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Abstract. Breast cancer is the most common type of cancer 
among women worldwide. The Hippo signaling pathway 
is strongly associated with cell proliferation, migration, 
invasion, metastasis and resistance to breast cancer treatment. 
The upstream factors involved in the Hippo signaling 
pathway, including mammalian Ste20 kinases 1/2, large 
tumor suppressor kinases 1/2 and transcription coactivator 
Yes‑associated protein (YAP)/transcriptional coactivator with 
PDZ‑binding motif (TAZ), have been extensively studied 
as they are considered therapeutic targets for breast cancer. 
Recently, it has been suggested that the transcriptional 
enhancer factor domain (TEAD) family of transcription 
factors, particularly TEAD4, plays an important role in breast 
cancer. TEADs interact with YAP/TAZ to act as transcription 
factors. Notably, recent studies have demonstrated that TEAD4 
may also function in a YAP/TAZ‑independent manner and 
serve as a prognostic marker for breast cancer. The present 
review summarizes the current research on the effect of the 
aberrant activation of the Hippo signaling pathway on breast 
cancer progression. Furthermore, the latest advances on the 
role of the TEAD family in breast cancer are highlighted, 
and the role of TEAD4 as a potential target for therapeutic 
intervention in breast cancer is discussed.
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1. Introduction

In women, breast cancer is the most diagnosed cancer 
(24.5% of total cases), followed by colorectal (9.4%) and lung 
(8.4%) cancers (1). Breast cancer is also the leading cause of 
cancer‑associated mortality (15.5% of total cancer‑associated 
mortalities) among females, followed by lung (13.7%) and 
colorectal (9.5%) cancers (1). Currently, chemotherapy and 
surgery are the main treatment approaches for breast cancer. 
However, the recurrence and chemoresistance of breast cancer 
are obstacles to its treatment, and the molecular mechanism 
underlying these phenomena remain unclear (2). Using a single 
biomarker is insufficient in adequately assessing tumor growth, 
thus, identifying the molecular mechanisms underlying tumor 
growth and cell proliferation, through multiple signaling 
pathways consisting of a set of core regulatory elements, may 
be more effective.

The Hippo signaling pathway, a novel and evolutionarily 
conserved tumor suppression pathway first discovered 
in Drosophila, regulates tissue growth and organ size by 
attenuating cell proliferation and simultaneously promoting 
cell death (3). In humans, the core Hippo pathway consists 
of the scaffold protein merlin, encoded by the neurofibro‑
matosis type 2 (NF2) gene, KIBRA protein, WW and the 
C2 domain containing 1 (WWC1) gene and a cascade of 
kinases, including the upstream sterile 20‑like kinase 1 and 2 
(MST1/2), the cofactor Salvador homologue 1 (SAV1), MOB 
kinase activator 1A and B (MOB1A/B), and the downstream 
large tumor suppressors 1 and 2 (LATS1/2). In response to 
high cell density, NF2 and WWC1 activate the Hippo signaling 
pathway by binding to LATS1/2 to facilitate their activation 
by MST1/2 (4,5). Subsequently, MST1/2 binds to SAV1 to 
form an enzymatic complex that phosphorylates and activates 
LATS1/2 kinases and their MOB1A/B regulatory subunits. 
LATS1/2 phosphorylates the transcriptionalcoactivator 
Yes‑associated protein (YAP) and WW domain‑containing 
transcription regulator protein 1, also known as transcriptional 
coactivator with PDZ‑binding motif (TAZ), which in turn 
translocate in the cytoplasm and are inactivated (6). In cancer, 
the Hippo signaling pathway is abnormally inactivated, thus, 
LATS1/2 is not activated. Following nuclear translocation, 
the YAP/TAZ complex binds to the transcriptional enhancer 
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factor domain (TEAD)/TEF to activate the transcription of 
its target genes, including connective tissue growth factor 
(CTGF), cysteine‑rich angiogenic inducer 61 (CYR61), 
glioma‑associated oncogene family zinc finger 2 (Gli2) 
and amphiregulin (AREG), which in turn promote tumor 
cell proliferation and growth (5,7) (Fig. 1). Previous studies 
have demonstrated that the YAP/TAZ complex is often 
abnormally expressed in breast cancer, and its overactivation 
eventually leads to several tumor‑promoting processes, such as 
epithelial‑to‑mesenchymal transition(EMT), cancer stem cell 
generation and chemotherapy resistance (7,8).

