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Protein-protein interactions are key factors in executing protein function. These

interactions are mediated through different protein domains or modules. An important

domain found in many different types of proteins is WW domain. WW domain-containing

proteins were shown to be involved in many human diseases including cancer. Some

of these proteins function as either tumor suppressor genes or oncogenes, while others

show dual identity. Some of these proteins act on their own and alter the function(s)

of specific or multiple proteins implicated in cancer, others interact with their partners

to compose WW domain modular pathway. In this review, we discuss the role of

WW domain-containing proteins in breast tumorigenesis. We give examples of specific

WW domain containing proteins that play roles in breast tumorigenesis and explain

the mechanisms through which these proteins lead to breast cancer initiation and

progression. We discuss also the possibility of using these proteins as biomarkers or

therapeutic targets.
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INTRODUCTION

Protein function is determined by the domains and motifs that it harbors. These domains can be
functional domains such as the catalytic domains found in many enzymes, or structural domains
that are important for protein-protein interactions or the assembly of multi-protein complexes.
Thus, protein’s function is determined by its catalytic activity and its partners. One of these
important domains found in many proteins is the WW domain. WW domain, is the smallest
naturally occurring module. It consists of ∼35–40 amino acids, including two highly conserved
tryptophans (W), after which the module is named (WW). The two Ws are separated by 20–23
amino acids (1). Based on their ligand preference, WW domains are classified into five different
classes. WW domains are very important domains that are involved in very critical cellular
processes including; transcription, splicing, ubiquitination, apoptosis, cell growth, proliferation,
and differentiation (2). Because of its link to many critical cellular processes and its widespread
distribution among many proteins, WW module is linked to many diseases including; Liddle’s
syndrome of hypertension, muscular dystrophy, Alzheimer’s and Huntington’s diseases, and cancer
(1, 2).

WWOX AND BREAST TUMORIGENESIS

WW domain oxidoreductase (WWOX) is a tumor suppressor gene, which is altered in different
types of cancer, including breast cancer (3). In breast cancer, WWOX gene is lost even in
pre-invasive stages (4, 5). Moreover, recent studies have shown a correlation between WWOX
expression and the clinical outcome of breast cancer (6–10).
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In addition to clinical data that supports WWOX role
in breast tumorigenesis, different animal models have proved
its function in proper mammary gland development and
tumorigenesis. It was shown that WWOX is highly expressed
in mammary gland tissue and that its targeted deletion results
in mammary gland fibroadenoma (11), as well as impaired
mammary gland development (12, 13). Moreover, it was shown
that aging WWOX-heterozygous C3H knockout mice develop
higher incidence of mammary tumors. These tumors bear altered
gene expression that resembles altered gene expression in human
breast cancer (14).

WWOX mediates its functions by interacting with and
modulating the activities of different proteins either through
its WW domains or in a WW domain independent manner.
Nonetheless, WWOX has also an oxidoreductase domain that
seems to play a role in tumorigenesis too. WWOX alters different
cellular processes involved in tumorigenesis. As discussed
below, these cell activities include apoptosis, genomic instability,
metabolism and metastasis.

WWOX Function in Breast Cancer Cell
Apoptosis
Different published findings have linked WWOX to apoptosis.
It was revealed that WWOX overexpression or endogenous
WWOX reactivation in breast cancer cells leads to apoptotic
cell death in vitro and suppression of breast tumor growth in
vivo. These effects are mediated by reducing the expression
levels of the anti-apoptotic protein Bcl-2 and inducing the
pro-apoptotic protein BCL2-associated X protein (Bax) (15)
(Figure 1). Furthermore, WWOX was shown to interact with
p73β in MCF7 breast cancer cell line (Figure 1). This interaction,
although was not tested in breast cancer cells, leads to a
cytoplasmic p73β dependent cell death (16). WWOX was also
shown to interact and stabilize p53 and confer cellular sensitivity
to apoptotic stress (17). Another study demonstrated that
WWOX induces breast cancer cell apoptosis by triggering Smad4
transcriptional activity (Figure 1) (18). In the clinical context of
cell death and apoptosis, WWOX was shown to interact with two
very important factors involved in hormone treatment resistance.
These factors include activating protein 2γ (AP2γ) and WW
domain-binding protein 2(WBP2) (Figure 1). WWOX interacts
with AP2γ and sequesters it in the cytoplasm and inhibits its
transactivational function (19). For WBP2, WWOX physically
interacts withWBP2 and suppresses ER transactivation pathways
(Figure 1) (20).

WWOX and Genomic Instability in Breast
Cancer
Genomic instability is one of the important cancer hallmarks
involved in tumor initiation as well as tumor progression (21, 22).
WWOX was recently assigned an important function in DNA
damage response (DDR) (23). Abu-Odeh et al. demonstrated
that WWOX interacts with Ataxia telangiectasia mutated (ATM)
and activates both ATM and Ataxia telangiectasia mutated
RAD3-related (ATR) following DNA damage. They also showed
that WWOX knockdown is associated with less activation of

DDR signaling molecules, and consequently less efficient DNA
repair and thus more genomic instability (Figure 2) (23, 24).
In the context of response and resistance of cells to DNA
damaging therapies, a recent study found thatWWOX deficiency
increases survival of cells after ionizing radiation-induced
double strand breaks (DSBs), and that WWOX restoration
in MDA MB231 breast cancer cells, that lack endogenous
WWOX, leads to reduced survival upon gamma irradiation.
On the contrary, WWOX-silenced cells survived bleomycin
treatments as compared to WWOX-expressing MCF10A cells
(25). Moreover, in this study, WWOX interaction with Breast
Cancer gene1 (BRCA1) was shown to affect DNA DSB repair
pathway choice and thus affects cell response to DSB inducing
agents (25, 26). These findings prove that WWOX plays an
important role in DDR and genomic stability, which might make
it a marker for the success of DDR-targeting biological therapies.
Since WWOX seems to play a very important role in DDR, and
that its loss impairs the repair process and leads to genomic
instability, it will be interesting to see whetherWWOX loss would
enhance the activity of PARP inhibitors. Here, based on PARP
inhibitors mechanism of action, it is expected that cells that lack
WWOX will be more sensitive to this type of therapy.

WWOX and Cancer Metabolism
Another cancer hallmark connected to the tumor suppressor
gene WWOX is cell metabolism. The connection between
WWOX and cancer cell metabolism was established after
linking WWOX protein to Hypoxia-inducible factor 1-alpha
(HIF1α) function (27). In this study, it was found that WWOX
interacts with HIF1α and modulates its transcriptional activity
(Figure 3). In breast cancer cells, the authors showed that
WWOXknock down increases HIF1α inMCF7 cells (27). Finally,
they demonstrated that WWOX expression inversely correlates
with HIF1α target gene Glucose transporter 1 gene (Glut1) in
breast cancer tissue samples (27) (Figure 3). These findings and
others all point to the fact that WWOX is very important in
modulating cancer cell metabolism in general and breast cancer
cells specifically. Since WWOX function is usually lost in breast
cancer, it will be interesting to test whether a small molecule
that resembles WWOX WW domain would inhibit the function
of HIF1α and shifts cancer cell metabolism from a glycolysis
dependent to a normal metabolism.

Metastasis
Most of cancer patients die from metastasis and not from
primary tumors. WWOX was also found to play a role
in breast cancer metastasis. Loss of WWOX expression in
breast cancer is significantly associated with the number of
metastatic axillary lymph nodes and poor survival (28). In
addition, WWOX was shown to play an important role in
hepatocyte growth factor (HGF) mediated mesenchymal to
epithelial transition (MET) in breast cancer bone metastasis (29).
Another study demonstrated that the chemotherapeutic drug 5-
aza-2′-deoxycytidine (decitabine), increases WWOX expression
and localization to the nucleus in bone metastasis xenograft
model. It was proposed that the elevation in WWOX expression
is responsible for altering the HGF/Met/E.cadherin signaling
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FIGURE 1 | Effect of some WW domain proteins on cell death. WWOX induces cell death by (A) inducing BAX levels and decreasing BCL2 levels. (B) Upon

hylauronan treatment WWOX complexes with hyaluronidase and Smad4. This complex translocates to the nucleus and induces the expression of Smad4

pro-apoptotic target genes. (C) WWOX binds to P73b and induces its cytoplasmic dependent cell death. (D) WWOX binds and sequesters WBP2 and AP2γ in the

cytoplasm. This inhibits their treatment resistance phenotype. E3 ligases also manipulate breast cancer cell death. WWP1 inhibits TRAIL mediated cell death. ITCH by

inhibiting RASSF5 prevents apoptosis and activates cell cycle.

FIGURE 2 | WW domain protein roles in genomic stability. Upon DNA damage, ATR and ATM get activated. When activated, they can phosphorylate and activate the

E3 ligase ITCH. Active ITCH can further ubiquitinate and activate WWOX leading to its translocation to the nucleus. In the nucleus, WWOX, in a positive feedback loop

activates ATM and ATR and enhances DNA damage response and repair. Moreover, WWOX can interact with BRCA1 and enhance Non-homologous end joining over

homologus recombination repair pathway. E3s also play roles in genomic stability too. SMURF2 increase genomic stability by inhibiting the activity of RNF20/hBre1A,

the major ubH2B-specific E3 and by stabilizing topoisomerase IIa (Topo IIa). ITCH enhances genomic integrity by increasing the efficiency of DNA damage repair

(DDR). Upon DNA damage ITCH is activated by ATM. Active ITCH can further ubiquitinate and activate WWOX leading to its translocation to the nucleus. In the

nucleus, WWOX, in a positive feedback loop, activates ATM and ATR and enhances DNA damage response and repair.
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FIGURE 3 | WWOX modulates cancer cell metabolism. When WWOX is present it binds to HIF1α and inhibits its transcriptional activity. Moreover, WWOX increases

HIF1α hydroxylation and increase its degradation. As a consequence WWOX reduces glucose uptake, decreases glycolysis and increase mitochondrial respiration.

axis and thus reducing breast cancer metastasis to the bone
(30). In a different study that examined the role of WWOX
and Transcriptional coactivator with PDZ-binding motif (TAZ)
in breast metastasis to bone, WWOX and TAZ increased
invasiveness of the bone metastasis-derived clone 1,833 (these
cells were derived from MDA MB-231 metastasis to the bone)
(31). This effect on 1,833 clone was explained by the fact that
overexpression of WWOX and TAZ increases E.cadherin levels,
which is an event believed to be important inMET and successful
bone metastasis. Interestingly, in the same study, WWOX
overexpression didn’t alter E.cadherin levels and inhibited the
invasion capability of the 1,833 clone parental cells, MDA MB-
231 (31). These findings and others indicate that at least some
of WWOX suppressive functions are cell context specific, and
that experiments questioning WWOX functions should be better
designed and defined.

Questioning WWOX Suppressive Functions
Although the compelling evidence that indicates with no doubt
that WWOX is a tumor suppressor gene, the presence ofWWOX
in a fragile locus in the genome raises suspicion about its identity
of being a classical tumor suppressor gene. As well, its localization
in a fragile sequence raises another question on why such an
important gene lies in a damage prone locus? The answer to this
question might be that loss of WWOX can act as an early alarm
for the cell to respond to different types of insults that can lead to
cell stress and DNA damage.

