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Abstract: The Hippo pathway is a novel and highly conserved mammalian signaling pathway.
Mutations and altered expression of core Hippo pathway components promote the migration,
invasion, malignancy, and chemotherapy resistance of breast cancer cells. In cancer metastasis,
tumor cells must detach from the primary tumor, invade surrounding tissue, and enter and survive
in a foreign microenvironment. The metastatic potential of breast cancer is closely related to
individual patient genetic profile. Nevertheless, the exact molecular mechanism that regulates
the Hippo pathway in breast cancer metastasis is yet to be fully elucidated. This article discusses
the function and regulation of the Hippo pathway, with focus given to its role in the context of
breast cancer metastasis.
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Introduction

In recent years, breast cancer has emerged as a major public health concern among
women in our country. Each year, about 1.7 million women worldwide are diagnosed
with breast cancer; over half of all cases (53%) occur in less-developed regions.
Breast cancer survival rate in high-income countries is higher than that in low- and
middle-income countries.! The incidence of breast cancer seems to be increasing, with
more cases afflicting the younger patient population. The American Cancer Society
(ACS) estimates that there will be 268,670 new cases of breast cancer diagnosed and
41,400 breast cancer deaths in 2018.2 A significant proportion of cancer-associated
deaths among breast cancer patients can be attributed to metastasis. Management of
metastatic breast cancer is complex, and patient prognosis is often poor.* Therefore,
understanding the mechanisms that regulate metastasis and lymphatic angiogenesis are
vital in order to develop efficacious cancer treatment modalities.* Tumor biology and
immunological studies of breast cancer have revealed complex processes involving
multiple genetic regulatory mechanisms. The process of metastasis involves detachment
of cancer cells from the primary tumor and invasion of these cells through widespread
dissemination and requires metastatic cells to survive in a foreign microenvironment.
Tumor metastatic potential is closely related to individual genetic profiles.” Recent
advancements in the field of oncology have led to the discovery of several complex
and functionally diverse signaling pathways implicated in breast cancer metastasis.
A common feature shared by these novel pathways are the involvement of cytokines.
However, the underlying mechanisms of how these cytokines interact within the Hippo
pathway as well as how the Hippo pathway interacts with other signaling pathways
have not yet been fully clarified. It therefore comes as no surprise that the study of
metastatic breast cancer remains a daunting task.
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The Hippo pathway has been found to regulate organ size
and maintain tissue stability by governing cell proliferation
and apoptosis.® Mutations resulting in the altered expression
of the main Hippo pathway components are associated with
dysregulation in cell differentiation and organ development.’
Evidence surrounding the clinical implications of the Hippo
pathway in breast cancer cases is scarce, and little is known
about how the underlying molecular mechanisms of this
pathway are regulated. In this review, we summarize the
recent advances in understanding the functions of core
components in the Hippo pathway with special attention
given to its relationship with the clinical features of breast
cancer metastasis.

Organization and function of Hippo
signaling pathway

The study of Hippo signaling pathway began with the
discovery of the Wits gene in Drosophila melanogaster in
1994 with the human homolog of the Wts gene discovered
soon after. Subsequent studies in this field have revealed
the complete structure of the Hippo pathway, including
upstream active components, core kinase cascade, and
downstream transcriptional effectors.® The upstream active
components comprise FAT4 (Fat homology), FEMDG6
(Ex homology), Mer (NF2, Mer homology), and DCHS1/2
(Dachsous homology). The core kinase cascade consists of
MST1/2 (Hpo orthologs), SAV1 (Sav orthologs), LATS1/2
(Wts orthologs), and Mobl (Mats orthologs). The major
effectors of the core component in the Hippo pathway is
YAP (yes-associated protein, a yes-related protein) and TAZ
(transcription co-activator with a PDZ binding motif, also
called WWTR1; homologs of Yki). The transcription-related
parts of the Hippo signaling pathway include TEF/TEAD1-4
(Sd orthologs), CTGF (connective tissue growth factor),
AREG (amphiregulin), and Gli2.