The present review summarizes the current research on the 
key targets of the Hippo signaling pathway in the treatment of 
breast cancer. Furthermore, the latest advances on the role of 
the TEAD family in breast cancer are highlighted, and the role 
of TEAD4 as a potential target for therapeutic intervention in 
breast cancer is discussed.

2. Aberrant expression of various components of the Hippo 
signaling pathway in breast cancer

Increasing evidence suggests that the expression of the 
upstream kinases involved in the Hippo signaling pathway is 
consistent in different subtypes of breast cancer. For example, 
MST1 and MST2 expression levels are downregulated in 
human breast cancer tissues compared with normal breast 
tissues  (9). In addition, upregulated MST1 expression is 
associated with high overall survival and disease‑free survival 
rates, suggesting that MST1 functions as a tumor suppressor 
in breast cancer (10). Phosphorylation of MST1/2 (p‑MST1/2) 
promotes the proliferation and migration of MDA‑MB‑231 
cells (11), while the nuclear localization of p‑MST1/2 exhibits 
tumor suppressive effects in human epidermal growth 
factor receptor 2‑positive and triple‑negative breast cancer 
(TNBC) (12). The loss of LATS2 is associated with embryonic 
lethality in mouse embryos, and it was hypothesized that the 
embryonic lethality was caused by abnormal cell proliferation, 
mitotic defects and accumulated genomic instability; however, 
LATS1‑null mice survive. LATS1 and LATS2 are considered 
key regulators of cell fate as they modulate the functions of 
tumor suppressive effectors, which exert a highly conserved 
function during evolution (13).

In addition to the close association between the kinase 
chain of the Hippo signaling pathway and breast cancer 
progression, the transcription coactivators, YAP and TAZ, 
serve important roles in the occurrence and development of 
breast cancer (8,14,15). The activity of the YAP/TAZ complex 
is associated with high histological grade and breast cancer 
stem cell traits, and can induce multiple processes involved 
in tumor progression and metastasis of breast cancer (14‑16). 
In luminal type A breast cancer, low YAP1 expression is 
associated with a low recurrence‑free survival rate  (14); 
however, this expression trend is reversed in TNBC (15). In 
addition, the protein expression levels and activity of TAZ are 
elevated in prospective breast cancer stem cells and in poorly 
differentiated human tumors (16). Consistently, overexpres‑
sion of TAZ in differentiated breast cancer cells can induce 
cell transformation and confer tumorigenicity and migratory 
ability (17). Nuclear TAZ expression is strongly associated 
with the TNBC subtype, which is further strengthened in the 

basal‑like subtype. Furthermore, 90% of breast carcinomas 
with morphological EMT features are TAZ‑positive  (18). 
The downstream effectors of TEAD transcription factors 
include the oncogenes, CYR61, CTGF, MYC, AREG and 
Gli2 (19‑23).

3. Upstream kinases as therapeutic targets for breast 
cancer

Gene and drug therapies can inhibit the development of 
breast cancer by affecting the expression of the MST1/2 
downstream kinases. It has been reported that Ras asso‑
ciation domain‑containing protein 6 (RASSF6), discs large 
homolog 5 (DLG5), microtubule affinity regulating kinase 
4 (MARK4) and meningioma‑associated protein (MAC30)
act on the Hippo signaling pathway MST1/2 upstream 
kinases  (24-26). Previous studies have demonstrated that 
RASSF6 (24) and DLG5 (25) can promote the phosphory‑
lation of MST1/2 and LATS1, and inhibit YAP expression. 
Conversely, MARK4 can bind and phosphorylate MST 
and SAV, and attenuate the formation of the MST‑SAV and 
LATS complexes in MDA‑MB‑231 cells (11). In addition, 
MAC30 inhibits MST1/2 and LATS1/2 expression levels in 
MDA‑MB‑157 and MDA‑MB‑231 cells (26). It has also been 
demonstrated that neoadjuvant therapy activates the nuclear 
localization of p‑MST1/2, resulting in tumor suppressive 
effects (12).

LATS1/2 are considered important kinases involved in 
the Hippo signaling pathway, thus, drug and gene therapies 
targeting LATS1/2 have been extensively studied (27‑29). 
Phospholipase D (PLD), phosphatidic acid (PA) and vascular 
endothelial growth factor (VEGF) can regulate the activity 
of LATS1/2. PLD activates PA, which in turn directly inter‑
acts with LATS to disrupt the formation of the LATS‑MOB1 
complex, thereby promoting the carcinogenic activity of 
YAP (27). Another study demonstrated that VEGF‑NRP2 
signaling can activate GTPase Rac1, which inhibits the 
Hippo kinase, LATS, and activates TAZ and stem‑like 
traits in MDA‑MB‑231 cells (28). Conversely, resveratrol 
phosphorylates and inactivates YAP by activating LATS1 in 
TNBC cells (29).

