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Abstract Hypoxia is a common feature of solid tumors. As transcription factors, hypoxia-inducible factors

(HIFs) are the master regulators of the hypoxic microenvironment; their target genes function in tumorigen-

esis and tumor development. Intriguingly, both yes-associated protein (YAP) and its paralog transcriptional

coactivator with a PDZ-binding motif (TAZ) play fundamental roles in the malignant progression of hypoxic

tumors. As downstream effectors of the mammalian Hippo pathway, YAP and/or TAZ (YAP/TAZ) are phos-

phorylated and sequestered in the cytoplasm by the large tumor suppressor kinase 1/2 (LATS1/2)-MOB ki-

nase activator 1 (MOB1) complex, which restricts the transcriptional activity of YAP/TAZ. However,

dephosphorylated YAP/TAZ have the ability to translocate to the nucleus where they induce transcription

of target genes, most of which are closely related to cancer. Herein we review the tumor-related signaling

crosstalk between YAP/TAZ and hypoxia, describe current agents and therapeutic strategies targeting the hyp-

oxiaeYAP/TAZ axis, and highlight questions that might have a potential impact in the future.

ª 2020 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
82028401; fax: þ86 571 88208400.

(Hong Zhu).

te of Materia Medica,Chinese Academy of Medical Sciences and Chinese Pharmaceutical Association.

al Association and Institute of Materia Medica, Chinese Academy of Medical Sciences. Production and hosting

rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:hongzhu@zju.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsb.2019.12.010&domain=pdf
https://doi.org/10.1016/j.apsb.2019.12.010
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.elsevier.com/locate/apsb
http://www.sciencedirect.com
https://doi.org/10.1016/j.apsb.2019.12.010
https://doi.org/10.1016/j.apsb.2019.12.010


948 Chenxi Zhao et al.
1. Introduction

A hypoxic microenvironment is a common feature of most solid
tumors. In response to oxygen deprivation, tumors activate genes
involved in processes such as angiogenesis, cell survival, cell
proliferation, and glucose metabolism1. This hypoxia phenome-
non indicates that hypoxia-targeting strategies are attractive for
cancer therapy. In the past few years, studies on signaling in
response to hypoxia have been centered on hypoxia-inducible
factors (HIFs)2e4, the unfolded protein response (UPR)5, and the
mTOR pathway6e9. Among them, HIFs are critical hallmarks of
hypoxia. Under normoxia, HIF1A and HIF2A (HIF1A/HIF2A) are
hydroxylated by prolyl hydroxylase domain-containing proteins
(PHDs) at two different prolines (P402 and P564 of HIF1A; P405
and P531 of HIF2A). The hydroxylation of prolines recruits
the von Hippel-Lindau tumor suppressor (VHL, an ubiquitin
E3 ligase) and marks HIF1A/HIF2A to degradation via the
ubiquitineproteasome pathway. Meanwhile, the hydroxylation of
the asparagines (N803 of HIF1A; N847 of HIF2A) by the factor
inhibiting HIF1 (FIH1) suppresses transcriptional activation of
HIFs by blocking the interaction between HIF1A/HIF2A and
coactivators, such as P300 and the CREB binding protein (CBP).
However, the hydroxylation of HIF1A/HIF2A is attenuated under
hypoxia, which confers HIF1A/HIF2A stability. Subsequently,
HIF1A/HIF2A translocates to the nucleus and dimerize with
HIF1B to form functional complexes. The complexes can bind to
the hypoxia response elements (HRE) of target genes (vascular
endothelial growth factor A, VEGFA; insulin like growth factor 1,
IGF1; lysyl oxidase, LOX), which results in angiogenesis, cell
survival, and metastasis (Fig. 1A)3,10e12. These results indicate
that the HIFs play a key role in a variety of tumor phenotypes.
However, by far, HIFs-targeting intervention strategies have been
challenged by the lack of effective drug candidates and insuffi-
cient in vivo cancer-killing abilities. Furthermore, some research
has shown that inhibition of HIFs could not abrogate malignant
phenotypes related to hypoxia13e16. Therefore, other therapeutic
targets in the HIFs-dependent signaling pathways and novel tar-
gets in the HIFs-independent hypoxia-related axis should be
investigated.