In mammals, the core Hippo pathway comprises MST1/2,
SAV1, LATS1/2, and Mobl which are each activated by
phosphorylation to form compounds that transmit apoptotic
signals.” MST1/2 and LATS1/2 are serine/tyrosine protein
kinases, while SAV1 and Mobl act as protein activators.
YAP and TAZ are the primary transcription co-activators
of the Hippo signaling pathway. Upstream regulators of the
Hippo signaling pathway and the two core cascade molecules
(LATS1 and MST1) have been found to function as tumor
suppressor genes. The Hippo signaling pathway is a highly
evolutionarily conserved pathway and functions mainly to
regulate cell proliferation, tissue homoeostasis, and organ
size.!®!* In normal physiological state, the pathway plays a

central role in maintaining the balance between cell prolifera-
tion and apoptosis, its dysregulation is strongly associated
with the occurrence and development of human tumor growth
and carcinogenesis. '

Regulatory mechanism of the
HIPPO signaling pathway

The Hippo signaling pathway is present ubiquitously in
mammals, and its activity is strictly regulated. Hippo pathway
activation is triggered by contact inhibition and substrate-
induced stress that occur when cellular density reaches a
certain threshold.'® The kinase cascade forms the core of the
Hippo pathway and begins with MST1/2 phosphorylation of
LATS1/2 to form a LATS1/2-MST1/2 complex, a process
assisted by two scaffold proteins SAV1 and Mobl1.!"” Acti-
vated LATS1/2 then goes on to phosphorylate downstream
effectors YAP and TAZ. YAP/TAZ proceeds to bind to a
14-3-3 protein which results in their cytoplasmic protease
degradation.'® Phosphorylation of YAP/TAZ results in the
inhibition of cell proliferation. These series of reactions
are precisely regulated to control cell proliferation, apop-
tosis, and differentiation.' Conversely, if the upstream
kinases are not activated, the hypophosphorylated effector
molecules YAP/TAZ translocate into the nucleus.?*?! Once
in the nucleus, YAP/TAZ exerts their oncogenic functions
by combining with the transcription factors TEA family
(TEA domain family members, TEAD) of transcription
factors to promote the expression of transcriptional genes
involved in cell proliferation and epithelial-mesenchymal
transition (EMT).!41¢

Traditional understanding of Hippo pathway activation
holds on to the view that upstream and downstream com-
ponents interact in a direct manner. Later studies have since
revealed the far more complex nature of the Hippo pathway,
and MST1/2 has been found to not be the sole activator of
LATS1/2. Moreover, MAP4K family members MAP4K1/2/3
and MAP4K4/6/7 have recently been identified to work in
parallel with MST1/2 to activate LATS1/2.222* LATS1/2
phosphorylates the YAP S127 and TAZ S89 sites, creating
binding sites for interactions with the 14-3-3 protein,
leading to YAP/TAZ cytoplasm ubiquitylation and degra-
dation, thereby nullifying their functions as transcription
co-activators.'®!*2-4 Furthermore, GSK3 also phosphorylates
TAZ and induces it to the SCF(B-TrCP) E3 ubiquitin ligase,
leading to TAZ ubiquitylation and degradation.” In contrast,
when YAP and TAZ are not phosphorylated, they accumulate
in the nucleus acting as transcriptional co-repressor genes that
promote the expression of cell proliferation-related genes.?* 2
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Figure | Regulation of the core components of the Hippo signaling pathway.
Abbreviation: ER, estrogen receptor.

Therefore, the Hippo pathway is shown to negatively regulate
the activity of YAP/TAZ by triggering a phosphorylation
cascade (Figure 1). The Hippo pathway ultimately functions
to regulate cell growth and inhibit tumorgenesis.'

Crosstalk with other signaling
pathways

Extensive crosstalk between the Hippo pathway and other
signaling pathways makes up extremely complex cellular
signaling networks that collectively affect cell proliferation
and apoptosis. Interactions with the classic Wnt pathway as
well as mutations and increased stability of B-catenin have
been found to be driving forces behind the formation of
certain malignant tumors. The Hippo signaling pathway may
antagonize WNT signaling pathway, leading to the direct
combination of transcriptional co-activators YAP/TAZ and
[-catenin, thereby effectively allowing the Hippo pathway
to take on a significant role in regulating the nuclear location
of B-catenin.? In addition, the YAP-TEAD4-Smad3-p300
complex that arises due to Hippo pathway interactions with
TGF pathways has been reported to augment the expres-
sion of CTGF and promote the proliferation of malignant

mesothelioma cells and extracellular matrix deposition.*
Similarly, CTGF expression in hepatocellular carcinoma
(HCC) cells seems to be dependent on crosstalk with the
EGFR pathway.*! Therefore, the Hippo pathway has been
found to have roles in various pathological processes
involved in the development of breast cancer.