Moreover, WWOX tumor suppressive function was
questioned in different research articles. For example, in a
publication by Watanabe et al., it was found that WWOX is
expressed in 48 cell lines out of 49. Moreover, it was shown that,
using immunohistochemistry staining, WWOX is not down
regulated in cancer tissue (32). However, a careful inspection
of the data presented by Watanabe et al. showed the following:
first, there was no normal control cells to which the expression
of WWOX was compared and second, the expression of WWOX
in the tested cell lines varied and there were at least 16 cell lines
that showed a very low WWOX expression when compared to,
for example, MCF7 cell line. These results indicate that WWOX
loss in cancer is not a black and white phenomenon, but like
many other tumor suppressor genes, WWOX expression is very
heterogeneous in cancer samples. In addition, the expression
of a tumor suppressor gene in a cancer sample or cell line does
not preclude it from being a tumor suppressor gene, since a
tumor suppressor gene might be expressed in a cell line but is not
functional. This might be due to a posttranslational modification,
mislocalization or the lack of its partner in a specific tumor type.
Another paper showed that WWOX might have a role in cancer
progression toward a pre metastatic state in vivo (33). In this
article, Chang et al. showed that WWOX1 and 2 expression
upregulation and Tyr33 phosphorylation correlates with the
progression of breast cancer to a pre-metastatic state. Although
the authors showed evidence that WWOX is overexpressed in
pre-metastatic cancer, the conclusion that WWOX may play
function in tumor progression might not be accurate for the
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following reasons. First, the authors tested the expression of
WWOX on different tumor grades obtained from different
patients and not on different stages from the same patient, which
means that the authors didn’t compare the staining pattern to
the baseline of the same patient. Second, the fact that WWOX
expression is induced in pre-metastatic stage of breast cancer
does not exclude the possibility that WWOX expression is
induced in order to suppress tumor progression rather than
promoting it, analogous to p53 stabilization after stress. These
controversial findings indicate that the molecular mechanisms
that regulate WWOX function as well as the molecular functions
mediated by WWOX should be investigated in more depth
since at least WWOX partners can have dual and controversial
functions. For example, ITCH, a WWOX partner and a WW-
domain protein, was found to play an important role in DDR
and genomic stability (anti-tumorigenic effect) (23, 24). On
the other hand ITCH in the context of the Hippo pathway was
shown to have a pro-tumorigenic function (34, 35). This raises
the question; How does WWOX affect ITCH pro-tumorigenic
function? Does it antagonize ITCH function and suppresses
tumor growth? Which is the expected scenario, or does it work
synergistically with ITCH like under DDR and thus promotes
tumorigenesis?

A very interesting aspect of WWOX tumor suppressive
function is changing the signaling pathway of different
proteins to achieve the same outcome. For example, p73 is
a tumor suppressor gene that induces apoptosis through its
transcriptional transactivation function. WhenWWOX interacts
with p73, paradoxically after WWOX activation with the Src
oncogene, it sequesters p73 in the cytoplasm and inhibits its
transactivation function. Although this has a negative effect on
p73 nuclear function, it enhances p73-WWOX interaction in
the cytoplasm leading to apoptosis. This raises the following
questions; why does WWOX interfere with p73 nuclear
pro-apoptotic function to induce apoptosis via a different
mechanism? Is cell context the only reason for this? Or is it
because WWOX’s pro-apoptotic function is superior to p73 pro-
apoptotic function?

Although the controversy about WWOX function, it will
be exciting to try to test how would peptides that resemble
WWOX WW domains affect cancer cell behavior to evaluate
their therapeutic functions.

HIPPO PATHWAY AND BREAST CANCER

The Hippo pathway is a highly conserved pathway that regulates
many cellular functions including cell proliferation, growth,
differentiation and apoptosis (2). The pathway is composed
of mainly a core cascade of kinases that include Macrophage-
stimulating protein 1/2 (MST1/2) and Large tumor suppressor
kinase 1/2 (LATS1/2). These kinases, when activated lead to
the phosphorylation, sequestration and inactivation of two WW
domain downstream effector proteins; yes-associated protein
(YAP) and TAZ (Figure 4). The pathway is enriched with
WW domain mediated interactions on the level of upstream
modulators, core components, as well as downstream effectors
(Figure 4) (1, 36, 37).The pathway is either inactivated or harbors

a mutation in one of its components in many types of cancer;
including breast cancer.

Animal Models and Clinical Data as
Evidence for YAP/TAZ Roles in Breast
Cancer
In different animal models, YAP and TAZ functions supported
tumor initiation and progression (38, 39). In the clinical context,
TAZ was shown to have a negative prognostic effect that
correlates with shorter disease-free survival (DFS) of breast
cancer patients (40) and negatively correlates with treatment
outcome (41). In luminal A breast cancer samples, YAP1
expression levels negatively correlates with Estrogen positive
(ER+) samples, and positively correlates with proliferation in
ER- samples. Moreover, in the same study, low YAP1 levels
correlated with impaired response to tamoxifen treatment (42).
In a different study YAP nuclear levels were higher in metaplastic
breast cancer tumors when compared to triple negative tumors
(43). In another study that examined the expression of YAP
in different molecular types of breast cancer, cytoplasmic and
phospho-YAP levels were elevated in HER-2 breast cancer
type. In this molecular subtype, cytoplasmic YAP expression
concurred with poorer disease free survival. In addition, nuclear
YAP staining was associated with shorter overall survival (44).
In contrast to all findings that revealed that YAP expression
correlates with a more aggressive breast cancer and with a poor
survival and disease free rates, a recent study by Cao et al.
demonstrated that YAP expression is associated with the low
grade type of breast cancer luminal A. In addition, the study
revealed that YAP expression correlates with favorable DFS and
overall survival in patients with luminal A breast cancer and
with favorable DFS association among patients with invasive
ductal carcinoma, luminal B (HER2-), and luminal B (HER2+)
breast cancers (45). These results indicate that there is still
some controversy about YAP expression and its correlation with
clinical outcome in breast cancer clinical samples. Of course
these controversies can be related to different reasons starting
from very technical issues related the staining techniques, the
antibodies used in each study to data scoring and data analysis.
While these can still be possibilities, other biological reasons can
still be an explanation. For example, other genetic factors and
expression profiles of many other different proteins, in addition
to YAP status, that were not tested in most of the studies can
provide explanations.

YAP/TAZ Roles in Breast Cancer Cell
Transformation and Tumorigenesis
In addition clinical data, it is obvious that YAP and TAZ play
critical roles in breast tumorigenesis. For example, YAP over
expression in MCF10A, non-transformed mammary gland cells,
increases cell proliferation, anchorage independent growth and
inhibits apoptosis (38). On the other hand, YAP knockdown
results in cell growth inhibition in vitro and ex vivo tumor
formation (46). In different studies, YAP oncogenic function
was related to Hippo pathway malfunction. For example, it
was demonstrated that LATS1degradation mediated by ITCH
releases YAP function and enhances breast cell tumorigenicity
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FIGURE 4 | Inactivation of the Hippo pathway induces breast cancer metastasis. The factors labeled in red are examples of proteins that inactivates the Hippo

pathway and induces metastasis. PAR1 activation and the kinase MARK4 destabilize the core complex and inhibits its activity. MARK4 can increase nuclear YAP and

TAZ too. The activation of HER3 by ROB1 leads to the assembly of a complex between MAYA ncLRNA, LLGL2 and the methyl transferase NSUN6 that methylates

and inactivates MST1. Abl kinases can also increase nuclear TAZ. Finally, TAZ and HIF1 and reciprocally act as transcription co activators for each other. The only

Hippo pathway activator shown here is SKI which binds LATS2 and MST1 and strengthen the core complex.

in vivo and in vitro (34, 35). Similar to YAP, TAZ was shown
to be involved in breast tumorigenesis. While overexpression
of TAZ in MCF10A cells causes transformation morphologic
changes, TAZ knockdown reduces their tumorigenicity in vitro
and in vivo (47). Similar to YAP, uncoupling of TAZ from the
inhibitory effect of the Hippo pathway, upon LATS1 knock
down, enhances TAZ-mediated phenotypes (48). Moreover,
TAZ transforming activity was shown to be dependent on
Transcriptional enhancer factor TEF-1 (TEAD) transcriptional
activity (49). On the mechanism level, it was demonstrated that
coordination between YAP, TAZ and Transforming growth factor
beta (TGFβ executes a specific pro-tumorigenic transcriptional
program that is important for overcoming the anti-tumorigenic
effect of TGFβ. In addition, TAZ was shown to stabilize Krüppel-
like factor 5 (KLF5) which promotes breast cell proliferation
and tumorigenesis by competing with the E3 ubiquitin ligase
WW-domain protein1(WWP1) on KLF5 (48).

YAP/TAZ Roles in Breast Cancer
Metastasis
The link between the Hippo pathway and YAP/TAZ mediated
breast cancer metastasis was proved in different publications.
For example, Ski interacts with LATS2, Sav, Mob, and Mer and
facilitates the phosphorylation of YAP and TAZ, which leads to
inhibition of YAP/TAZ induced transformation and epithelial to
mesenchymal transition (EMT) (Figure 4) (50). In another study,
activation of human epidermal growth factor receptor 3 (HER3)
by ROR1 was shown to recruits the adaptor protein LLGL2,
lncRNAMAYA (MST1/2-Antagonizing for YAP Activation), and

methyltransferase NSUN6 (Figure 4). This leads to methylation
and inactivation of MST1, which liberates YAP and increases
breast cancer cell metastasis to the bone (51). Recently, it
was demonstrated that TWIST, via the activation of thrombin
receptor PAR1, inactivates the Hippo pathway and induces EMT
and promotes breast cancer cell invasion (Figure 4) (52). Also,
it was shown that TAZ and HIF1α interaction progresses breast
cancer metastasis (Figure 4) (53, 54). Different kinases were
also shown to promote breast cancer cell migration through
inactivating the Hippo pathway. These kinases include ABL and
MARK4 kinases (55, 56). In addition to these studies, different
other studies have shown that YAP and TAZ lead to breast cancer
migration, invasion and metastasis (38, 40, 47, 57, 58).

Hippo Pathway and BC Stem Cells
The link between BCSC and the Hippo pathway was initially
established in a study that demonstrated that TAZ is required
to sustain self-renewal and tumor-initiation capacities in BCSCs
(59). TAZ was also shown to be overexpressed in tumors derived
from BCSC compared to tumors derived from non-BCSC (40).
In addition, overexpression of TAZ in non-transformed basal
cells (MCF10A) confers cancer stem cell phenotype in these
cells (60). Moreover, TAZ is indirectly tied to breast cancer
stemness after the finding that revealed that miRNA125, by
targeting the Hippo pathway and activator leukemia inhibitory
factor receptor (LIFR), induces TAZ activity and breast cancer
stemness (Figure 5) (61). On the mechanism level, TAZ was
found to be involved in a positive feedback loop that activates
the expression of α5 subunit of laminin (LM) 511 and the
formation of a LM511 matrix. Reciprocally, LM511 activates
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FIGURE 5 | Hippo pathway activity and breast cancer cell stemness. Different mechanisms responsible for Hippo pathway inactivation are illustrated in this figure.

miRNA125 targets the Hippo pathway activator LIFR and induces TAZ activity. Also, TAZ was found to activate the expression of α5 subunit of laminin (LM) 511 and the

formation of a LM511 matrix. Reciprocally, LM511 activates α6Bβ1 integrin that activated TAZ. Finally, TWIST increases PAR1 expression which consequently inhibits

the Hippo pathway and induces TAZ function. TAZ activation through all these mechanisms increases the expression of breast cancer cell stemness related genes.

α6Bβ1 integrin, which activates TAZ and promotes breast cancer
stemness (Figure 5) (62). Moreover, TWIST increases PAR1,
which was shown to inhibit the Hippo pathway and induce
breast cancer stemness phenotype by activating TAZ (Figure 5)
(52). YAP was also connected to breast cancer cell stemness.
YAP overexpression upregulates mammary stem cell (MaSC)
signature genes (63) (Figure 5). Moreover, it was concluded that
YAP is more important in cancer stemness in basal-like breast
cancer compared with luminal-type breast cancer and that YAP
correlates with poor relapse-free survival specifically in basal-like
breast cancer compared to luminal-type breast cancer (63).

Recently, in breast cancer patient samples, high YAP
expression profiles correlated with EMT and stemness gene
signature enrichment (64). Finally, in an attempt to study the
role of Hippo pathway in mammary gland development and
tumor formation using gland reconstitution, it was found that
Hippo signaling is involved in mammary tumor formation but
not essential for mammary gland development (65).