Notably, some recent studies have revealed that yes-
associated protein (YAP) and transcriptional coactivator with a
PDZ-binding motif (TAZ) play pivotal roles in hypoxia-induced
tumorigenesis and tumor development17,18, and might be po-
tential therapeutic targets against cancer. In mammalian cells
yes-associated protein 1 (YAP1) and WW domain containing
transcription regulator 1 (WWTR1) encode oncoprotein YAP and
TAZ respectively. As a transcriptional coactivator, dephos-
phorylated YAP escapes proteasomal degradation and trans-
locates into the nucleus where it interacts with transcription
factors (TFs) from transcriptional enhancer factor-1 and abaA
(TEA) domain family members (TEADs)19 or TFs possessing a
PPXY (where P is proline, X is any amino acid, and Y is tyro-
sine) motif (runt-related transcription factor, RUNX20; P7321 and
ERB-B2 receptor tyrosine kinase 4, ERBB422). Subsequently,
YAP induces transcription of target genes such as connective
tissue growth factor (CTGF ), amphiregulin (AREG) and
cysteine-rich angiogenic inducer 61 (CYR61). Similarly, TAZ
also has the ability to activate some TFs, including TEADs and
RUNX2 (Fig. 1B)23,24.
Given the oncogenic abilities of activated YAP and/or TAZ
(YAP/TAZ), exploring the regulatory mechanisms of YAP/TAZ
holds promising expectation. The Hippo pathway has been fully
explored in its regulation of YAP/TAZ. In 1995, researchers un-
covered the Hippo pathway, which was shown to be pivotal in the
control of organ size and tissue growth25,26. In mammals the
highly conserved Hippo pathway consists of three interlinked
parts, including upstream regulatory components, the Hippo core
kinase components and the downstream transcriptional machinery.
The mammalian STE20-like protein kinase 1/2 (MST1/2) and the
salvador family WW domain containing protein 1 (SAV1), two
key Hippo core kinases, interact with each other and phosphory-
late the large tumor suppressor kinase 1/2 (LATS1/2)-MOB kinase
activator 1 (MOB1) complex. The LATS1/2-MOB1 complex
subsequently phosphorylates downstream effectors YAP (S127)
and/or TAZ (S89), which sequesters YAP/TAZ in the cytoplasm.
Phosphorylated YAP/TAZ interacts with the 14-3-3 proteins and
are subject to degradation via the ubiquitin-proteasome pathway
(Fig. 1B)27.

In brief, hypoxia plays a key role in tumorigenesis and tumor
development, and YAP and TAZ are potential therapeutic targets in
cancer therapy. Unfortunately, studies on the interconnections be-
tween hypoxia and YAP/TAZ are limited. In this review we sum-
marize the tumor-related crosstalk between hypoxia and YAP/TAZ
as well as hypoxia-targeting therapeutic strategies based on YAP/
TAZ.

2. The crosstalk between hypoxia and YAP/TAZ

We summarize three aspects of the tumor-related crosstalk
between hypoxia and YAP/TAZ: the hypoxia-induced dephos-
phorylation and activation of YAP/TAZ, the formation of
HIF1-YAP/TAZ complexes, and other crosstalk with undefined
mechanisms.

2.1. Hypoxia-induced dephosphorylation and activation of YAP/
TAZ

Current studies have shown that YAP/TAZ could be phosphory-
lated, ubiquitinated, sumoylated, acetylated, and even meth-
ylated28. Compared to other posttranslational modifications,
dephosphorylation-mediated nuclear translocation plays a more
pivotal role in the stability and transcriptional activity of YAP/
TAZ. However, the relationship between hypoxia and the
dephosphorylation of YAP/TAZ has not been fully elucidated.
Herein we summarize current mechanisms mediating the hypoxia-
induced dephosphorylation and nuclear translocation of YAP/
TAZ.

2.1.1. Seven in absentia homolog (SIAH) regulates YAP/TAZ
under hypoxia
The SIAH family was first discovered in Drosophila and plays a key
role in eye development29,30. The SIAH family consists of two
isoforms, including SIAH1 and SIAH2, both of which are E3 li-
gases controlling the ubiquitination and degradation of substrates,
such as homeodomain-interacting protein kinase 2 (HIPK2) which
related to the DNA damage response31, TNF receptor-associated
factor 2 (TRAF2) in apoptosis signaling32, and Sprouty2, the
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regulator of phosphorylation of extracellular signal-regulated kinase
1/2 (ERK1/2)33. Mounting evidence shows that SIAH1 and SIAH2
are extensively involved in cell migration, proliferation, and
metastasis34,35. Particularly, recent studies have shown that these
two factors also participate in hypoxia responses36,37.