Kinases are regulated and activated by various genes, and 
are also degraded in cells. Protein kinases are degraded by 
E3 ubiquitin ligase and are deubiquitinated by deubiquiti‑
nating enzymes to maintain protein stability (30‑34). A study 
revealed that breast cancer type 1 susceptibility protein could 
turn ‘off’ the Hippo signaling pathway via ubiquitination 
of NF2 (30). Furthermore, NF2 can inhibit the interaction 
between the E3 ubiquitin ligase, CRL4DCAF1 and LATS1; 
however, when derepressed, CRL4DCAF1 can ubiquitylate 
and block LATS1/2 in the cell nucleus (31). Similarly, it has 
been reported that Itch, a HECT class E3 ubiquitin ligase, 
can form a complex with LATS1 in MDA‑MB‑231 cells 
through the PPxY motifs of LATS1 and the WW domains 
of Itch  (32). In addition, a study demonstrated that E3 
ubiquitin‑protein ligase seven in absentia homolog 2 desta‑
bilizes LATS2 in response to hypoxia (33). It has also been 
reported that deubiquitinase ubiquitin specific peptidase 9 
X‑linked strongly interacts with LATS kinase and enhances 
its stability (34).
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4. Transcriptional coactivators YAP/TAZ as therapeutic 
targets for breast cancer

Several studies have focused on the phosphorylation of 
YAP/TAZ, and the interaction between YAP/TAZ and TEAD 
to activate transcription of their target genes. It has been 
demonstrated that leukemia inhibitory factor receptor can 
promote YAP phosphorylation and its cytoplasmic retention, 
eventually resulting in YAP inactivation (35). Another study 
reported that the loss of FAT atypical cadherin 1 promotes 
the resistance of estrogen receptor (ER)‑positive breast cancer 
to cyclin‑dependent kinase (CDK) 4/6 inhibitors through the 
accumulation of YAP/TAZ transcription factors on the CDK6 
promoter (36). Similarly, the loss of Ca2+‑ATPase isoform 2 (37) 
and extracellular regulated protein kinase 1 (38) can activate 
YAP/TAZ expression. Τhe concept that regular exercise can 
prevent breast cancer is based on scientific evidence suggesting 
that the serum levels of catecholamines, including epinephrine 
and norepinephrine, increase following exercise, thus resulting 
in YAP1 phosphorylation and its cytoplasmic retention, 
eventually promoting its tumor suppressive effects (39).

The ubiquitination and deubiquitination of YAP/TAZ 
can also affect breast cancer development (40,41). A study 
demonstrated that YAP1 is polyubiquitinated and degraded 
by the E3 ubiquitin‑protein ligase, RNF187, thus acquiring 
tumor suppressive effects in TNBC  (40). In addition to 
ubiquitination and deubiquitination, SUMOylation is also 

considered a common modified degradation method. The 
ubiquitin thioesterase protein, OTUB2, was demonstrated to 
be poly‑SUMOlated on K233, thus allowing its binding with 
the YAP/TAZ complex, resulting in the deubiquitination and 
activation of the complex (41) (Table Ι).

5. TEAD4 as a promising target for breast cancer treatment

Although several studies have focused on investigating the 
therapeutic potential of the regulation of YAP phosphorylation 
and its nuclear localization (35,39), the regulation and function 
of the TEAD family have not been extensively studied. TEAD 
is an important transcription factor that binds to YAP/TAZ in 
the nucleus. The mammalian encoding TEAD family consists 
of four homologous genes, namely TEAD1‑4. Following 
binding of YAP to TEAD, it depends on the DNA binding 
domain of TEAD to initiate transcription of the downstream 
target genes (5,7,8). It has been demonstrated that the oncogenes, 
interleukin 6 (42), angiomotin (43) and activator protein‑1 (44) 
can promote the formation of the YAP/TAZ‑TEAD complex, 
and facilitate the proliferation and invasion of breast cancer 
cells. Furthermore, the YAP/TAZ‑TEAD complex increases 
programmed cell death 1 ligand 1 promoter activity to 
enhance the cell invasive ability and immune evasion in breast 
cancer (45). Notably, it has been reported that Ski activates 
the non‑classical Hippo signaling pathway by binding to 
the TAZ‑TEAD complex and recruiting the transcriptional 
repressor nuclear receptor corepressor 1 to the TAZ‑TEAD 
complex to inhibit TAZ transcription (46).