Immune Evasion
Immune evasion, or escape from immune system control is one
of Cancer “Hallmarks” (21). Paradoxically, it is documented that
the presence of intact and functional immune system can prevent
or promote carcinogenesis by a process known as “Cancer
Immuno editing” (66–68). Accordingly, immunotherapy gained
interest and is seen promising in curing cancer. Recently,
it has been published that either deletion of LATS1/2 or
overexpression of YAP/TAZ increases tumor immunogenecity
and thus enhance its destruction by the immune system in

vivo (69). These findings, to some extent, contradict previous
work that showed that LATS1/2 are tumor suppressor genes and
YAP/TAZ are oncogenes. In contrast to these findings about
the immune activating function of YAP, it was shown that YAP
overexpression induces an immunosuppressive environment
(70, 71). In breast cancer, a recent work revealed that while
LATS1/2 and MST1/2 reduce the expression of the immune
checkpoint molecule PD-L1 in cancer cells, YAP/TAZ have an
opposite effect (72). Since PD-L1 has an immunosuppressive
function, these results are in concordance with the previous
results that YAP/TAZ are immunosuppressive (70, 71) rather
than being more immunogenic (69). Since PD/PD-L1 interaction
is currently targeted for cancer immunotherapy, these findings
suggest that YAP/TAZ might be used as a predictive factors for
PD/PD-L1 based cancer immunotherapy.

Therapeutic Potential of the Hippo
Pathway
Based on various roles played by the Hippo pathway and its
downstream effectors YAP and TAZ in breast cancer, it seems
that modulating the activity of the Hippo pathway holds a hope
of being therapeutic target in breast cancer. In fact there are
different compounds that were used and showed an effect on
YAP/TAZ functions. For example, Verteporfin treatment inhibits
proliferation, invasion andmigration of the breast cancer cell line
MDA MB231 (73). This effect of Verteporfin was observed with
other types of cancer (74–77). Other molecules that have anti-
tumorigenic effect by attenuating YAP/TAZ function are statins,
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which inhibit the synthesis of geranylgeranyl pyrophosphate
produced by the mevalonate cascade. This product stimulates
Rho GTPases and in turn activates YAP/TAZ by inhibiting their
phosphorylation. Thus, by inhibiting mevalonate cascade, statins
inhibit YAP/TAZ activity (78). In breast cancer, simvastatin
was shown to down regulate the expression of the downstream
gene RHAMM. This attenuates breast cancer cell invasion and
motility induced by signal–regulated kinase (ERK). Of note,
these outcomes were revealed to be independent of MST and
LATS kinase activities (79). In another study, combinations of
Dasatinib and statins (which induce YAP/TAZ phosphorylation)
and pazopanib (which induces proteasomal degradation of
YAP/TAZ), with other anti-cancer drugs, like doxorubicin
and paclitaxel, inhibited YAP/TAZ-dependent breast cancer
cell proliferation. For example, in MDA MB231 cell line,
which is YAP/TAZ dependent, these combinations synergistically
reduced cell viability and tumorigenicity in vitro. On the other
hand, in MCF7 cells, which are YAP/TAZ independent, these
combinations didn’t show the effects observed in MDA MB231
(80). The fact that different cells respond differently to YAP/TAZ
inhibition indicates that other biomarkers play a role in cell
response to therapy and not only the presence or absence of a
single molecule like YAP and TAZ. Thus, future studies should
address the effect of targeting YAP/TAZ, and concentrate on
wider analysis and profiles of other proteins related to the
functions of YAP/TAZ. Also, as discussed below, there is no
consensus about YAP functions in breast carcinogenesis. In
addition, it is always mandatory to perform drug screening
experiments in a model that recapitulates what happens in
tumors in vivo. In relation to this, while different studies
revealed that Hippo pathway activation or YAP/TAZ inactivation
results in an anti-tumorigenic outcome, It was found that
inactivation of the Hippo pathway (by LATS1/2 knockdown or
YAP/TAZ overexpression) increases tumor immunogenecity and
thus enhances its destruction by the immune system in vivo (69).
Over all, although the results from Hippo pathway manipulation
in cell lines and animal models makes it a potential therapeutic
target in cancer, it seems that a lot is still needed to be done to
prove the reproducibility of these results in breast cancer patients.

Controversies About YAP Oncogenic
Functions
As discussed above, compelling evidence proved that TAZ
has only pro-tumorigenic functions. On the other hand,
research regarding YAP function in cancer still holds some
controversies. For example, YAP interacts with p73 and increases
its transcriptional activity (81). This YAP-p73 interaction is
important in driving p73 gene-target specificity in response
to DNA damage (82). Moreover, under DNA damage YAP1
protects p73 from ITCH mediated degradation and thus induces
p73-dependent apoptotic response (83). In breast cancer too,
YAP has tumor suppressive functions. For example, it was
demonstrated that YAP locus undergoes loss of heterozygosity,
which might indicate that the YAP locus (11q22–23) harbors
a tumor suppressor (84, 85). In addition, it was demonstrated
that YAP has a pro-apoptotic function that can be inhibited

by AKT oncogene (86). Moreover, knockdown of YAP in
breast cancer cell lines suppressed anoikis, increased migration
and invasiveness, inhibited response to taxol and enhanced
tumor growth in nude mice (87). Finally, it was revealed that
MicroRNA-200a promotes anoikis resistance and metastasis by
targeting YAP1 in human breast cancer (88).

This controversy about YAP tumor suppressor and oncogenic
functions can be explained, at least in part, by the fact that
YAP has different isoforms which are differentially expressed in
tissues as a result of differential splicing (89). These isoforms,
as one might speculate, have different functions under different
cell physiological contexts or between different cell types. In fact,
most of the publications that studied YAP function in cancer did
not acknowledge which YAP isoform was used or investigated,
which makes it difficult to compare findings obtained from
these different studies. For example, overexpression of hYAP1-
2γ in mammary gland cells promotes oncogenic phenotypes
including protection from apoptosis (89). On the other hand,
overexpression of hYAP1-2α in squamous carcinoma cells
induced apoptosis (90). Moreover, in a recent paper that studied
the transcriptional potencies of YAP isoforms, it was shown that
splice variant insertions in the C-terminus, which lead to the
disruption of YAP leucine zipper, decreased YAP transcriptional
activity (91). In conclusion, the discrepancy about YAP function
in breast cancer and the presence of different YAP isoforms that
seem to have different effects on the Hippo pathway signaling,
ensures the need for better understanding of the role of the
different YAP isoforms in breast cancer. This will help in the
development of better YAP/TAZ based potential breast cancer
treatments.

E3 UBIQUITIN LIGASES AND BREAST
CANCER

Ubiquitination is an important post translation modification
that alters protein function, either by destabilizing it, or
through changing its subcellular localization. The fate of
the ubiquitinated protein seems to depend on the length
and architecture of the ubiquitin chain. For example, while
K48-linked polyubiquitin chains mediate protein degradation
in the proteasome, K63-linked polyubiquitin chains change
protein subcellular localization under different cell physiological
situations (92). E3s can be generally classified into three
subfamilies: (1) The homologous to E6-AP carboxyl terminus
(HECT) domain-containing E3s; (2) Finger domain-containing
E3s and; (3) and the U box E3s (2). Ubiquitination involves
a cascade of reactions catalyzed by 3 different enzymes;
E1 (ubiquitin activating), E2 (ubiquitin conjugating) and E3
(ubiquitin ligating) enzymes. The specificity of this reaction is
determined by the E3 ligase, which binds in a specific manner to
a specific substrate. Ubiquitination is involved in many biological
processes including DNA damage response, cell proliferation,
apoptosis, cell cycle, transcription, and immune response (93–
96). Deteriorations in the ubiquitination system are connected to
the development of different diseases including; autoimmunity,
and inflammatory diseases (97), neurodegeneration (98) cardiac
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diseases (99), and cancer (1, 2, 93, 100). In cancer, the ubiquitin
system regulates different cellular processes and targets involved
in carcinogenesis including cell cycle, p53, transcription, DNA
repair, cell signaling and apoptosis.

NEDD4 or NEDD4-like E3s interacts with their target
proteins via their WW domains. These E3s are involved in
different processes in different types of cancer including breast
cancer as discussed below.

E3s Role in Breast Cancer Growth and
Survival
Estrogen receptor alpha (ERα) is expressed in almost 70% of
breast cancers and promotes estrogen-dependent cancer cell
proliferation and tumor progression. Recently, it was shown that
Secondary Metabolite Unique Regions Finder 1 (SMURF1), via
its HECT domain, interacts with and stabilizes ER, and that
depletion of SMURF1 decreases ERα-positive cell proliferation in
vitro and in vivo (101). This pro-proliferative and pro-oncogenic
effect of SMURF1 in breast cancer was found to be the case with
SMURF2 too (Figure 6). SMURF2 silencing in human breast
cancer cells results in a low tumorigenicity of the cells in vitro,
and also, arrests cells in G0/G1 phase of cell cycle (102). Analysis
of the mechanism that results in these phenotypes revealed that
SMURF knockdown destabilizes CNKSR2 (connector Enhancer
Of Kinase Suppressor Of Ras 2) protein in the cell. Of note, this
effect is mediated by WW domain protein-protein interaction
(102). Another E3 that was connected to breast cancer cell
proliferation is WWP1. WWP1 enhances cell proliferation
after polyubiquitination and proteosomal degradation of LATS1
(Figure 6) (103, 104). In this context, while over-expression of
WWP1 enhances cell proliferation in LATS1-positive MCF10A
mammary epithelial cells, knockdown of WWP1 in MCF7 breast
cancer cells reduces their proliferation (103, 104). Also, WWP1
supports cell proliferation and survival by targeting ErbB4 for
proteosomal degradation (105, 106). This pro-proliferative effect
of WWP1 on breast cancer is in concordance with other results
that showed thatWWP1 stabilizes ER (Figure 6), which supports
cell proliferation in ER+ cells. When WWP1 is knocked down,
cells become more sensitive to tamoxifen treatment (103). While
all the studies discussed above point out to the fact that WWP1
is a pro-proliferative factor, two independent studies published
by the same group showed that WWP1 might have an anti-
proliferative role through targeting KLF5 (Figure 6), which is a
transcription factor that promotes breast cell proliferation and
survival (107, 108). In these studies, both YAP (107) and TAZ (48)
prevented the E3 ubiquitin ligase WWP1 from ubiquitinating
and sending KLF5 for degradation (Figure 6). Recently, Lim et al.
demonstrated that ITCH overexpression reverses breast cancer
progression mediated byWnt signaling. The authors showed that
wnt signaling blocks ITCH mediated degradation of YAP/TAZ
transcriptional coactivator WBP2 (Figure 6), and thus promotes
breast cancer cell proliferation (109). On the same principle, but
utilizing a different mechanism, in a different cellular context,
Amot130 and ITCH were shown to promote the ubiquitination,
degradation and inhibition of YAP function in response to serum
starvation (110) (Figure 6).

