

Moreover, it has recently been identified that mono-
ubiquitination of Angiomotin-like 2 (AMOTL2), which is
regulated by the DUB USP9X, can activate LATS2 kinase by
supporting the binding of AMOTL2 to the LATS2 UBA
domain. Ectopic expression or knockdown of USP9X inhibits
or promotes the LATS-mediated phosphorylation of YAP,
respectively. These results indicate that deubiquitination of
AMOTL2 by USP9X depresses LATS1/2 activity and sub-
sequently activates YAP (49). Recently, deubiquitinase YOD1
has been found to stabilize the E3 ligase ITCH that has an
intrinsic tendency of self-ubiquitination. Hence, stabilization of
ITCH by YOD1 can promote degradation of LATS1/2.
Interestingly, the inducible expression of YOD1 enhances the
proliferation of hepatocytes and leads to hepatomegaly in a
YAP/TAZ-activity-dependent manner (50).
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Other components of the Hippo pathway regulated by
ubiquitin

The adaptor protein MOB1 is a key regulator of LATS1/2
kinases in the Hippo pathway. MOB1 is present in an
auto-inhibited form and is activated by MST1/2-mediated
phosphorylation. The phosphorylated MOB1 assists MST1/2 to
recruit and phosphorylate LATS1/2 at hydrophobic motif
Thr1079/1041. In addition, the phosphorylation of MOB1 by
MST1/2 increases the binding affinity to LATS1/2, which in
turn leads to auto-phosphorylation of LATS1/2 on Ser909/872
and increases their kinase activity for full activation (51-53).
Lignitto et al. showed that E3 ligase praja2 directly binds to
and ubiquitinates MOB1. Degradation of ubiquitinated MOB1
downregulates LATS1/2 activity, attenuating Hippo signaling
and sustains glioblastoma growth. Notably, MOB1 levels
inversely correlate with glioma malignancy and praja2
abundance, supporting the role of praja2 in control of MOB1
stability in vivo (54).

SAV1, the cofactor of MST1/2, serves as a bridge between
MST1/2 and LATS1/2 and enhances LATS1/2 activity upon
phosphorylation by MST1/2 (55, 56). SAV1 is also required for
MST1 activation and translocation to the nucleus for
subsequent LATS1/2 activation and phosphorylation of YAP on
S127 wupon keratinocyte differentiation (57). Conditional
deletion of SAV1 in mouse liver leads to liver size enlargement
and tumor formation, but LATS1/2 and YAP phosphorylation
are not affected. These results indicate that SAV1 is not
absolutely required for MST1/2 activation in hepatocytes and
may limit liver growth by other mechanisms (58). Although the
precise mechanisms are unknown, SAV1 on its own is less
stable than MST1/2-binding form. The association of active
MST1/2 with SAV1 leads to phosphorylation and stabilization
of SAV1 (56). The E3 ligase NEDD4 destabilizes SAV1 as well
as LATS1/2 through ubiquitination and thus activates YAP to
promote intestinal stem cell self-renewal (41). Another E3
ligase, Herc4, induces Salvador (Sav, the Drosophila ortholog
of SAV1) ubiquitination and degradation in Drosophila,
although the function of mammalian Herc4 still requires some
elucidation. Interestingly, Hippo (Hpo, the Drosophila
ortholog of MST1/2) competes with Herc4 for Sav binding and
antagonizes Herc4-mediated ubiquitination of Sav (59).