Recently, LATS has been discovered to directly interact
with estrogen receptor-o. (ER0) signaling for ubiquitina-
tion of ERa that results in Ddb1-cullin4-associated-factor 1
(DCAF1)-dependent ERo. ubiquitination and degradation.
Lack of LATS will increase the stability of ERo and YAP/
TAZ, suggesting that the Hippo pathway may also be able to
regulate the fate of breast cell. Moreover, decreased LATS
levels in patients are associated with reduced relapse-free
survival. Interestingly, this control of ERa is independent
of YAP/TAZ.* In addition, the expression of G-protein-
coupled estrogen receptor (GPER) plays a critical role that
mediates the Hippo/YAP/TAZ pathway in breast cancer.
GPER has been found to be positively associated with TAZ
expression in human invasive ductal carcinoma samples.*
HMG-CoA reductase is defined as a rate-limiting enzyme
of the mevalonate pathway and correlates with the nuclear
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expression and transcriptional responses of YAP/TAZ. The
mevalonate pathway is essential for the isoprenylation of
small guanosine triphosphate (GTP)-binding proteins such
as Ras and Rho. Inhibition of HMG-CoA reductase prevents
the growth and self-renewal of breast cancer cells through the
decreased transcriptional activity of YAP/TAZ.>* PD-L1, an
immune checkpoint molecule, has been recently identified
as a transcriptional target of the Hippo signaling pathway.
Studies have found that TAZ upregulates PD-L1 expression
by binding to the PD-L1 promoter through the TEAD family
of transcription factors, thereby disrupting the function of
T cells.*® Exercise-induced catecholamines have been reported
to be important for breast cancer cell development, including
suppression of cell growth and tumorigenesis. Incubation with
exercise-conditioned serum is able to induce phosphorylation
of YAP in MCF-7 cells. Accordingly, total protein levels of
YAP decreases through cytosolic sequestration.*® Functional

studies identified glucocorticoids as hormonal activators
target for YAP and increased YAP nuclear accumulation and
transcriptional activity in MDA-MB-231. Glucocorticoid
receptor (GR) activation was associated with bad prognosis
in human breast cancer basal-like subtype. Targeting GR to
prevent self-renewal of cancer stem cells and chemoresistance
may provide a novel potential therapeutic.’’

Role of Hippo pathway components

in breast cancer metastasis

Breast cancer is one of the most common malignant tumors in
women. As such, the molecular pathogenesis of breast cancer
has been heavily scrutinized to obtain a deeper understanding
of how to more effectively treat and manage this debilitating
condition. A dysfunctional Hippo pathway promotes breast
cancer metastasis through multiple mechanisms (Figure 2).
The Hippo core components play a pivotal role in metastatic
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Figure 2 The Hippo pathway regulates organ metastases by controlling cell proliferation, EMT, and immune evasion.

Abbreviation: EMT, epithelial-mesenchymal transition.
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breast tumor colonization in and outside breast tissue.*®
YAP deficiency reduces the incidence of lung metastasis
in a genetically engineered mouse model of breast cancer.
The presence of Ski effectively reduces lung metastasis in
TAZ-overexpressing breast cells.?** The Hippo pathway
also plays a role in breast cancer bone metastases, which
occur in up to 70% of patients with advanced breast cancer.
Phosphorylated HER3 Tyr1307 is able to methylate MST1
at the Lys59 site, leading to the activation of YAP/TAZ in
tumor cells, which ultimately promotes bone metastasis.*!
Bartucci et al** found that TAZ nuclear expression in bone
metastasis was significantly highly in comparison with its
cytoplasmic expression in primary tumors. In addition,
the hypoxic microenvironment present in bone marrow is
highly conducive for tumor infiltration. Hypoxic states are
characterized by the presence of hypoxia inducible factor
(HIF)-1a. Bendinelli et al reported that HIF-1ow interacts
with TAZ to stimulate breast cancer bone metastasis in a
hypoxic microenvironment.”* Nuclear HIF-1o. has been
found to be largely involved in the EMT in breast cancer
metastasis, and this molecule has been demonstrated to be
regulated by interactions between E-cadherin and Hippo
pathway factors.* Abelson tyrosine protein kinases (ABL)
elevate the expression of both TAZ and activator of transcrip-
tion 5 (STATS) that together work to promote breast-to-bone
metastasis.* Aberrations in the Hippo signaling pathway also
seem to confer increased chemoresistance to cancer cells.
In vitro cultured breast cancer stem cells show increased
chemoresistant properties and enhanced migratory potential
when compared with differentiated, non-tumor breast
cancer cells (dBCCs). Overexpression of TAZ in dBCCs
induced neoplastic transformation and increased migratory
activity. Conversely, the loss of TAZ in breast cancer stem
cells severely impeded the formation of metastatic colonies
and reduced chemoresistance.** Overexpression of TAZ
can increase resistance to taxols in the MCF10 breast cell
line. On the other hand, reduced TAZ expression seems to
downregulate the sensitivity of MDA-MB-231 breast cell
line to taxols.*” Notably, decreased sensitivity of tamoxifen
is associated with low YAP expression and is related to the
clinical outcome in luminal A subgroup of breast cancer.*
Notably, the upstream kinases of the Hippo pathway,
MST1/2 and LATS1/2, act as tumor suppressors that regulate
YAP phosphorylation.*>>® Further studies have found that
the decreased expression of LATS1 or LATS2 mRNA in
breast cancer tissues leads to increased tumor size and lymph
node metastasis and is negatively related to the presence
of estrogen and progesterone receptors.’! Several lines of