E3s Modulate Breast Cancer Cell
Migration, Invasion, and Metastasis
WW domain-containing E3s function in tumor metastasis was
also established. Analysis of the expression level of SMURF2
protein revealed that it is elevated in 30% of mammary ductal
carcinomas as well as in aggressive and metastatic breast cancer
cell line MDA MB231 (111). In this article, it was disclosed that,
while SMURF2 knockdown lowers aggressiveness and motility
of breast cancer cells, its overexpression promotes metastasis
in vivo and in vitro (111). These findings are supported by
results obtained by David et al. (102), who showed a high
expression level of SMURF2 in the aggressive MDA-MB-231 cell
line compared to other less aggressive cancer cell lines. Moreover,
they showed that SMURF2 silencing in human breast cancer
cells decreases cell migration/invasion in vitro (102). Also, in
tissue samples, SMURF2 protein levels were high in infiltrating
ductal carcinoma when compared to normal tissue. These
findings support the notion that SMURF2 supports invasiveness
and metastasis in breast cancer. In fact these findings are in
controversy with a publication by Liu (112), which demonstrated
that SMURF2 expression is downregulated in triple negative
metastatic tumors in comparison with either benign lesions or
ductal carcinoma in situ. Also, human triple-negative breast
cancer cell lines such as BT549, MDA-MB-436, DU-4475 and
MDA-MB-468 cells showed significantly lower expression of
SMURF2 protein, compared to ER + or HER2+ cell lines (112),
indicating that SMURF2 might play an inhibitory function in
the context of breast cancer invasion and metastasis. Indeed, two
other studies supported this notion. in these studies, SMURF2
knockdown was shown to lead to a more aggressive and more
migratory metastatic phenotypes in vitro and in vivo (113,
114). Interestingly, in one of these studies, SMURF2 inhibited
cell invasiveness by reducing SMURF1 levels (113). In line
with these finding, SMURF1 was shown to be important for
EGF mediated cell migration and invasion (114). In addition,
SMURF1 expression is elevated and required for MDA-MB-231
breast cancer cells motility. In these cells, Ubiquitin Specific
Peptidase 9 X-Linked (USP9X) stabilizes endogenous SMURF1,
and depletion of USP9X leads to down-regulation of SMURF1
and significantly impaired cellular migration (Figure 7) (115).
Another WW domain containing E3 ligase that was shown to
play a role in breast cancer migration and metastasis is WWP1.
WWP1 knockdown in MDA-MB-231 breast cancer cells results
in more osteolytic lesions and increases tumor area in bone
marrow of mice when injected into the left ventricle of the
heart (116). In this study, WWP1 knockdown reduced CXCL12-
induced CXCR4 lysosomal trafficking and degradation (Figure 7)
(116). These results proved that WWP1 inhibits breast cancer
cell metastasis to the bone. ITCH E3 ligase was also connected
to tumor invasion and metastasis. It was shown that in order
to mediate TGF-β-induced breast cancer invasion, ITCH must
degrade Ras association domain family 1 isoform A (RASSF1A)
(Figure 7). As a consequence, Hippo pathway effector YAP1
associates with SMADs and results in their nuclear translocation
(117). The pro-tumorigenic activities of ITCH were shown to
be mediated also through LATS1. ITCH was shown to interact
with LAST1 and send it to proteosomal degradation. As a
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FIGURE 6 | E3 ligases regulate breast cancer cell proliferation. In breast cancer, both, WWP1 and SMURF1 stabilize ER and enhances its activation. WWP1 can also

ubiquitinate and degrade LATS1 and liberates YAP/TAZ transcriptional activities. In contrast to this WWP1 can also target the pro-proliferative factor KLF5 and inhibit

cell growth. This WWP1 activity can be inhibited by YAP and TAZ. SMURF2 supports cell proliferation by activating the PI3K-A-AKT-FoxO3 pathway. ITCH with

angiomotin lead to YAP degradation and inhibits YAP proliferative activities. Wnt signaling inhibits WBP2 degradation by ITCH, and increases its transcription

transactivation function. All these are mechanisms that activate cell cycle and transcription of pro-proliferative genes.

consequence, LATS1 degradation mediates YAP translocation
into the nucleus and induces its transcriptional activities. This
YAP activation induces EMT and breast cancer invasion and
metastasis in vitro and in vivo (34, 35).

Apoptosis
Previous studies that investigated WWP1 expression level in
breast cancer revealed that WWP1 knockdown significantly
induces cell growth arrest and apoptosis in breast cancer cell
lines by activating different caspases. In addition, it was found
that overexpression of WWP1 in immortalized breast epithelial
cell lines MCF10A and 184B5 promotes cell proliferation (118).
In concordance with these findings, it was found that WWP1
depletion activates the TNF-related apoptosis-inducing ligand
(TRAIL) extrinsic apoptotic pathway (Figure 1). Moreover, a
correlation was found between the expression levels of WWP1 in
four breast cancer cell lines and TRAIL resistance, but not tumor
necrosis factor alpha (TNFα) and doxorubicin resistance (108).
Another E3 ligase that plays a role in apoptosis is ITCH, which
interacts with and destabilizes the tumor suppressor gene Ras
association domain family Member 5 (RASSF5). This interaction
inhibits RASSF5-mediated G1 phase transition of cell cycle as
well as apoptosis (119) (Figure 1).

E3s and Genomic Stability
SMURF2−/− aging mice develop different types of tumors
including breast cancer. In an attempt to explain this phenotype,
it was discovered that SMURF2 deletion leads to the stabilization
of the RNF20/hBre1A (Figure 2), the major ubH2B-specific E3.
This upregulation of RNF20 leads to changes in chromatin
landscape and genomic instability (120). Furthermore, the same
group elucidated that SMURF2, by stabilizing Topoisomerase

FIGURE 7 | E3 modulate breast cancer cell invasion and metastasis. EGF

induces the activity of ERK signaling pathway that increases SMURF1

pro-invasive activities. SMURF1 is also stabilized by USP9X. SMURF2 has

both pro- and anti- invasive and metastatic functions. By inhibiting SMURF1,

SMURF2 inhibits cell invasion and metastasis. On the other hand SMURF2

was shown to induce cell invasion and metastasis. WWP1 reduces bone

metastasis by inhibiting CXCR4. ITCH induction by TGF-β or other unknown

mechanisms promotes cell invasion and metastasis by sending RASSF1 and

LATS1 (Hippo pathway activators) for proteosomal degradation.

IIa (Topo IIa) (Figure 2), protects cells from DNA damage and
genomic instability. They also found that SMURF2-depletion
leads to reduced cell ability to resolve DNA catenanes and to
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pathological chromatin bridges formed during mitosis, which
are traits that were observed in Topo II deficient cells and are
also a hallmark of chromosome instability (121). ITCH was also
connected to genomic stability. In response to DNA damage,
ITCH activity leads to nuclear accumulation of WWOX through
its K63-linked ubiquitination at lysine residue 274. Nuclear
WWOX then interacts with ATM or ATR (under different types
of insults) and enhances their activation and thus enhances
cellular DNA damage response and genomic stability (Figure 2)
(23, 24).

E3s and Breast Cancer Therapy
As described above, E3s are involved in many cancer related
processes. Thus, they might be good targets for cancer treatment.
However, some facts might limit the potential of E3s to be
targets for cancer therapy. For instance, E3s can play antagonistic
effects under different cellular contexts. For example, ITCH
was shown to have both, anti-tumorigenic as well as pro-
tumorigenic activities by targeting different proteins. More than
that, some E3s can target related proteins that have antagonistic
functions. For example p63 is a WWP1 target. p63 has different
isoforms that are differentially expressed in different tissues
and can have even opposite functions. For example, while
TAp63 is believed to sensitize cells to apoptosis, DNp63 has an
opposite function. It was found that WWP1 ubiquitinates, and
destructs both DNp63α and TAp63alpha. While knockdown of
WWP1 increases the DeltaNp63α levels in the MCF10A and
184B5 immortalized breast epithelial cell lines and conferred
resistance to doxorubicin-induced apoptosis, knockdown of
WWP1 increases TAp63α level, induces apoptosis, and increases
sensitivity to doxorubicin and cisplatin in the HCT116 colon
cancer cell line (122). In addition to these limitations, it is
well documented that a specific E3 ligase can target different
substrates, which to a certain extent reduces the approach
specificity and may predict the presence of side effects for E3s
based therapies. Moreover, different types of ubiquitinations
can result in different effects. For example while K48 type
of ubiquitination is usually connected to protein degradation,
K63 usually changes protein function and localization. The
way the type of the ubiquitination is being selected under
different cellular contexts is another issue that might impede the
development of E3s based therapies. Another issue that needs to
be addressed when trying to look for therapeutic targets related
to ubiquitination is the fact that different E3s can have different
isoforms. In breast cancer cell line T47D, six isoforms of WWP1
have been identified (123). These isoforms were shown to have
different domain structures. Some of these isoforms contain
or lack an N-terminal C2 domain. The distribution of these
isoforms is tissue specific (123). Consequently, Flasza et al. raised
the possibility that alternative forms are targeted to different
locations in the cell, and thus may possibly regulate target protein
selection. This means that an E3 might have different targets in
different tissues or under different cellular contexts.

Chemo resistance is one important mechanism that impedes
successful cancer treatment. E3s were also tied to chemo
resistance (124). For example, WWP1 was shown to inhibit
TRAIL induced apoptosis in breast cancer cell lines (108).

Moreover, WWP1 was shown to stabilize p53 and leads
to its exportation to the cytoplasm and thus inhibiting
its transcriptional activity (108). These findings suggest that
WWP1manipulation in p53 wild type breast cancer tumors can
sensitize them to anti-cancer treatment (125).

Another example on the link between E3s and response to
therapy is ITCH. In a recent publication, ITCH was shown
to sensitize ER+ breast cancer cells, who acquired resistance
to endocrine treatment (126). In this study, the transition
from an endocrine therapy sensitive to a resistant state was
accompanied with c-Jun N-terminal kinases (JNK) activation.
This JNK activation seemingly resulted in ITCH phosphorylation
and activation and thus c-FLIP degradation (126). In another
study, in an attempt to characterize the mechanism of action of
the neuregulin-non-competitive anti-HER3 therapeutic antibody
9F7-F11 that blocks the PI3K/AKT pathway and induces cell
cycle arrest and apoptosis of breast cancer, it was found that
9F7-F11 activates JNK and consequently ITCH. This ITCH
activation was shown to induce rapid HER3 down-regulation
(127). Also, several ITCH inhibitors were identified in high
throughput screening for putative ITCH modulators. One of
these identified ITCH inhibitors was clomipramine—a clinically
useful antidepressant drug. Treatment of different cancer cell
lines including breast cancer cell lines with clomipramine, or
its homologs, reduced cancer cell growth, and synergized cancer
cell killing by gemcitabine or mitomycin by blocking autophagy
(128). In conclusion, these findings and others indicate that
E3s themselves can be targets for cancer therapies, or can be
biomarkers for the prediction of a specific therapy response.

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

In conclusion, studies reviewed here demonstrate that WW
domain-containing proteins are critical players in breast cancer
initiation and progression. As discussed above, WW domain-
containing proteins can act as singles, or involved in the
assembly of signaling complexes like in the case of the Hippo
pathway. They can act as oncogenes or tumor suppressors by
altering different cancer related processes. However, some of
WW domain-containing proteins could act as either tumor
suppressors or oncogenes with some controversies about the
identity of some of these proteins.

As we discussed above, these controversies about the functions
of some of WW domain-containing proteins could be related
not only to cell context, but also to their interactions and their
partners. Moreover, we explained that these controversies could
stem from the presence of different isoforms of the same protein.
These isoforms can have different cell and tissue distribution
patterns and thus may have different partners and targets. Thus,
in future research, it might be very important and necessary to
mention or identify the isoform studied in a specific context.
For example the current literature does not specifically mention
which YAP or WWP1 isoform(s) are addressed in a specific
study, which makes it difficult compare and judge controversial
results obtained. These controversies and different functions of
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these proteins can be resolved also by future studies that will be
based on more global approaches that will study the proteome or
even the interactomes of these proteins in different cell contexts
and in relation to different cancer related processes regulated
by WW domain-containing proteins. Such studies, in addition
to illustrating the mechanism(s) of action of the different WW
domain-containing proteins, they will identify other biomarkers
involved in the execution of phenotypes related to the different
WW domain-containing proteins. In fact the identification of
such biomarkers and elucidation of exact mechanism of action
can be also beneficial in the prediction of therapeutic outcomes
related to the manipulation of WW domain-containing proteins
in the future.

