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ABSTRACT: A new trend in anti-cancer treatments through the disruption of the YAP-TEAD protein-protein interaction
complex is recognized. YAP has been tipped as a key modulator of the Hippo signaling pathway. Binding of YAP to
its transcription factor TEAD can lead to disease progression as it drives cell-proliferation and triggers anti-apoptosis
signaling. Recent studies have uncovered promising activities of various small molecules for regulating components
of the Hippo signaling pathway. By using a structural elucidation and computational approach, some small molecules
are able to bind on the YAP-TEAD interaction interface and inhibit the Hippo pathway. This review highlights our
current understanding of how natural and synthetic molecules regulate Hippo signaling activity and suggests how
phytochemical compounds available today can target the YAP-TEAD protein interaction complex to eradicate cancer

cells.
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INTRODUCTION

Phytochemicals are compounds produced by plants,
vegetables, grains, beans, and fruits. These com-
pounds are regarded as important medicinal prod-
ucts that provide health benefits in humans. Gener-
ally, phytochemicals are classified into two groups:
primary compounds (i.e., chlorophyll, proteins, and
sugars) and secondary compounds (i.e., terpenoids,
alkaloids, flavonoids, and phenolic) [1]. Some of
these phytochemicals, especially secondary com-
pounds, display a cytoprotection effect and safe-
guard the cells against cancer-causing damages
[1-3]. However, insight into the mechanism af-
fected by phytochemicals such as cell protection and
anti-cancer properties is not well understood.
Synthetic small molecules have been synthe-
sized to target cancer cells. Many of these molecules
are used as therapeutic drugs to treat cancer. For
example, tamoxifen is used to treat breast cancer [4]
and cytarabine to cure acute myeloid leukemia [5].
However, several small molecules are still being
examined for anti-cancer activity as researchers at-
tempt to identify the molecular mechanism under-
lying their mode of action. In fact, small molecules

can act differently in the oncogenic gene/proteins
depending on their chemical properties and struc-
tures. However, small molecules that can disrupt the
protein-protein interaction complex are ideal as they
can potentially inhibit binding of oncogenic proteins
to their transcription factor(s) and hence make them
inactive.

The Hippo (hpo) gene plays a crucial role in
regulating Drosophila cell proliferation and apop-
tosis and was first identified in 1995 [6,7]. Later,
proteins involved in regulating the expression and
function of the hpo gene were identified (i.e., Wart,
Scallop, Yokie). These proteins work together to
orchestrate functions of the cells, particularly cell
proliferation and apoptosis, through a cell-contact
inhibition mechanism later described as the Hippo
signaling pathway. After the Hippo signaling path-
way in Drosophila was identified, more studies
were carried out in other animal species, includ-
ing humans. The result revealed the evolutionary
conservation of Hippo signaling among Drosophila,
human, and other mammals such as mice, pig, and
companion animals such as felines and canines [8].
Not only was the signaling cascade highly conserved
in species, the functional redundancy of the Hippo’s
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component proteins was also demonstrated, such
as the ability of the human LATS1/2 to rescue the
mouse Latl/2 deficient phenotype [9]. Although
Hippo components and functions may have deep
evolutionary roots, several comparative analyses
have recently traced hippo components in an an-
cestor species and revealed its role in regulating
the growth of cnidarians, bilaterians, non-metazoan
and unicellular organisms. Despite having only one
or two Hippo pathway components, their functions
in unicellular organisms are conserved compared to
those corresponded in humans [10].

As the Hippo pathway can regulate several bi-
ological processes, including cellular and immune
homeostasis, regeneration and repair, and cancer
development, it has become a central focus point
in both basic and translational research. The dys-
regulation of the Hippo component proteins leads
to a variety of misregulations in transcription mech-
anism, unlimited cell proliferation, and tumorige-
nesis. Multiple efforts to target key regulators of
the Hippo pathway for cancer treatment have been
reported. These are associated with the targeting of
key effector proteins, including YAP/TAZ and TEAD
interactions [11].

In this review, we highlight the latest research
on natural products, with a focus on phytochemical
compounds that target Hippo component proteins
in various types of cancers. In addition, binding
of a compound to a pocket of YAP-TEAD protein
complex was demonstrated. We believe this review
can help researchers design new drugs targeting the
Hippo signaling pathway using natural compounds
as therapeutic agents for cancer therapy.