evidence suggest that the deletion or mutation of LATS1/2
leads to a more aggressive breast cancer phenotype that
shows enhanced invasive ability. Taken together, these
studies present convincing evidence that LATS1/2 may be
a novel target for anticancer treatment in breast cancer.>
However, less is known about the role of MST in breast
cancer metastasis. Existing studies suggest that high MST1
expression in MCF-7 breast cancer cells can inhibit cell
proliferation and promote cell apoptosis.>* Therefore, MST1
is also considered to be a tumor suppressor.

Interestingly, studies allude toward the oncogenic func-
tions of YAP. The potential carcinogenicity of YAP is related
to its hypophosphorylated state, which can increase the
expression of growth factors and apoptosis-inhibiting factors.
Inhibition of Hippo signaling results in YAP hypophospho-
rylation and its nuclear localization. In the nucleus, YAP
binds to transcription factors to increase the expression of
cyclin D1. However, cyclin E expression does not change.
Overexpression of YAP in MCF10A breast cell line can
induce EMT, which is associated with the upregulation of
fibronectin, vimentin, and N-cadherin and the downregula-
tion of E-cadherin and occludin. The activation of AKT and
ERK increases the ability of YAP to promote the prolifera-
tion of MCF10A cells in the absence of EGF.> Cells grown
at high density were less effective compared with low cell
density at invading an endothelial cell monolayer. Treatment
with verteporfin and YAP knockdown induced downregula-
tion of the cytokines IL6, IL8, and CXC1, CXC2, and CXC3
by inhibiting the activity of YAP and consequently inhibited
vascular invasiveness of breast cancer cells.”® These data
suggest that altered growth density of breast cancer cells
regulates their vascular invasion by LATS1-YAP in the Hippo
pathway. In addition, TAZ expression is positively associated
with EMT, tumorigenesis, tumor migration, and invasion in
breast cancer cells.’®’ TAZ is highly expressed in Hs578T,
BT-549, and MDA-MB-435S invasive breast cancer cell
lines and moderately expressed in MDA-MB-231 cells.™®
Wang et al found that Twist upregulated the expression of
PARI1, would inhibit TAZ phosphorylation, and increases
TAZ activity. TAZ depletion suppressed transendothelial
invasion of T47D breast cancer cells.”

In contrast to its oncogenic activity of YAP/TAZ in the
development of breast cancer and tumorigenesis, there is a
school of thought that believes that YAP/TAZ may also pos-
sess crucial tumor suppressive role in human oncogenesis.*
Yuan et al® reported that immunohistochemical assay of
breast tissues revealed significant nuclear YAP expression
in normal breast tissues, with YAP expression being low or
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even absent in cancer tissues. Similar findings were reported
by Jaramillo-Rodriguez et al.®> YAP expression is weak in
luminal epithelial cells. Knockdown of YAP promotes cell
migration, invasion, and tumor growth.®' Similarly, Tufail
et al suggested that reduced expression of YAP is negatively
associated with the presence of estrogen and progesterone
receptors in invasive breast carcinomas.® YAP1 interacts with
the p53 family member p73 to mediate the nuclear stability of
p73, which leads to the expression of apoptotic genes.*