Another future direction that should be followed in the
context of WW domain-containing proteins and breast cancer
is the identification of new such proteins. It is predicted that
there are many other different WW domain-containing proteins
that will have impact on breast tumorigenesis. The fishing for
such proteins can be based on pulling down WW proteins using
known PY rich domains, or by developing and using different
softwares to help predict the presence of WW proteins in the
human genome.

The use of WW domain-containing proteins as drug targets
is still a premature idea that needs intensive future research.
In this regard, one can raise the question of what to target
in these proteins? Shall a drug target the catalytic activity of
these proteins? Or their interactions by targeting their WW
domains? Or target even their partners and targets? The answer
to these questions will never be easy with our current knowledge
about these proteins. However, we can speculate about the
complexity in choosing which proposed strategy would be a
successful one. For example, upon targeting the catalytic domain
of different WW domain-containing proteins, a drug can target
different proteins that have antagonistic functions in the context
of cancer. For instance, if drugs were developed to target the

evolutionary-conserved catalytic HECT domain, these drugs will
target for example SMURF1 and SMURF2, which were shown
to have antagonistic functions in breast carcinogenesis, and

this, theoretically, might make such a strategy a failing one. In
choosing to target WW domains in order to disrupt protein-
protein interaction is also complex. Although there are different
types of WW domains, there is still redundancy regarding the
presence of a specific type of WW domain in different proteins,
and thus it is expected that upon targeting the interaction
of a specific WW domain-containing protein, the interactions
of different other WW domain-containing proteins will be
affected. In this context, here, another issue is present, which
is the presence of usually more than one WW domain in one
protein. These domains do not seem to be redundant in their
interactions. On the contrary, they seem to be very specific which
raises another question; Which domain in a specific protein to
target? Regarding the last possibility of targeting WW domain-
containing protein partners as means of therapeutic intervention,
it might seem to be the best option. Although the fact that
different WW domain-containing proteins can partner with
common and shared partners, there are different examples for the
presence of specific targets for different WW domain-containing
proteins. These specific targets might act as biomarkers to
predict specific treatment success or even be a therapeutic
target.

Finally, it is obvious that WW domain-containing proteins
are critical factors in breast carcinogenesis and that a better
understanding of their roles in breast cancer will likely lead to the
identification and development of biomarkers and drug targets
for cancer treatment.

AUTHOR CONTRIBUTIONS

AJ prepared figures and bibliography. ZS wrote the manuscript.

ACKNOWLEDGMENTS

We would like to thank Dr. Mahmoud Khalid and Dr.
Imtiaz Khalid for their critical reading and English editing
of our manuscript. Grant Support DFG, German Research
Foundation (ZS).

REFERENCES

1. Salah Z, Aqeilan RI. WW domain interactions regulate the

Hippo tumor suppressor pathway. Cell Death Dis. (2011) 2:e172.

doi: 10.1038/cddis.2011.53

2. Salah Z, Alian A, Aqeilan RI. WW domain-containing proteins:

retrospectives and the future. Front Biosci. (2012) 17:331–48.

doi: 10.2741/3930

3. Del Mare S, Salah Z, Aqeilan RI. WWOX: its genomics, partners, and

functions. J Cell Biochem. (2009) 108:737–45. doi: 10.1002/jcb.22298

4. Chen T, Sahin A, Aldaz CM. Deletion map of chromosome 16q in ductal

carcinoma in situ of the breast: refining a putative tumor suppressor gene

region. Cancer Res. (1996) 56:5605–9.

5. Guler G, Uner A, Guler N, Han SY, Iliopoulos D, Mccue P, et al. Concordant

loss of fragile gene expression early in breast cancer development. Pathol Int.

(2005) 55:471–8. doi: 10.1111/j.1440-1827.2005.01855.x

6. Wang X, Chao L, Ma G, Chen L, Zang Y, Sun J. The prognostic significance

of WWOX expression in patients with breast cancer and its association

with the basal-like phenotype. J Cancer Res Clin Oncol. (2011) 137:271–8.

doi: 10.1007/s00432-010-0880-1

7. Guler G, Huebner K, Himmetoglu C, Jimenez RE, Costinean S, Volinia S,

et al. Fragile histidine triad protein, WW domain-containing oxidoreductase

protein Wwox, and activator protein 2gamma expression levels correlate

with basal phenotype in breast cancer. Cancer (2009) 115:899–908.

doi: 10.1002/cncr.24103

8. Pluciennik E, Kusinska R, Potemski P, Kubiak R, Kordek R,

Bednarek AK. WWOX–the FRA16D cancer gene: expression

correlation with breast cancer progression and prognosis.

Eur J Surg Oncol. (2006) 32:153–7. doi: 10.1016/j.ejso.2005.

11.002

9. Nunez MI, Ludes-Meyers J, Abba MC, Kil H, Abbey NW, Page RE,

et al. Frequent loss of WWOX expression in breast cancer: correlation

with estrogen receptor status. Breast Cancer Res Treat. (2005) 89:99–105.

doi: 10.1007/s10549-004-1474-x

10. Gothlin Eremo A, Wegman P, Stal O, Nordenskjold B, Fornander T,

Wingren S. Wwox expression may predict benefit from adjuvant tamoxifen

Frontiers in Oncology | www.frontiersin.org 12 December 2018 | Volume 8 | Article 580

https://doi.org/10.1038/cddis.2011.53
https://doi.org/10.2741/3930
https://doi.org/10.1002/jcb.22298
https://doi.org/10.1111/j.1440-1827.2005.01855.x
https://doi.org/10.1007/s00432-010-0880-1
https://doi.org/10.1002/cncr.24103
https://doi.org/10.1016/j.ejso.2005.11.002
https://doi.org/10.1007/s10549-004-1474-x
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Jamous and Salah WW Domains and Breast Cancer

in randomized breast cancer patients. Oncol Rep. (2013) 29:1467–74.

doi: 10.3892/or.2013.2261

11. Aqeilan RI, Trapasso F, Hussain S, Costinean S, Marshall D, Pekarsky Y,

et al. Targeted deletion of Wwox reveals a tumor suppressor function.

Proc Natl Acad Sci USA. (2007) 104:3949–54. doi: 10.1073/pnas.06097

83104

12. Ferguson BW, Gao X, Kil H, Lee J, Benavides F, Abba MC, et al. Conditional

Wwox deletion in mouse mammary gland by means of two Cre recombinase

approaches. PLoS ONE (2012) 7:e36618. doi: 10.1371/journal.pone.0036618

13. Abdeen SK, Salah Z, Khawaled S, Aqeilan RI. Characterization of WWOX

inactivation in murine mammary gland development. J Cell Physiol. (2013)

228:1391–6. doi: 10.1002/jcp.24310

14. Abdeen SK, Salah Z, Maly B, Smith Y, Tufail R, Abu-Odeh M, et al. Wwox

inactivation enhances mammary tumorigenesis.Oncogene (2011) 30:3900–6.

doi: 10.1038/onc.2011.115

15. Iliopoulos D, Fabbri M, Druck T, Qin HR, Han SY, Huebner K.

Inhibition of breast cancer cell growth in vitro and in vivo: effect of

restoration of Wwox expression. Clin Cancer Res. (2007) 13:268–274.

doi: 10.1158/1078-0432.CCR-06-2038

16. Aqeilan RI, Pekarsky Y, Herrero JJ, Palamarchuk A, Letofsky J, Druck

T, et al. Functional association between Wwox tumor suppressor protein

and p73, a p53 homolog. Proc Natl Acad Sci USA. (2004) 101:4401–6.

doi: 10.1073/pnas.0400805101

17. Chang NS, Doherty J, Ensign A, Schultz L, Hsu LJ, Hong Q. WOX1 is

essential for tumor necrosis factor-, UV light-, staurosporine-, and p53-

mediated cell death, and its tyrosine 33-phosphorylated form binds and

stabilizes serine 46-phosphorylated p53. J Biol Chem. (2005) 280:43100–8.

doi: 10.1074/jbc.M505590200

18. Hsu LJ, Hong Q, Chen ST, Kuo HL, Schultz L, Heath J, et al. Hyaluronan

activates Hyal-2/WWOX/Smad4 signaling and causes bubbling cell death

when the signaling complex is overexpressed.Oncotarget (2017) 8:19137–55.

doi: 10.18632/oncotarget.13268

19. Aqeilan RI, Palamarchuk A, Weigel RJ, Herrero JJ, Pekarsky Y, Croce CM.

Physical and functional interactions between the Wwox tumor suppressor

protein and the AP-2gamma transcription factor. Cancer Res. (2004)

64:8256–61. doi: 10.1158/0008-5472.CAN-04-2055

20. Mcdonald CB, Buffa L, Bar-Mag T, Salah Z, Bhat V, Mikles DC, et al.

Biophysical basis of the binding of WWOX tumor suppressor to WBP1 and

WBP2 adaptors. J Mol Biol. (2012) 422:58–74. doi: 10.1016/j.jmb.2012.05.015

21. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell

(2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

22. Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability–an

evolving hallmark of cancer. Nat Rev Mol Cell Biol. (2010) 11:220–8.

doi: 10.1038/nrm2858

23. Abu-Odeh M, Salah Z, Herbel C, Hofmann TG, Aqeilan RI. WWOX, the

common fragile site FRA16D gene product, regulates ATM activation and

the DNA damage response. Proc Natl Acad Sci USA. (2014) 111:E4716–25.

doi: 10.1073/pnas.1409252111

24. Abu-Odeh M, Hereema NA, Aqeilan RI. WWOX modulates the ATR-

mediated DNA damage checkpoint response. Oncotarget (2016) 7:4344–55.

doi: 10.18632/oncotarget.6571

25. Schrock MS, Batar B, Lee J, Druck T, Ferguson B, Cho JH, et al. Wwox-

Brca1 interaction: role in DNA repair pathway choice. Oncogene (2017)

36:2215–27. doi: 10.1038/onc.2016.389

26. Schrock MS, Karras JR, Guggenbiller MJ, Druck T, Batar B, Huebner K. Fhit

and Wwox loss-associated genome instability: a genome caretaker one-two

punch. Adv Biol Regul. (2017) 63:167–76. doi: 10.1016/j.jbior.2016.09.008

27. Abu-Remaileh M, Aqeilan RI. Tumor suppressor WWOX regulates glucose

metabolism via HIF1alphamodulation. Cell Death Differ. (2014) 21:1805–14.

doi: 10.1038/cdd.2014.95

28. Aqeilan RI, Donati V, Gaudio E, Nicoloso MS, Sundvall M, Korhonen A,

et al. Association of Wwox with ErbB4 in breast cancer. Cancer Res. (2007)

67:9330–6. doi: 10.1158/0008-5472.CAN-07-2147

29. Bendinelli P, Maroni P, Matteucci E, Desiderio MA. HGF and TGFbeta1

differently influenced Wwox regulatory function on Twist program for

mesenchymal-epithelial transition in bone metastatic versus parental breast

carcinoma cells. Mol Cancer (2015) 14:112. doi: 10.1186/s12943-015-

0389-y

30. Bendinelli P, Maroni P, Matteucci E, Desiderio MA. Epigenetic regulation

of HGF/Met receptor axis is critical for the outgrowth of bone

metastasis from breast carcinoma. Cell Death Dis. (2017) 8:e2578.

doi: 10.1038/cddis.2016.403

31. Matteucci E, Maroni P, Luzzati A, Perrucchini G, Bendinelli P, DesiderioMA.

Bone metastatic process of breast cancer involves methylation state affecting

E-cadherin expression through TAZ and WWOX nuclear effectors. Eur J

Cancer (2013) 49:231–44. doi: 10.1016/j.ejca.2012.05.006

32. Watanabe A, Hippo Y, Taniguchi H, Iwanari H, Yashiro M, Hirakawa K,

et al. An opposing view on WWOX protein function as a tumor suppressor.

Cancer Res. (2003) 63:8629–33.