HIPPO SIGNALING CASCADE

In mammalian systems, the hippo pathway con-
tains four core components that regulate through
phosphorylation, namely mammalian STE20-like ki-
nase (MST), large tumor suppressor kinase (LATS),
scaffold protein Salvador homolog 1 (SAV1), and
MOB kinase activator 1 (MOB1) (Fig. 1). When
the Hippo pathway is on, MST1/2 kinase is au-
tomatically activated by auto-phosphorylation and
forms a complex with SAV1. The activated MST1/2
subsequently phosphorylates and activates LATS1/2
and MOBI1. In turn, the activated LATS1/2 phospho-
rylates the yes-associated protein (YAP) and WW
domain-containing transcription regulator protein
1 (TAZ). Phosphorylation of YAP and TAZ inhibits
their nuclear translocation via 14-3-3 binding and
promotes proteasome-dependent degradation. On
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Fig. 1 Overview of the Hippo signaling pathway in
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the contrary, un-phosphorylated YAP localizes in
the nucleus and binds with TEAD1-4 transcription
factors, initiating the transcription of genes required
in cell proliferation and survival.

DYSREGULATION OF HIPPO SIGNALING
CASCADE RESULTS IN CANCERS

The Hippo signaling pathway is emerging as a tu-
mor suppressing method in which dysregulation
enhances the activation of various target onco-
genes, leading to hyperproliferation, migration,
anti-apoptosis, and chemotherapeutic resistance to
various cancer cells such as lung cancer [12-14]],
ovarian cancer [15], breast cancer [16,17] and
colorectal cancer [18]. Up-regulation of YAP and/or
TAZ is often identified in solid cancers, so YAP and
TAZ are regarded as potent oncogenes in several
types of cancers. However, their role in hemato-
logic malignancies is controversial. While loss of
upstream Hippo component core kinases and up-
regulation of YAP has been noted in leukemia and
lymphomas [19, 20], the expression of YAP induces
apoptosis in multiple myeloma through the induc-
tion of the Abll-dependent DNA damage mecha-
nism [21], which works against the oncogenic role
of YAP and TAZ in some hematological malignan-
cies.

NATURAL COMPOUNDS TARGETING THE HIPPO
SIGNALING PATHWAY

There is evidence that many natural compounds
derived from plants, such as flavonoids, stilbenoids,
and alkaloids, can modulate the expression at both
the mRNA and protein levels and the phosphory-
lation of some Hippo signaling components such
as MST1/2, LAST1/2, YAB and TAZ (Table 1).
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Table 1 Natural compounds that target the Hippo signaling pathway.
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Compound

Structure

Cell line/Mechanism

Ref.

Fisetin

In human osteosarcoma cells

- Increase phosphorylation of MST1/2, LATS2, and YAP via ZAKa activation
In human MSC and SaOs-2 cells

— Decrease expression of YAP at the protein level

— Inhibit proliferation, migration, and osteogenic differentiation

[38]

(28]

Quercetin

In mouse glomerular mesangial cells

— Inhibit high glucose-induced MC proliferation

— Increase the phosphorylation level of MST1 and LATS1

— Reduce the expression of nuclear YAP and YAP-TEAD complex induced by high
glucose levels

[39]

Liquiritigenin

In human HSC cells

— Increase phosphorylation of LATS1 and YAP
— Prevent translocation of YAP to the nucleus
— Suppress the expression of TGF-f1/Smad

[40]

Luteolin

In human and mouse TNBC cells

— Induce phosphorylation and degradation of YAP/TAZ

— Reduce transcriptional activity and nuclear translocation of YAP/TAZ
— Suppress the migration of TNBC cells

[41]

Epigallocatechin-
3-gallate

In mouse myoblast cells

- Increase myogenic differentiation

— Reduce phosphorylation of TAZ and LATS1, not MST1/2
— Increase translocation of TAZ to nucleus

In Tongue squamous cell carcinoma

— Decrease LATS1 and MOB1 protein levels

— Reduce the total level of TAZ and phosphorylated TAZ

[29]

[42]

Naringin

In human endothelial cells
— Restore ox-LDL-induced YAP down-regulation and apoptosis

[43]