In addition, research examining the relationship between
the expression of Hippo pathway factors and clinical out-
comes of breast cancer hints toward their potential to function
as predictive clinical biomarkers in breast cancer patients.
Immunohistochemistry investigations in 69 breast cancer
samples revealed that 75.4% of clinical breast cancer samples
demonstrated elevated YAP expressions, with 29% of these
cases showing high expressions of YAP. However, 24.6% of
these breast cancer samples demonstrated no YAP expression.
It has been suggested that overexpression of YAP correlates
with tumor formation and growth.% Immunohistochemistry
analysis of TAZ expression in 640 invasive breast carcinoma
samples that comprised estrogen and progesterone receptor-
positive (ER+/PR+), HER2-positive and triple-negative (TN)
tumors suggested that TAZ expression was significantly
associated with the TN phenotype (60.5% TAZ-positive,
P<0.001). Similarly, other studies have reported high TAZ
expression in the HER2-positive, luminal B, and TN breast
cancer.*% TAZ was highly expressed in 90% of breast
carcinomas with EMT. An increased proportion of patients
whose tumors strongly expressed TAZ experienced higher
rates of tumor recurrence and worse survival outcomes.
YAP/TAZ acts as an oncogene in different subtypes of breast
cancer.” The risk of residual disease in HER2-positive or TN
breast cancer patients after receiving neoadjuvant therapy
has been shown to be related to the subcellular location
of both pMST1/2 and TAZ. Patients with strong TAZ and
MST1/2 nuclear expressions showed poorer clinical out-
comes after neoadjuvant therapy. Conversely, the colocal-
ization of cytoplasmic pMST1/2 and TAZ is likely to be a
protective factor in the Hippo pathway. Therefore, MST1/2
may function as a potential predictive biomarker in HER2-
positive and TN breast cancer patients.”" The expression of
TAZ/YAP was associated with inferior survival in male breast
cancer patients.”” The above studies support the notion that
TAZ/YAP expression is correlated with tumor metastasis
and patient outcomes. TAZ/YAP has been found to regulate
cell proliferation, migration, metastasis, EMT, resistance to
chemotherapy, and CSCs at the preclinical research level.

Future challenges and conclusion

The critical role of core components in Hippo signaling is
supported by the overwhelming preclinical research and
clinical analysis in the development of breast cancer. Both
YAP and TAZ promote breast cancer cell proliferation, EMT,
tumor growth, and drug resistance. The expression of YAP/
TAZ was also linked to patients’ survival outcomes. Thus,
the components of the Hippo pathway can serve as predictive
biomarkers and as therapeutic targets for the treatment and
management of breast cancer.

Verteporfin is an antagonist of YAP-TEAD transcriptional
activity by competitively binding to YAP and abrogating
the interaction of YAP with TEAD. Several studies found
that verteporfin downregulated the transcriptional activity
of YAP, which, in turn, inhibited the YAP-induced breast
tumorigenesis.”>’ In addition, VGLL4 was recently identified
as an inhibitor of YAP/TAZ-TEAD complex by competing
with YAP/TAZ for TEAD binding.” Statins have been used
to target HMG-CoA reductase and inhibit the activity of
Rho GTPases. Treatment with statins induces the inhibition
of YAP and TAZ by increasing the activity of LATS1/2
and consequently inhibiting breast cancer cell migration
and invasion.** In a recent work by Moroishi et al, it has
been found that the loss of LATS1/2 in breast cancer cells
inhibits breast tumor growth by enhancing antitumor immune
responses, suggesting that targeting LATS1/2 is an attrac-
tive strategy for cancer immunotherapy.’ Kinase inhibitors
would be an exciting therapeutic approach for breast cancer.
However, pharmacological studies for TAZ/YAP inhibi-
tion and the complex mechanism of LATS1/2 inhibition
are still lacking. Thus, it may be challenging to explore the
therapeutic potentials of the Hippo pathway in breast cancer.
TAZ and PD-L1 are highly expressed in TN breast cancers.”
Furthermore, human anti-PD-L1 IgG1 antibody was applied
to TN breast cancer patients in clinical trials. The investiga-
tion is still ongoing.”® There is an urgent need to develop an
inhibitor of TAZ for immunotherapy. It is noteworthy that
targeting the Hippo pathway components for breast cancer
treatment has important clinical implications.”

The relationship between YAP/TAZ expression and
different breast cancer subtypes still remain unclear, with
different subtypes exhibiting varying YAP/TAZ expression
levels. It has been suggested that YAP is able to function as
either an oncogenic cancer gene or a tumor suppressor gene
depending on the specific internal environment that is dictated
by different subtypes of breast cancer. Several upstream com-
ponents and downstream target genes of Hippo pathway are
also intricately involved in the pathogenic process of breast
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cancer metastasis. Nevertheless, more research is necessary
to further identify factors that remain unknown. In addition,
Hippo crosstalk with other cellular signaling pathways which
can reveal important information on the overall regulation of
breast cancer tumorigenesis and metastasis is not well under-
stood and would benefit from more in-depth research.

In conclusion, the Hippo pathway plays an undeni-
ably important role in breast cancer, based on converging
evidence from both clinical and experimental investiga-
tions. The future of breast cancer metastasis management
would benefit tremendously from additional scrutinization
of the Hippo pathway, which will pave the way for the
development of more accurate prognosticating markers and
treatment targets.
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