33. Chang NS, Schultz L, Hsu LJ, Lewis J, Su M, Sze CI. 17beta-Estradiol

upregulates and activates WOX1/WWOXv1 and WOX2/WWOXv2 in

vitro: potential role in cancerous progression of breast and prostate to a

premetastatic state in vivo. Oncogene (2005) 24:714–23. doi: 10.1038/sj.onc.

1208124

34. Salah Z, Itzhaki E, Aqeilan RI. The ubiquitin E3 ligase ITCH enhances breast

tumor progression by inhibiting the Hippo tumor suppressor pathway.

Oncotarget (2014) 5:10886–900. doi: 10.18632/oncotarget.2540

35. Salah Z, Melino G, Aqeilan RI. Negative regulation of the Hippo pathway by

E3 ubiquitin ligase ITCH is sufficient to promote tumorigenicity. Cancer Res.

(2011) 71:2010–20. doi: 10.1158/0008-5472.CAN-10-3516

36. Sudol M, Harvey KF. Modularity in the Hippo signaling pathway. Trends

Biochem Sci. (2010) 35:627–33. doi: 10.1016/j.tibs.2010.05.010

37. Sudol M. Newcomers to the WW domain-mediated network of the

hippo tumor suppressor pathway. Genes Cancer (2010) 1:1115–8.

doi: 10.1177/1947601911401911

38. Overholtzer M, Zhang J, Smolen GA, Muir B, Li W, Sgroi DC,

et al. Transforming properties of YAP, a candidate oncogene on the

chromosome 11q22 amplicon. Proc Natl Acad Sci USA. (2006) 103:12405–10.

doi: 10.1073/pnas.0605579103

39. Chen Q, Zhang N, Gray RS, Li H, Ewald AJ, Zahnow CA, et al. A temporal

requirement for Hippo signaling in mammary gland differentiation, growth,

and tumorigenesis. Genes Dev. (2014) 28:432–7. doi: 10.1101/gad.2336

76.113

40. Bartucci M, Dattilo R,Moriconi C, Pagliuca A,MottoleseM, Federici G, et al.

TAZ is required for metastatic activity and chemoresistance of breast cancer

stem cells. Oncogene (2015) 34:681–90. doi: 10.1038/onc.2014.5

41. Vici P, Mottolese M, Pizzuti L, Barba M, Sperati F, Terrenato I,

et al. The Hippo transducer TAZ as a biomarker of pathological

complete response in HER2-positive breast cancer patients treated with

trastuzumab-based neoadjuvant therapy. Oncotarget (2014) 5:9619–25.

doi: 10.18632/oncotarget.2449

42. Lehn S, Tobin NP, Sims AH, Stal O, Jirstrom K, Axelson H, et al. Decreased

expression of Yes-associated protein is associated with outcome in the

luminal A breast cancer subgroup and with an impaired tamoxifen response.

BMC Cancer (2014) 14:119. doi: 10.1186/1471-2407-14-119

43. Min Kim H, Kim SK, Jung WH, Koo JS. Metaplastic carcinoma show

different expression pattern of YAP compared to triple-negative breast

cancer. Tumour Biol. (2015) 36:1207–12. doi: 10.1007/s13277-014-2735-x

44. Kim SK, Jung WH, Koo JS. Yes-associated protein (YAP) is differentially

expressed in tumor and stroma according to the molecular subtype of breast

cancer. Int J Clin Exp Pathol. (2014) 7:3224–34.

45. Cao L, Sun PL, Yao M, Jia M, Gao H. Expression of YES-associated protein

(YAP) and its clinical significance in breast cancer tissues. Hum Pathol.

(2017) 68:166–74. doi: 10.1016/j.humpath.2017.08.032

46. Wang X, Su L, Ou Q. Yes-associated protein promotes tumour development

in luminal epithelial derived breast cancer. Eur J Cancer (2012) 48:1227–34.

doi: 10.1016/j.ejca.2011.10.001

47. Chan SW, Lim CJ, Guo K, Ng CP, Lee I, Hunziker W, et al. A role for TAZ

in migration, invasion, and tumorigenesis of breast cancer cells. Cancer Res.

(2008) 68:2592–8. doi: 10.1158/0008-5472.CAN-07-2696

48. Zhao D, Zhi X, Zhou Z, Chen C. TAZ antagonizes the WWP1-mediated

KLF5 degradation and promotes breast cell proliferation and tumorigenesis.

Carcinogenesis (2012) 33:59–67. doi: 10.1093/carcin/bgr242

49. Chan SW, Lim CJ, Loo LS, Chong YF, Huang C, Hong W. TEADs mediate

nuclear retention of TAZ to promote oncogenic transformation. J Biol Chem.

(2009) 284:14347–58. doi: 10.1074/jbc.M901568200

Frontiers in Oncology | www.frontiersin.org 13 December 2018 | Volume 8 | Article 580

https://doi.org/10.3892/or.2013.2261
https://doi.org/10.1073/pnas.0609783104
https://doi.org/10.1371/journal.pone.0036618
https://doi.org/10.1002/jcp.24310
https://doi.org/10.1038/onc.2011.115
https://doi.org/10.1158/1078-0432.CCR-06-2038
https://doi.org/10.1073/pnas.0400805101
https://doi.org/10.1074/jbc.M505590200
https://doi.org/10.18632/oncotarget.13268
https://doi.org/10.1158/0008-5472.CAN-04-2055
https://doi.org/10.1016/j.jmb.2012.05.015
https://doi.org/10.1016/j.cell.2011.02.013
https://doi.org/10.1038/nrm2858
https://doi.org/10.1073/pnas.1409252111
https://doi.org/10.18632/oncotarget.6571
https://doi.org/10.1038/onc.2016.389
https://doi.org/10.1016/j.jbior.2016.09.008
https://doi.org/10.1038/cdd.2014.95
https://doi.org/10.1158/0008-5472.CAN-07-2147
https://doi.org/10.1186/s12943-015-0389-y
https://doi.org/10.1038/cddis.2016.403
https://doi.org/10.1016/j.ejca.2012.05.006
https://doi.org/10.1038/sj.onc.1208124
https://doi.org/10.18632/oncotarget.2540
https://doi.org/10.1158/0008-5472.CAN-10-3516
https://doi.org/10.1016/j.tibs.2010.05.010
https://doi.org/10.1177/1947601911401911
https://doi.org/10.1073/pnas.0605579103
https://doi.org/10.1101/gad.233676.113
https://doi.org/10.1038/onc.2014.5
https://doi.org/10.18632/oncotarget.2449
https://doi.org/10.1186/1471-2407-14-119
https://doi.org/10.1007/s13277-014-2735-x
https://doi.org/10.1016/j.humpath.2017.08.032
https://doi.org/10.1016/j.ejca.2011.10.001
https://doi.org/10.1158/0008-5472.CAN-07-2696
https://doi.org/10.1093/carcin/bgr242
https://doi.org/10.1074/jbc.M901568200
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Jamous and Salah WW Domains and Breast Cancer

50. Rashidian J, Le Scolan E, Ji X, Zhu Q, Mulvihill MM, Nomura D, et al. Ski

regulates Hippo and TAZ signaling to suppress breast cancer progression.

Sci Signal. (2015) 8:ra14. doi: 10.1126/scisignal.2005735

51. Li C, Wang S, Xing Z, Lin A, Liang K, Song J, et al. A ROR1-HER3-

lncRNA signalling axis modulates the Hippo-YAP pathway to regulate bone

metastasis. Nat Cell Biol. (2017) 19:106–19. doi: 10.1038/ncb3464

52. Wang Y, Liu J, Ying X, Lin PC, Zhou BP. Twist-mediated epithelial-

mesenchymal transition promotes breast tumor cell invasion via

inhibition of hippo pathway. Sci Rep. (2016) 6:24606. doi: 10.1038/

srep24606

53. Xiang L, Gilkes DM, Hu H, Luo W, Bullen JW, Liang H, et al. HIF-1alpha

and TAZ serve as reciprocal co-activators in human breast cancer cells.

Oncotarget (2015) 6:11768–78. doi: 10.18632/oncotarget.4190

54. Bendinelli P, Maroni P, Matteucci E, Luzzati A, Perrucchini G, DesiderioMA.

Hypoxia inducible factor-1 is activated by transcriptional co-activator with

PDZ-binding motif (TAZ) versus WWdomain-containing oxidoreductase

(WWOX) in hypoxic microenvironment of bone metastasis from breast

cancer. Eur J Cancer (2013) 49:2608–18. doi: 10.1016/j.ejca.2013.03.002

55. Wang J, Rouse C, Jasper JS, Pendergast AM. ABL kinases promote

breast cancer osteolytic metastasis by modulating tumor-bone

interactions through TAZ and STAT5 signaling. Sci Signal. (2016) 9:ra12.

doi: 10.1126/scisignal.aad3210

56. Heidary Arash E, Shiban A, Song S, Attisano L. MARK4 inhibits Hippo

signaling to promote proliferation and migration of breast cancer cells.

EMBO Rep. (2017) 18:420–36. doi: 10.15252/embr.201642455

57. Lamar JM, Stern P, Liu H, Schindler JW, Jiang ZG, Hynes RO. The

Hippo pathway target, YAP, promotes metastasis through its TEAD-

interaction domain. Proc Natl Acad Sci USA. (2012) 109:E2441–50.

doi: 10.1073/pnas.1212021109

58. Sharif GM, Schmidt MO, Yi C, Hu Z, Haddad BR, Glasgow E, et al.

Cell growth density modulates cancer cell vascular invasion via Hippo

pathway activity and CXCR2 signaling. Oncogene (2015) 34:5879–89.

doi: 10.1038/onc.2015.44

59. Cordenonsi M, Zanconato F, Azzolin L, Forcato M, Rosato A, Frasson C,

et al. The Hippo transducer TAZ confers cancer stem cell-related traits on

breast cancer cells. Cell (2011) 147:759–72. doi: 10.1016/j.cell.2011.09.048

60. Li YW, Shen H, Frangou C, Yang N, Guo J, Xu B, et al. Characterization

of TAZ domains important for the induction of breast cancer stem

cell properties and tumorigenesis. Cell Cycle (2015) 14:146–56.

doi: 10.4161/15384101.2014.967106

61. Nandy SB, Arumugam A, Subramani R, Pedroza D, Hernandez K, Saltzstein

E, et al. MicroRNA-125a influences breast cancer stem cells by targeting

leukemia inhibitory factor receptor which regulates the Hippo signaling

pathway. Oncotarget (2015) 6:17366–78. doi: 10.18632/oncotarget.3953

62. Chang C, Goel HL, Gao H, Pursell B, Shultz LD, Greiner DL, et al. A

laminin 511 matrix is regulated by TAZ and functions as the ligand for the

alpha6Bbeta1 integrin to sustain breast cancer stem cells. Genes Dev. (2015)

29:1–6. doi: 10.1101/gad.253682.114

63. Kim T, Yang SJ, Hwang D, Song J, Kim M, Kyum Kim S, et al. A basal-like

breast cancer-specific role for SRF-IL6 in YAP-induced cancer stemness. Nat

Commun. (2015) 6:10186. doi: 10.1038/ncomms10186

64. Kulkarni M, Tan TZ, Syed Sulaiman NB, Lamar JM, Bansal P, Cui J, et al.

RUNX1 and RUNX3 protect against YAP-mediated EMT, stem-ness and

shorter survival outcomes in breast cancer. Oncotarget (2018) 9:14175–92.

doi: 10.18632/oncotarget.24419

65. Li H, Gumbiner BM. Deregulation of the Hippo pathway in mouse

mammary stem cells promotes mammary tumorigenesis. Mamm Genome

(2016) 27:556–64. doi: 10.1007/s00335-016-9662-7

66. Shankaran V, Ikeda H, Bruce AT, White JM, Swanson PE, Old LJ, et al.

IFNgamma and lymphocytes prevent primary tumour development

and shape tumour immunogenicity. Nature (2001) 410:1107–11.

doi: 10.1038/35074122

67. Dunn GP, Koebel CM, Schreiber RD. Interferons, immunity and cancer

immunoediting. Nat Rev Immunol. (2006) 6:836–48. doi: 10.1038/nri1961

68. Mittal D, Gubin MM, Schreiber RD, Smyth MJ. New insights into

cancer immunoediting and its three component phases–elimination,

equilibrium and escape. Curr Opin Immunol. (2014) 27:16–25.

doi: 10.1016/j.coi.2014.01.004

69. Moroishi, T., Hayashi, T., Pan, W. W., Fujita, Y., Holt, M. V., Qin, J., et al.

(2016). The hippo pathway kinases LATS1/2 suppress cancer immunity. Cell

167, 1525–39.e17. doi: 10.1016/j.cell.2016.11.005

70. Murakami S, Shahbazian D, Surana R, Zhang W, Chen H, Graham

GT, et al. Yes-associated protein mediates immune reprogramming

in pancreatic ductal adenocarcinoma. Oncogene (2017) 36:1232–44.

doi: 10.1038/onc.2016.288

71. Wang G, Lu X, Dey P, Deng P, Wu CC, Jiang S, et al. Targeting YAP-

dependent MDSC infiltration impairs tumor progression. Cancer Discov.