Previous studies have demonstrated that the TEAD family, 
particularly TEAD4, is upregulated in various tumor tissues, 
including gastric, colon, breast and prostate cancers, and is 
associated with poor prognosis (47‑49). TEAD1 and TEAD4 
play crucial roles in cancer by promoting tumor growth (50‑53). 
A study revealed that TEAD4 expression is upregulated in 
breast cancer, thus serving as a prognostic marker for breast 
cancer (50). In MCF‑7 cells, the YAP1‑TEAD4 complex binds 
to the enhancer region of ERα to activate the expression of 
the enhancer RNA transcription markers by recruiting the 
mediator complex subunit 1, a component of the enhancer acti‑
vation mechanism. ERα is subsequently activated by binding 
to the estrogen ligand 17b‑estradiol (E2), thereby regulating 
CTGF expression (51). Notably, complementation experiments 
using wild‑type TEAD4 and YAP‑binding mutant TEAD4, 
Y429H, demonstrated that both factors can reverse EMT, 
increase the expression levels of the mesenchymal marker 
vimentin, and enhance the cell invasive and migratory abilities 
in a YAP‑independent manner (52,53). Thus, nuclear TEAD4 
expression is considered a biomarker for colon cancer progres‑
sion and poor prognosis (52,53). It has also been reported that 
the activation of glucocorticoids promotes the interaction 
between glucocorticoid receptor and TEAD4, eventually 
resulting in the formation of a complex. This complex is 
subsequently recruited to the TEAD4 promoter to enhance 
its own expression and promote breast cancer stem cell‑like 
properties (54). Thus, TEAD4 knockdown can inhibit gluco‑
corticoid‑induced chemotherapy resistance in breast cancer, 
suggesting new properties of TEAD4 in breast cancer treat‑
ment (54). Analysis of the Hippo signaling pathway‑related 
differentially expressed genes between breast cancer tissues 

Figure 1. Hippo signaling pathway. In response to high cell density, NF2 
and WWC1 activate the Hippo signaling pathway by binding to LATS1/2 to 
facilitate their activation by MST1/2. In turn, MST1/2 bind to the cofactor, 
SAV1, to form an enzymatic complex that phosphorylates and activates 
the LATS1/2 kinases, and the MOB1A/B regulatory subunits of LAST1/2. 
Subsequently, LATS1/2 phosphorylate the transcriptional coactivators, YAP 
and TAZ, which in turn translocate in the cytoplasm and get inactivated. 
In cancer, the Hippo signaling is abnormally inactivated and LATS1/2 
are not activated by MST1/2. The YAP/TAZ complex translocates to the 
nucleus and binds with TEAD to activate the transcription of its target genes, 
including CTGF, CYR61, Gli2 and AREG. NF2, neurofibromatosis type 2; 
WWC1, WW And C2 domain containing 1 gene; LATS1/2, large tumor 
suppressors 1 and 2; MST1/2, upstream sterile 20‑like kinase 1 and 2; SAV1, 
Salvador homologue 1; MOB1A/B, MOB kinase activator 1A and B; YAP, 
Yes‑associated protein; TAZ, transcriptional coactivator with PDZ‑binding 
motif; TEAD, transcriptional enhancer factor domain; CTGF, connective 
tissue growth factor; CYR61, cysteine‑rich angiogenic inducer 61; Gli2, 
glioma‑associated oncogene family zinc finger 2; AREG, amphiregulin.
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and normal tissues revealed that only TEAD4 is overexpressed 
among all members of the TEAD family (Fig. 2Α). Notably, 
TEAD4 expression is upregulated in TNBC tissues compared 
with the normal breast tissues (Fig. 2Β). Taken together, these 
results suggest that the use of agents targeting TEAD4 and 

inhibiting the formation of the YAP/TAZ‑TEADs complex, 
exert promising results in in vitro experiments and animal 
models of different types of cancer. Thus, TEAD4 may be 
used as a potential target for the therapeutic intervention of 
tumors.

Table Ι. Gene and drug therapies targeting the Hippo signaling pathway.

Gene and drug therapies	 Hippo target	 Mechanisms	 (Refs.)