Under hypoxia, HIF1 directly binds to the HRE ofWWTR1 and
SIAH1 and induces the transactivation of the latter two. SIAH1, as
an ubiquitin E3 ligase, directs LATS2 to degradation via the
ubiquitin-proteasome pathway. Thus, LATS2 fails to phosphory-
late TAZ resulting in the nuclear translocation of TAZ and the
expression of target genes (CTGF; plasminogen activator inhibitor
1, PAI1, and baculoviral IAP repeat containing 5, BIRC5), which
induces the breast cancer stem cell phenotypes38. Notably, the
interaction of SIAH1eLATS2 needs further confirmation, because
another study conducted by Ma et al.39 found that SIAH1 fails to
interact with LATS2. These seemingly contradictory observations
may arise from the different cellular context of the two types of
cell models (HEK293T and MDA-MB-231), as well as the varied
experimental conditions.

SIAH2, the homolog of SIAH1, encompasses two zinc finger
domains and a really interesting gene domain (RING) in the N-
terminal region, and a substrate-binding domain (SBD) in the C-
terminal region40. Results have shown that the C-terminal and the
N-terminal of SIAH2 could both bind to LATS2 at residues
667e720 of LATS2, and residues 403e480 of LATS2 possess
abilities to strengthen this interaction, which is more significant
under hypoxia. Then SIAH2 promotes the ubiquitination of
LATS2 (K670 and K672) and subsequently decreases the protein
Figure 1 The cores of the HIF pathway and the Hippo pathway. (A)

dictates the fate of HIFA: degradation or transcriptional activation. The

inhibitory effects of Hippo core kinases on YAP/TAZ, which accelerates nu

TAZ. YAP/TAZ indicates YAP and/or TAZ.
level of LATS2 via the ubiquitineproteasome pathway, which
inhibits the phosphorylation of YAP (S127) under hypoxia
(Fig. 2A). Serving as a transcription coactivator, dephosphorylated
YAP translocates into the nucleus and induces transcription of
downstream genes such as CYR61 and CTGF, which consequently
accelerates cell proliferation39. Further studies have revealed that
the protein level of SIAH2 in tumor tissues is upregulated while
LATS is downregulated39, which indicates the close negative
correlation between SIAH2 and LATS in breast cancer patients.
Furthermore, the secretion of transforming growth factor beta
(TGFB) increases under hypoxia while zyxin (a LIM domain
protein), SIAH2 and LATS2 form ternary complexes in response
to hypoxia and the stimulation of TGFB. Further studies have
shown that zyxin, as a scaffold protein, is capable of strengthening
the interaction between SIAH2 and LATS2 (Fig. 2A), which
promotes the dephosphorylation of YAP and then induces an
epithelialemesenchymal transition (EMT) and migration of
MDA-MB-231 breast cancer cells41.

The studies mentioned above indicate that both SIAH1 and
SIAH2 could be regarded as potential therapeutic targets, as they
play essential roles in the hypoxiaeYAP/TAZ axis and E3 ligases
are feasible intervention targets for small molecule compounds.

2.1.2. G protein-coupled receptor class C group 5 member A
(GPRC5A) decreases the inhibitory phosphorylation of YAP under
hypoxia
G protein-coupled receptors (GPCRs), the largest family of cell-
surface receptors and well-validated drug targets, regulate
The oxidation states regulate the hydroxylation rate of HIFA, which

HIFA indicates HIF1A and/or HIF2A. (B) Hypoxia counteracts the

clear translocation and promotes the transcriptional activation of YAP/
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numerous physiological functions, including hepatic lipid meta-
bolism42, nervous system development43, and the inflammatory
response44. Recently, a growing number of studies have been
directed at the relationship between tumors and GPCRs45,46.

Several canonical tumor-related pathways, including the
RaseERK pathway47, the phosphoinositide 3-kinase (PI3K)e
serine/threonine kinase (AKT) pathway48 and the Rho-dependent
pathway49 have been found to contribute to GPCR-mediated
tumorigenesis and tumor development. Interestingly, the Hippo
pathway also plays critical roles in GPCR-mediated malignancy50.
Mechanically, upon ligand-binding, G12/13-, Gq/11-, and Gi/o-
coupled receptors trigger the remodeling of the actin cytoskel-
eton through the activation of Rho guanosine triphosphatases (Rho
GTPases) and then suppress the MST1/2eLATS1/2 kinase
cascade, which promotes the nuclear translocation and transcrip-
tional activity of YAP/TAZ50. Recent evidence has shown that
several GPCRs, including the b-adrenergic receptor51, lysophos-
phatidic acid (LPA) receptor52, chemokine receptor US2853, and
CeXeC chemokine receptor type 4 (CXCR4)54 interact with
HIF1A in the hypoxic microenvironment so as to promote tumor
metabolic reprogramming, cell motility, and cell proliferation.
Given the above-mentioned effects, it’s possible that GPCR
signaling aids in bridging the gap between HIFs and YAP/TAZ.