(2016) 6:80–95. doi: 10.1158/2159-8290.CD-15-0224

72. Janse Van Rensburg HJ, Azad T, Ling M, Hao Y, Snetsinger B,

Khanal P, et al. The hippo pathway component TAZ promotes immune

evasion in human cancer through PD-L1. Cancer Res. (2018) 78:1457–70.

doi: 10.1158/0008-5472.CAN-17-3139

73. Jiang Y, Liu Y, Zhang Z, Yang J, Ye X, Jin Q, et al. [Verteporfin inhibits

proliferation, invasion and migration of MDA-MB-231 human breast cancer

cells by down-regulating the expression of Yes-associated protein]. Xi Bao

Yu Fen Zi Mian Yi Xue Za Zhi (2017) 33:1223–7.

74. Liu-Chittenden Y, Huang B, Shim JS, Chen Q, Lee SJ, Anders RA,

et al. Genetic and pharmacological disruption of the TEAD-YAP complex

suppresses the oncogenic activity of YAP. Genes Dev. (2012) 26:1300–5.

doi: 10.1101/gad.192856.112

75. Dong L, Lin F, Wu W, Liu Y, Huang W. Verteporfin inhibits YAP-induced

bladder cancer cell growth and invasion via Hippo signaling pathway. Int J

Med Sci. (2018) 15:645–52. doi: 10.7150/ijms.23460

76. ChenM, Zhong L, Yao SF, Zhao Y, Liu L, Li LW, et al. Verteporfin inhibits cell

proliferation and induces apoptosis in human leukemia NB4 cells without

light activation. Int J Med Sci. (2017) 14:1031–9. doi: 10.7150/ijms.19682

77. Al-Moujahed A, Brodowska K, Stryjewski TP, Efstathiou NE, Vasilikos I,

Cichy J, et al. Verteporfin inhibits growth of human glioma in vitro without

light activation. Sci Rep. (2017) 7:7602. doi: 10.1038/s41598-017-07632-8

78. Sorrentino G, Ruggeri N, Specchia V, Cordenonsi M, Mano M, Dupont S,

et al. Metabolic control of YAP and TAZ by the mevalonate pathway. Nat

Cell Biol. (2014) 16:357–66. doi: 10.1038/ncb2936

79. Wang Z, Wu Y, Wang H, Zhang Y, Mei L, Fang X, et al. Interplay of

mevalonate and Hippo pathways regulates RHAMM transcription via YAP

to modulate breast cancer cell motility. Proc Natl Acad Sci USA. (2014)

111:E89–98. doi: 10.1073/pnas.1319190110

80. Oku Y, Nishiya N, Shito T, Yamamoto R, Yamamoto Y, Oyama C,

et al. Small molecules inhibiting the nuclear localization of YAP/TAZ for

chemotherapeutics and chemosensitizers against breast cancers. FEBS Open

Bio. (2015) 5:542–9. doi: 10.1016/j.fob.2015.06.007

81. Strano S, Munarriz E, Rossi M, Castagnoli L, Shaul Y, Sacchi A, et al. Physical

interaction with Yes-associated protein enhances p73 transcriptional activity.

J Biol Chem. (2001) 276:15164–73. doi: 10.1074/jbc.M010484200

82. Strano S, Monti O, Pediconi N, Baccarini A, Fontemaggi G, Lapi E, et al.

The transcriptional coactivator Yes-associated protein drives p73 gene-

target specificity in response to DNA Damage. Mol Cell (2005) 18:447–59.

doi: 10.1016/j.molcel.2005.04.008

83. Levy D, Adamovich Y, Reuven N, Shaul Y. The Yes-associated protein 1

stabilizes p73 by preventing Itch-mediated ubiquitination of p73. Cell Death

Differ. (2007) 14:743–51. doi: 10.1038/sj.cdd.4402063

84. Carter SL, Negrini M, Baffa R, Gillum DR, Rosenberg AL, Schwartz GF, et al.

Loss of heterozygosity at 11q22-q23 in breast cancer. Cancer Res. (1994)

54:6270–4.

85. Gudmundsson J, Barkardottir RB, Eiriksdottir G, Baldursson T, Arason A,

Egilsson V, et al. Loss of heterozygosity at chromosome 11 in breast cancer:

association of prognostic factors with genetic alterations. Br J Cancer (1995)

72:696–701. doi: 10.1038/bjc.1995.396

86. Basu S, Totty NF, Irwin MS, Sudol M, Downward J. Akt phosphorylates

the Yes-associated protein, YAP, to induce interaction with 14-3-3

and attenuation of p73-mediated apoptosis. Mol Cell (2003) 11:11–23.

doi: 10.1016/S1097-2765(02)00776-1

87. Yuan M, Tomlinson V, Lara R, Holliday D, Chelala C, Harada T, et al. Yes-

associated protein (YAP) functions as a tumor suppressor in breast. Cell

Death Differ. (2008) 15:1752–9. doi: 10.1038/cdd.2008.108

88. Yu SJ, Hu JY, Kuang XY, Luo JM, Hou YF, Di GH, et al. MicroRNA-

200a promotes anoikis resistance and metastasis by targeting YAP1

Frontiers in Oncology | www.frontiersin.org 14 December 2018 | Volume 8 | Article 580

https://doi.org/10.1126/scisignal.2005735
https://doi.org/10.1038/ncb3464
https://doi.org/10.1038/srep24606
https://doi.org/10.18632/oncotarget.4190
https://doi.org/10.1016/j.ejca.2013.03.002
https://doi.org/10.1126/scisignal.aad3210
https://doi.org/10.15252/embr.201642455
https://doi.org/10.1073/pnas.1212021109
https://doi.org/10.1038/onc.2015.44
https://doi.org/10.1016/j.cell.2011.09.048
https://doi.org/10.4161/15384101.2014.967106
https://doi.org/10.18632/oncotarget.3953
https://doi.org/10.1101/gad.253682.114
https://doi.org/10.1038/ncomms10186
https://doi.org/10.18632/oncotarget.24419
https://doi.org/10.1007/s00335-016-9662-7
https://doi.org/10.1038/35074122
https://doi.org/10.1038/nri1961
https://doi.org/10.1016/j.coi.2014.01.004
https://doi.org/10.1016/j.cell.2016.11.005
https://doi.org/10.1038/onc.2016.288
https://doi.org/10.1158/2159-8290.CD-15-0224
https://doi.org/10.1158/0008-5472.CAN-17-3139
https://doi.org/10.1101/gad.192856.112
https://doi.org/10.7150/ijms.23460
https://doi.org/10.7150/ijms.19682
https://doi.org/10.1038/s41598-017-07632-8
https://doi.org/10.1038/ncb2936
https://doi.org/10.1073/pnas.1319190110
https://doi.org/10.1016/j.fob.2015.06.007
https://doi.org/10.1074/jbc.M010484200
https://doi.org/10.1016/j.molcel.2005.04.008
https://doi.org/10.1038/sj.cdd.4402063
https://doi.org/10.1038/bjc.1995.396
https://doi.org/10.1016/S1097-2765(02)00776-1
https://doi.org/10.1038/cdd.2008.108
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Jamous and Salah WW Domains and Breast Cancer

in human breast cancer. Clin Cancer Res. (2013) 19:1389–99.

doi: 10.1158/1078-0432.CCR-12-1959

89. Gaffney CJ, Oka T, Mazack V, Hilman D, Gat U, Muramatsu T,

et al. Identification, basic characterization and evolutionary analysis of

differentially spliced mRNA isoforms of human YAP1 gene. Gene (2012)

509:215–22. doi: 10.1016/j.gene.2012.08.025

90. Ehsanian R, Brown M, Lu H, Yang XP, Pattatheyil A, Yan B, et al. YAP

dysregulation by phosphorylation or DeltaNp63-mediated gene repression

promotes proliferation, survival and migration in head and neck cancer

subsets. Oncogene (2010) 29:6160–71. doi: 10.1038/onc.2010.339

91. Finch-Edmondson ML, Strauss RP, Clayton JS, Yeoh GC, Callus BA.

Splice variant insertions in the C-terminus impairs YAP’s transactivation

domain. Biochem Biophys Rep. (2016) 6:24–31. doi: 10.1016/j.bbrep.2016.

02.015

92. Pickart CM, Fushman D. Polyubiquitin chains: polymeric protein signals.

Curr Opin Chem Biol. (2004) 8:610–6. doi: 10.1016/j.cbpa.2004.09.009

93. Nakayama KI, Nakayama K. Ubiquitin ligases: cell-cycle control and cancer.

Nat Rev Cancer (2006) 6:369–81. doi: 10.1038/nrc1881

94. Tu Y, Chen C, Pan J, Xu J, Zhou ZG, Wang CY. The Ubiquitin Proteasome

Pathway (UPP) in the regulation of cell cycle control andDNAdamage repair

and its implication in tumorigenesis. Int J Clin Exp Pathol. (2012) 5:726–38.

95. Ebner P, Versteeg GA, Ikeda F. Ubiquitin enzymes in the regulation

of immune responses. Crit Rev Biochem Mol Biol. (2017) 52:425–60.

doi: 10.1080/10409238.2017.1325829

96. Geng F, Wenzel S, Tansey WP. Ubiquitin and proteasomes

in transcription. Annu Rev Biochem. (2012) 81:177–201.

doi: 10.1146/annurev-biochem-052110-120012

97. Malynn BA, Ma A. Ubiquitin makes its mark on immune regulation.

Immunity (2010) 33:843–52. doi: 10.1016/j.immuni.2010.12.007

98. Ciechanover A, Brundin P. The ubiquitin proteasome system in

neurodegenerative diseases: sometimes the chicken, sometimes the egg.

Neuron (2003) 40:427–46. doi: 10.1016/S0896-6273(03)00606-8

99. Zolk O, Schenke C, Sarikas A. The ubiquitin-proteasome

system: focus on the heart. Cardiovasc Res. (2006) 70:410–21.

doi: 10.1016/j.cardiores.2005.12.021

100. Mani A, Gelmann EP. The ubiquitin-proteasome pathway and its role

in cancer. J Clin Oncol. (2005) 23:4776–89. doi: 10.1200/JCO.2005.

05.081

101. Yang H, Yu N, Xu J, Ding X, Deng W, Wu G, et al. SMURF1 facilitates

estrogen receptor a signaling in breast cancer cells. J Exp Clin Cancer Res.