RASSF6, DLG5	 MST1/2 and LATS1	 Promotes the phosphorylation of MST1/2 and LATS1	 (24,25)
MARK4	 MST and SAV	 Weakens the formation of the MST‑SAV and LATS complex 	 (11)
MAC30	 MST1/2 and LATS1/2	 Attenuates MST1/2 and LATS1/2 levels	 (26)
Neoadjuvant therapy	 MST1/2	 Activates the nuclear localization of pMST1/2	 (12)
VEGF	 LATS1/2	 Activates GTPase Rac1, thereby inhibiting LATS	 (28)
Resveratrol	 LATS1	 Activates LATS1	 (29)
BRCA1	 NF2	 Contributes to the inactivation of the Hippo signaling pathway	 (30)
		  through NF2 ubiquitination	
CRL4DCAF1, Itch	 LATS1/2	 Ubiquitylates and inhibits LATS1/2	 (31)
SIAH2	 LATS1/2	 Inactivates LATS1/2 via proteases	 (33)
USP9X	 LATS	 Interacts with LATS kinase and enhances the stability of LATS	 (34)
LIFR	 YAP	 Promotes YAP phosphorylation and cytoplasmic retention	 (35)
FAT1	 YAP/TAZ	 The loss of FAT1 promotes YAP/TAZ expression	 (36)
SPCA2, ERK1	 YAP/TAZ	 Activates YAP/TAZ expression	 (37,38)
EPI and NE	 YAP1	 Through YAP1 phosphorylation and cytoplasmic retention	 (39)
RNF187	 YAP1	 Polyubiquitinates and degrades YAP1	 (40)
OTUB2	 YAP/TAZ	 Deubiquitinates and activates YAP/TAZ	 (41)

RASSF6, Ras association domain‑containing protein 6; DLG5, discs large homolog 5; MARK4, microtubule affinity regulating Kinase 4; 
MAC30, meningioma‑associated protein; VEGF, vascular endothelial growth factor; BRCA1, breast cancer type 1 susceptibility protein; LIFR, 
leukemia inhibitory factor receptor; FAT1, FAT atypical cadherin 1; SPCA2, Ca2+‑ATPase isoform 2; ERK1, extracellular regulated protein 
kinase 1; EPI, epinephrine; NE, norepinephrine; MST1/2, upstream sterile 20‑like kinase 1 and 2; LATS1/2, large tumor suppressors 1 and 2; YAP, 
Yes‑associated protein; TAZ, transcriptional coactivator with PDZ‑binding motif; SAV, Salvador homologue; NF2, neurofibromatosis type 2.

Figure 2. Volcano maps of the Hippo signaling pathway‑related differentially expressed genes in (A) Breast cancer tissues vs. normal tissues (B) TNBC 
tissues vs. normal tissues. Red dots represent upregulatedgenes, while blue dots represent downregulated genes in breast cancer or TNBC. Gray dots indicate 
fold‑change <2 or no statistically significant difference. TNBC, triple‑negative breast cancer; TEAD, transcriptional enhancer factor domain.
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6. Conclusions

Breast cancer is the most common type of cancer and the leading 
cause of cancer‑associated mortality among women worldwide. 
The treatment of breast cancer has gained significant global 
attention. The Hippo signaling pathway includes a cascade of 
signals that control tissue growth and organ size by attenuating 
cell proliferation and promoting cell death. When the Hippo 
signaling pathway is activated, the transcriptional activity of 
its target genes, which exert a pivotal effect on carcinogenesis, 
is repressed. Conversely, when the Hippo signaling pathway is 
aberrantly inactivated, the transcriptional activity of its target 
genes is enhanced, resulting in uncontrolled cell proliferation.

With regards to the upstream kinase cascade in the 
Hippo signaling pathway, the expression of oncogenes, tumor 
suppressor genes, as well as the ubiquitinating and deubiq‑
uitinating modifications can disrupt the function of these 
cascades, eventually affecting the human body. Increasing 
evidence suggest that the transcriptional coactivators, YAP 
and TAZ, serve important role in the Hippo signaling pathway. 
Studies on the regulation of the phosphorylation and nuclear 
localization of YAP/TAZ confirm that these coactivators play 
a key role in the development of breast cancer.

The TEAD family is the most important family of 
transcription factors for the transcription of YAP/TAZ 
coactivators. It is generally accepted that following YAP/TAZ 
activation, the transcriptional activity of TEADs increases. 
Notably, it has been reported that the function of TEADs is 
independent of YAP/TAZ. TCGA database analysis revealed 
that among the members of the TEAD family, TEAD4 expres‑
sion is significantly upregulated in breast cancer, particularly in 
TNBC tissues compared with normal breast tissues. In conclu‑
sion, TEAD4 may act as a potential target for the treatment of 
breast cancer by targeting the Hippo signaling pathway.
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