Resveratrol

In human pancreatic cancer cells

— Suppress cell proliferation and induce apoptosis

— Decrease expression of YAP at the mRNA and protein levels

- Increase phosphorylation level of YAP

— Decrease translocation of YAP to the nucleus

In human breast cancer cells

— Decrease the expression of YAP target genes, including AREG, CTGF and CYR61
— Inactivate RhoA, leading to activation of LATS1 and induction of YAP phosphoryla-
tion

In human thyroid FTC238 cells

— Increase expression of phosphorylated MST1/2, LATS1, and YAP

— Decrease nuclear YAP and TAZ expression

[44]

[45]

[46]

Emodin

In human HepG2 cells
— Induce the phosphorylation of LATS1 and YAP
— Increase expression of YAB LATS1, and MOB1B at the mRNA level

[31]

Decursin

In human HepG2 cells

— Decrease total protein level of YAR but not its mRNA

— Increase phosphorylation level of YAP and LATS1, which inhibits nuclear transloca-
tion of YAP

— Suppress the growth and arrest the cell cycle but promote cell apoptosis

[32]

Matrine

Human SW480 colorectal cancer cells
- Increase expression of LATS2 at the protein level
— Inhibit cell viability

[35]

Sophoridine

In human lung cancer cells

— Suppress proliferation, colony formation, and migration of lung cancer cells

- Increase expression of LATS1/2, MST1/2, and phosphorylated YAP

— Downregulate the expression of some Hippo pathway target genes such as CYR61,
CDX2, FOXM1, c-MYC, and VEGF at the mRNA level

[36]

Tetrandrine

HiC,
O CH;CHy
0 o

0,
0 CH;

3

In human neuroblastoma cells

— Inhibit proliferation and induce apoptosis

— Increase phosphorylation level of LATS1/2 and YAP
— Decrease translocation of YAP to nucleus

— Decrease expression of YAP at the protein level

[37]
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Flavonoids and stilbenoids are plant polyphenols
that play an essential role in plants’ defensive re-
sponse [2, 3]. They possess antioxidants, antibacte-
rial, antiviral, anti-allergic, and anti-inflammatory
properties [22-24] and are known as anticancer
agents that modulate a variety of signal transduc-
tion pathways in cancer cells [25-27]. Various
researchers have demonstrated that flavonoids (i.e.,
fisetin, quercetin, liquiritigenin, luteolin, naringin)
and stilbenoids (i.e., resveratrol) can inhibit the pro-
liferation, migration, and differentiation of cancer
cells and induce cell apoptosis. In the case of the
Hippo signaling pathway, flavonoids and stilbenoids
increase the phosphorylated form of upstream com-
ponents of YAB such as MST1/2 and LATS1. This
consequently decreases the phosphorylation and nu-
clear translocation of YAP and TAZ. In addition, a
recent study demonstrated that flavonoids might
play a role as YAP-TEAD complex disruptors that
bind to the YAP-TEAD interaction interface [28].
Nevertheless, epigallocatechin-3-gallate, the main
flavonoid in green tea, has the reverse effect in
mouse myoblasts. This compound significantly re-
duces phosphorylation levels of LATS1 and TAZ (not
MST1/2) and increases the nuclear translocation of
TAZ and myogenic differentiation [29].

Emodin, a natural anthraquinone found in sev-
eral Chinese herbs, has a broad spectrum of bi-
ological functions such as antiviral, antibacterial,
anti-allergic, anti-osteoporotic, anti-diabetic, and
anti-inflammatory activities [30]. A recent study
showed that emodin can attenuate oxidative dam-
age in the hepatocyte cell line and in mice via the
activation of the AMPK and Hippo signaling path-
ways. This compound increases phosphorylation
of LATS1 and YAB and induces mRNA expression
of several genes targeting signaling of the AMPK
and Hippo pathways such as Prkaal (AMP-activated
protein kinase catalytic subunit a-1), YAB LATS1,
and MOB1B [31]. Likewise, decursin, a compound
isolated from the root of the Korean Dang Gui, can
also induce phosphorylation of LATS1 and YABE and
decrease expression of YAP at the protein level (but
not mRNA) [32]. This inhibits the growth of HepG2
liver cancer cells by suppressing cell proliferation,
arresting the cell cycle, and promoting apoptosis.