The Hippo kinase pathway can be initiated by TAO kinases,
which phosphorylate the activation loop of MST1/2 at
Thr183/180 and thereby lead to full activation of MST1/2 (60,
61). The activation loop phosphorylation is also achieved by
MST1/2 auto-phosphorylation (62). Thus, it is possible that
upstream kinases are not requisite for MST1/2 activation. A
few other kinases, such as mTOR, AKT and ABL, may
phosphorylate MST1/2 and regulate the kinase activity by
different mechanism. However, the role of MST1/2 phos-
phorylation by these kinases in the Hippo pathway has not
been implicated (63-65). While the activity of MST1/2 in the
Hippo pathway has been extensively studied, the stability
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control of MST1/2 in this pathway is not as well understood.
Xiao et al. identified that MST1 is recognized by E3 ligase C
terminus of Hsc70-interacting protein (CHIP). Oxidative stress
induces the c-Abl-dependent phosphorylation of MST1, which
protects it from ubiquitination. Inhibition of c-Abl promotes
degradation of MST1 through CHIP-mediated ubiquitination,
and thereby attenuates hippocampal neuronal cell death (65).
Hpo (the Drosophila ortholog of MST1/2) is also reported to be
negatively regulated by Drosophila DUB CYLD (dCYLD).
dCYLD decreases Hpo activity through repressing its
phosphorylation on Tyr195, thereby increasing activity of Yki
(the Drosophila ortholog of YAP). However, whether the
deubiquitinase activity of dCYLD is essential for suppressing
Hpo activity remains to be seen. In addition, the mechanism
as to how dCYLD decreases phosphorylation of Hpo
represents an area in need of further investigation (66).

Epithelial cells constitute various tissue architectures and the
maintenance of normal tissue architecture is important for size
control (67, 68). The Hippo pathway functions as a pivotal
regulator of tissue architecture in size control. Inputs from
multiple epithelial architectures converge on Hippo signaling,
allowing tissues to respond properly to disruptions in cell-cell
and cell-matrix interactions (29-32, 35, 36). Based upon
several sources of evidence, it has been determined that the
apical transmembrane protein Crumb (Crb) antagonizes
Yki/YAP activity, both in Drosophila and mammals. In
principle, Crb has a large extracellular domain and a short
intracellular domain. Expanded (Ex) can interact with the short
intracellular domain of Crb, and this interaction modulates Ex
localization and stability, which in turn enhances the activity
of Hippo pathway core kinases and the phosphorylation of
Yki. However, the observation that Crb is required for Ex
membrane localization to suppress Yki activity conflicts with
the finding that Crb overexpression reduces Ex levels and leads
to increased Yki activity (69-72). Ribeiro et al. identified the
molecular mechanisms in which Crb recruits Ex to the plasma
membrane for phosphorylation and then promotes ubiquitin-
dependent degradation via the SCF*"™PT® E3 ubiquitin ligase
(SImb). Thus, Crb can perform dual function for the precise
tuning of Yki function; recruiting Ex apically to repress Yki
activity and to promote phosphorylation dependent Ex
turnover. The constant turnover of Ex at the apical membrane
may allow that Yki rapidly respond to changing environmental
conditions (73).

CONCLUSION REMARKS

The ubiquitin system has emerged as a major tool in the
Hippo pathway, regulating the stability of crucial signaling
components as well as modulating protein functions through
non-proteolytic mechanisms. Notably, the stability of crucial
Hippo signaling components, such as YAP/TAZ and LATS1/2,
is targeted by diverse E3 ligases and deubiquitinases that are
regulated by distinct stimuli, in a tissue specific manner or
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within specific subcellular compartments. These findings
strongly suggest that the abundance and activity of YAP/TAZ
and LATS1/2 must be tightly controlled. Aberrant activation or
mutation of the ubiquitin regulatory proteins results in human
diseases, suggesting that ubiquitin mediated regulation of
Hippo signaling pathway can provide potential therapeutic
targets.

While previous studies described a framework of
ubiquitination network in the regulation of the Hippo
pathway, future work is necessary to address the mechanistic
details. For example, determination of ubiquitin attachment
sites and ubiquitin chain linkages on the components of the
Hippo signaling pathway, figuring out the biological
significance of these modulations and how the activity of E3
ligases and DUBs are controlled by time- and space-specific
manner. In addition, the identification of the ubiquitin-binding
proteins that control assembly of complex signaling networks
will be critical.

This review focuses on ubiquitin modification, yet other
posttranslational modification (PTM), such as phosphorylation,
sumoylation, O-GlcNAcylation, and acetylation, onto Hippo
signaling components have also been found to be important.
The different PTMs can affect each other by recruiting
enzymes, orchestrate upstream signal transduction, YAP/TAZ
nuclear translocation and transcriptional activation. Thus,
in-depth exploration of the impact of PTMs in regulating
Hippo signaling will open a new avenue for developing
clinical therapeutic applications, as well as the discovery of
drugs targeting human diseases.
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