(2018) 37:24. doi: 10.1186/s13046-018-0672-z

102. David D, Jagadeeshan S, Hariharan R, Nair AS, Pillai RM. SMURF2

E3 ubiquitin ligase modulates proliferation and invasiveness of breast

cancer cells in a CNKSR2 dependent manner. Cell Div. (2014) 9:2.

doi: 10.1186/1747-1028-9-2

103. Chen C, Zhou Z, Sheehan CE, Slodkowska E, Sheehan CB, Boguniewicz A,

et al. Overexpression of WWP1 is associated with the estrogen receptor and

insulin-like growth factor receptor 1 in breast carcinoma. Int J Cancer (2009)

124:2829–36. doi: 10.1002/ijc.24266

104. Yeung B, Ho KC, Yang X. WWP1 E3 ligase targets LATS1 for ubiquitin-

mediated degradation in breast cancer cells. PLoS ONE (2013) 8:e61027.

doi: 10.1371/journal.pone.0061027

105. Li Y, Zhou Z, Alimandi M, Chen C. WW domain containing E3

ubiquitin protein ligase 1 targets the full-length ErbB4 for ubiquitin-

mediated degradation in breast cancer. Oncogene (2009) 28:2948–58.

doi: 10.1038/onc.2009.162

106. Feng SM, Muraoka-Cook RS, Hunter D, Sandahl MA, Caskey LS, Miyazawa

K, et al. The E3 ubiquitin ligase WWP1 selectively targets HER4 and its

proteolytically derived signaling isoforms for degradation. Mol Cell Biol.

(2009) 29:892–906. doi: 10.1128/MCB.00595-08

107. Zhi X, ZhaoD, Zhou Z, Liu R, Chen C. YAP promotes breast cell proliferation

and survival partially through stabilizing the KLF5 transcription factor. Am

J Pathol. (2012) 180:2452–61. doi: 10.1016/j.ajpath.2012.02.025

108. Zhou Z, Liu R, Chen C. The WWP1 ubiquitin E3 ligase increases

TRAIL resistance in breast cancer. Int J Cancer (2012) 130:1504–10.

doi: 10.1002/ijc.26122

109. Lim SK, Lu SY, Kang SA, Tan HJ, Li Z, Adrian Wee ZN, et al. Wnt

signaling promotes breast cancer by blocking ITCH-mediated degradation of

YAP/TAZ transcriptional coactivator WBP2. Cancer Res. (2016) 76:6278–89.

doi: 10.1158/0008-5472.CAN-15-3537

110. Adler JJ, Johnson DE, Heller BL, Bringman LR, Ranahan WP, Conwell MD,

et al. Serum deprivation inhibits the transcriptional co-activator YAP and

cell growth via phosphorylation of the 130-kDa isoform of Angiomotin by

the LATS1/2 protein kinases. Proc Natl Acad Sci USA. (2013) 110:17368–73.

doi: 10.1073/pnas.1308236110

111. Jin C, Yang YA, Anver MR, Morris N, Wang X, Zhang YE. Smad

ubiquitination regulatory factor 2 promotes metastasis of breast cancer cells

by enhancing migration and invasiveness. Cancer Res. (2009) 69:735–40.

doi: 10.1158/0008-5472.CAN-08-1463

112. Liu X, Gu X, Sun L, Flowers AB, Rademaker AW, Zhou Y, et al.

Downregulation of SMURF2, a tumor-suppressive ubiquitin ligase, in triple-

negative breast cancers: involvement of the RB-microRNA axis. BMC Cancer

(2014) 14:57. doi: 10.1186/1471-2407-14-57

113. Fukunaga E, Inoue Y, Komiya S, Horiguchi K, Goto K, Saitoh M,

et al. SMURF2 induces ubiquitin-dependent degradation of SMURF1 to

prevent migration of breast cancer cells. J Biol Chem. (2008) 283:35660–7.

doi: 10.1074/jbc.M710496200

114. Chandhoke AS, Chanda A, Karve K, Deng L, Bonni S. The PIAS3-

SMURF2 sumoylation pathway suppresses breast cancer organoid

invasiveness. Oncotarget (2017) 8:21001–14. doi: 10.18632/oncotarget.

15471

115. Xie Y, Avello M, Schirle M, Mcwhinnie E, Feng Y, Bric-Furlong E,

et al. Deubiquitinase FAM/USP9X interacts with the E3 ubiquitin ligase

SMURF1 protein and protects it from ligase activity-dependent self-

degradation. J Biol Chem. (2013) 288:2976–85. doi: 10.1074/jbc.M112.

430066

116. Subik K, Shu L, Wu C, Liang Q, Hicks D, Boyce B, et al. The

ubiquitin E3 ligase WWP1 decreases CXCL12-mediated MDA231 breast

cancer cell migration and bone metastasis. Bone (2012) 50:813–23.

doi: 10.1016/j.bone.2011.12.022

117. Pefani DE, Pankova D, Abraham AG, Grawenda AM, Vlahov N, Scrace

S, et al. TGF-beta targets the hippo pathway scaffold RASSF1A to

facilitate YAP/SMAD2 nuclear translocation. Mol Cell (2016) 63:156–66.

doi: 10.1016/j.molcel.2016.05.012

118. Chen C, Zhou Z, Ross JS, Zhou W, Dong JT. The amplified WWP1 gene is

a potential molecular target in breast cancer. Int J Cancer (2007) 121:80–7.

doi: 10.1002/ijc.22653

119. Suryaraja R, Anitha M, Anbarasu K, Kumari G, Mahalingam S. The E3

ubiquitin ligase Itch regulates tumor suppressor protein RASSF5/NORE1

stability in an acetylation-dependent manner. Cell Death Dis. (2013) 4:e565.

doi: 10.1038/cddis.2013.91

120. Blank M, Tang Y, Yamashita M, Burkett SS, Cheng SY, Zhang YE. A tumor

suppressor function of SMURF2 associated with controlling chromatin

landscape and genome stability through RNF20.Nat Med. (2012) 18:227–34.

doi: 10.1038/nm.2596

121. Emanuelli A, Borroni AP, Apel-Sarid L, Shah PA, Ayyathan DM,

Koganti P, et al. SMURF2-mediated stabilization of DNA topoisomerase

IIalpha controls genomic integrity. Cancer Res. (2017) 77:4217–27.

doi: 10.1158/0008-5472.CAN-16-2828

122. Li Y, Zhou Z, Chen C. WW domain-containing E3 ubiquitin protein

ligase 1 targets p63 transcription factor for ubiquitin-mediated proteasomal

degradation and regulates apoptosis. Cell Death Differ (2008) 15:1941–51.

doi: 10.1038/cdd.2008.134

123. Flasza M, Gorman P, Roylance R, Canfield AE, Baron M. Alternative

splicing determines the domain structure ofWWP1, a Nedd4 family protein.

Biochem Biophys Res Commun. (2002) 290:431–7. doi: 10.1006/bbrc.20

01.6206

124. Yang L, Chen J, Huang X, Zhang E, He J, Cai Z. Novel insights into E3

ubiquitin ligase in cancer chemoresistance.Am JMed Sci. (2018) 355:368–76.

doi: 10.1016/j.amjms.2017.12.012

125. Laine A, Ronai Z. Regulation of p53 localization and transcription

by the HECT domain E3 ligase WWP1. Oncogene (2007) 26:1477–83.

doi: 10.1038/sj.onc.1209924

126. Piggott L, Silva A, Robinson T, Santiago-Gomez A, Simoes BM,

Becker M, et al. Acquired resistance of ER-positive breast cancer to

endocrine treatment confers an adaptive sensitivity to TRAIL through

Frontiers in Oncology | www.frontiersin.org 15 December 2018 | Volume 8 | Article 580

https://doi.org/10.1158/1078-0432.CCR-12-1959
https://doi.org/10.1016/j.gene.2012.08.025
https://doi.org/10.1038/onc.2010.339
https://doi.org/10.1016/j.bbrep.2016.02.015
https://doi.org/10.1016/j.cbpa.2004.09.009
https://doi.org/10.1038/nrc1881
https://doi.org/10.1080/10409238.2017.1325829
https://doi.org/10.1146/annurev-biochem-052110-120012
https://doi.org/10.1016/j.immuni.2010.12.007
https://doi.org/10.1016/S0896-6273(03)00606-8
https://doi.org/10.1016/j.cardiores.2005.12.021
https://doi.org/10.1200/JCO.2005.05.081
https://doi.org/10.1186/s13046-018-0672-z
https://doi.org/10.1186/1747-1028-9-2
https://doi.org/10.1002/ijc.24266
https://doi.org/10.1371/journal.pone.0061027
https://doi.org/10.1038/onc.2009.162
https://doi.org/10.1128/MCB.00595-08
https://doi.org/10.1016/j.ajpath.2012.02.025
https://doi.org/10.1002/ijc.26122
https://doi.org/10.1158/0008-5472.CAN-15-3537
https://doi.org/10.1073/pnas.1308236110
https://doi.org/10.1158/0008-5472.CAN-08-1463
https://doi.org/10.1186/1471-2407-14-57
https://doi.org/10.1074/jbc.M710496200
https://doi.org/10.18632/oncotarget.15471
https://doi.org/10.1074/jbc.M112.430066
https://doi.org/10.1016/j.bone.2011.12.022
https://doi.org/10.1016/j.molcel.2016.05.012
https://doi.org/10.1002/ijc.22653
https://doi.org/10.1038/cddis.2013.91
https://doi.org/10.1038/nm.2596
https://doi.org/10.1158/0008-5472.CAN-16-2828
https://doi.org/10.1038/cdd.2008.134
https://doi.org/10.1006/bbrc.2001.6206
https://doi.org/10.1016/j.amjms.2017.12.012
https://doi.org/10.1038/sj.onc.1209924
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Jamous and Salah WW Domains and Breast Cancer

posttranslational downregulation of c-FLIP. Clin Cancer Res. (2018)

24:2452–63. doi: 10.1158/1078-0432.CCR-17-1381

127. Le Clorennec C, Lazrek Y, Dubreuil O, Larbouret C, Poul MA, Mondon

P, et al. The anti-HER3 (ErbB3) therapeutic antibody 9F7-F11 induces

HER3 ubiquitination and degradation in tumors through JNK1/2-

dependent ITCH/AIP4 activation. Oncotarget (2016) 7:37013–29.

doi: 10.18632/oncotarget.9455

128. Rossi M, Rotblat B, Ansell K, Amelio I, Caraglia M, Misso G, et al. High

throughput screening for inhibitors of the HECT ubiquitin E3 ligase ITCH

identifies antidepressant drugs as regulators of autophagy. Cell Death Dis.

(2014) 5:e1203. doi: 10.1038/cddis.2014.113

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Jamous and Salah. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The

use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 16 December 2018 | Volume 8 | Article 580

https://doi.org/10.1158/1078-0432.CCR-17-1381
https://doi.org/10.18632/oncotarget.9455
https://doi.org/10.1038/cddis.2014.113
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	WW-Domain Containing Protein Roles in Breast Tumorigenesis
	Introduction
	WWOX and Breast Tumorigenesis
	WWOX Function in Breast Cancer Cell Apoptosis
	WWOX and Genomic Instability in Breast Cancer
	WWOX and Cancer Metabolism
	Metastasis
	Questioning WWOX Suppressive Functions

	Hippo Pathway and Breast Cancer
	Animal Models and Clinical Data as Evidence for YAP/TAZ Roles in Breast Cancer
	YAP/TAZ Roles in Breast Cancer Cell Transformation and Tumorigenesis
	YAP/TAZ Roles in Breast Cancer Metastasis
	Hippo Pathway and BC Stem Cells
	Immune Evasion
	Therapeutic Potential of the Hippo Pathway
	Controversies About YAP Oncogenic Functions

	E3 Ubiquitin Ligases and Breast Cancer
	E3s Role in Breast Cancer Growth and Survival
	E3s Modulate Breast Cancer Cell Migration, Invasion, and Metastasis
	Apoptosis
	E3s and Genomic Stability
	E3s and Breast Cancer Therapy

	Concluding Remarks and Future Directions
	Author Contributions
	Acknowledgments
	References