Alkaloids are another class of natural com-
pounds that have shown promising anticancer ac-
tivity and been developed into anticancer drugs
[33,34]. The mechanisms responsible for the an-
ticancer effects of some alkaloids have been pro-
posed, including the Hippo signaling pathway. Al-
kaloids play an important role in the expression and
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phosphorylation of some Hippo signaling proteins.
For example, matrine induces protein expression
of LATS2 [35]; sophoridine induces protein expres-
sion of both LATS1/2, MST1/2, and phosphorylated
YAP [36]; tetrandrine suppresses expression of YAB
induces the phosphorylation of LATS1/2 and YAB
and decreases nuclear translocation of YAP [37].
Taken together, various natural compounds can in-
hibit oncogenic transcriptional programs.

DISRUPTION OF YAP-TEAD COMPLEX BY SMALL
MOLECULES

The TEAD family of transcription factors are known
as the transcriptional output of the Hippo signaling
pathway. They consist of four isoforms (TEAD1-4
in humans) that share similar domain architecture
[47,48]. TEADs must pair with YAP/TAZ to regulate
transcription. Disruption of YAP-TEAD association
can suppress oncogenesis and the expression of
downstream genes involved in cell proliferation and
cell death. A number of studies show that some
small molecules can specifically bind to the YAP-
TEAD interaction interface and reduce their affinity,
resulting in reduction of YAP activity. Verteporfin
is a well-known example of YAP-TEAD interaction
disruptors [49-51]. Structural determination of
the YAP-TEAD complex provides clear and detailed
insight into the interaction [52-55]. The N-terminal
of YAP interacts with TEAD and forms three interac-
tion interfaces (Fig. 2).

Interface 1 is mediated by intermolecular hydro-
gen bonds between the backbones of YAP p1 and
TEAD 7. In comparison to the other two interfaces,
this type has poor binding affinity [53]. Interface
2 is formed when a-helix of YAP positions into the
helix-turn-helix pocket of TEAD. The hydrophobic
leucine residues of YAP are key contact residues.
Small molecules and peptides specifically bind to
TEAD at this interaction interface (Fig. 2) [56,57].
Interface 3 is the most significant in YAP-TEAD
interaction and it alone is sufficient for complex
formation [53]. At this interface, YAP forms a struc-
ture that resembles the Greek letter 2, and three
hydrophobic residues (M86, L91, and F95 in human
YAP) fit into the pocket on the TEAD interface.
TEAD residues that form this interaction are highly
conserved and therefore, it is challenging to design a
peptide that selectively binds at this interface. Small
molecules, such as flufenamic acid [58], triazole
carbohydrazide derivative [59], and compound 3
and 3.1 [60], can inhibit Hippo activity by occupying
the pocket 3 interface on TEAD (Fig. 2).

Besides the TEAD interface, TEAD also contains
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a hydrophobic pocket that is possibly occupied by
small molecules. One end of the pocket is solvent-
exposed, while the other end extends into the in-
terior and binds to palmitate (Fig. 3). Noland and
colleagues reported that palmitoylation is required
for proper TEAD folding and stability [61]. Some
small molecules specifically bind to this pocket to
inhibit palmitoylation and YAP-TEAD interaction
[58,62-65].

CONCLUSION AND FUTURE PERSPECTIVES

A number of pharmacological compounds such as
synthetic small molecules, synthetic peptides, and

food or plant-derived natural compounds are being
studied for their therapeutic potential, especially
for cancer treatment. Hippo signaling is now re-
garded as an oncogenic pathway and has become
a promising target for the treatment of both solid
and hematologic cancers.

Medicinal recipes using herbs and natural com-
pounds for cancer prevention has been routine prac-
tice for those with health concerns. Given that
targeting the Hippo signaling pathway is a prospec-
tive anti-cancer treatment, discovering natural com-
pounds targeting YAP-TEAD activity is necessary for
the development of natural compound-based cancer
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therapy.

It is important to note that YAP is a dual function
protein. Contradicting findings that define YAP as
an oncogene, some studies have shown the tumor
suppressive function of YAP (i.e., expression of YAP
induces apoptosis in multiple myeloma, loss of YAP
protecting breast cancer cells from anoikis, and
ability to induce cell death in head and neck cancer
cells). Therefore, it is important to pay attention
to the molecular mechanisms that dictate YAP/TAZ
functions, either as an oncogene or a tumor suppres-
sor in the particular cell type. This clarification is
important for the selection of natural compounds for
anti-cancer treatment when considering YAP/TAZ-
targeted therapies. Such understanding could also
lead to the development of diet therapy programs
for disease prevention in the future.
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