Particularly, GPRC5A, an orphan GPCR, is reported to be a
direct transcriptional target of HIFs55 and would be upregulated
Figure 2 LATS-mediated signaling crosstalk between hypoxia and YA

direct LATS to be degraded via the ubiquitineproteasome system, while TG

GPRC5A, which inhibits the phosphorylation of LATS by activating RhoA.

this effect can be reversed by statins. (D) Hypoxia-induced overexpressio

GTPases, and PI3KeMAPK axis. (E) and (F) Hypoxia elevates the mRN

phorylation and activation of YAP. Dashed lines and dashed arrows indicate

components.
under hypoxia. The overexpression of GPRC5A inhibits both the
phosphorylated and the total protein levels of LATS, which is
mediated by the small GTPase RhoA, a positive upstream regulator
of YAP activity (Fig. 2B)56. Consequently, the phosphorylation
(S397) of YAP decreases while nuclear YAP is enhanced, accom-
panied by the transactivation of YAP target genes such as AREG,
CYR61, CTGF, and BCL2 like 1 (BCL2L1). Notably, the observa-
tion that RhoA promotes the overexpression of GPRC5A indicates
that activated YAP might regulate the expression of GPRC5A via a
positive feedback loop (Fig. 2B). Therefore, the activation of the
HIFseGPRC5AeYAP axis significantly promotes hypoxic cell
growth and survival in colorectal cancer, and the higher mRNA
levels of GPRC5A reduce the event-free survival period of patients
with tumors55. However, the association between TAZ and the
HIFseGPCRs axis has not been revealed fully.

2.1.3. The mevalonate (MVA) pathway regulates
phosphorylation of YAP under hypoxia
The MVA pathway is a complex biochemical pathway which uses
acetyl-CoA, adenosine triphosphate (ATP) and nicotinamide
adenine dinucleotide phosphate (NADPH) to produce isoprenoids
and sterols57. The close crosstalk between the MVA pathway and
other tumor-promoting signaling such as YAP/TAZ signaling, the
Hedgehog pathway and steroid hormone signaling highlights the
importance of the MVA pathway in cancer57,58.
P. (A) The E3 ubiquitin ligase SIAH2 and the scaffold protein zyxin

FB strengthens this process. (B) Hypoxia-induced HIF1 transactivates

(C) Hypoxia-activated HMGCR inhibits LATS and activates YAP, and

n of VEGFs triggers its receptors and activates YAP by SFKs, Rho

A level of netrin-1 (E) or activates IGF1R (F), then induces dephos-

unknown molecular mechanisms and question marks denote unknown
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In the MVA pathway 3-hydroxymethylglutaryl-CoA reduc-
tase (HMGCR) is the rate-limiting enzyme, which catalyzes
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) conversion to
MVA. The MVA serves as a precursor of geranylgeranyl pyro-
phosphate (GGPP). GGPP directs Rho GTPases to the membrane
so that the Rho GTPases are activated, which inhibits the
phosphorylation of YAP/TAZ and promotes the nuclear trans-
location and activation of YAP/TAZ58. Sorrentino et al.58 have
shown that statins, as inhibitors of HMGCR, could potently
hinder nuclear translocation of YAP/TAZ under normoxia.
Notably, compared to normoxia, both mRNA and protein levels
of HMGCR are upregulated under hypoxia while the protein
level of phosphorylated LATS is downregulated59, which in-
dicates that hypoxia-induced overexpression of HMGCR might
inhibit phosphorylation of LATS (Fig. 2C). However, the
mechanisms of the HMGCReLATS axis are unclear under
hypoxia. Further studies have shown that HMGCR mediates the
nuclear translocation of dephosphorylated YAP and subsequently
induces the transcription of target genes (BCL2L1, CTGF, and
CYR61). This series of events consequently leads to chemo-
therapy resistance to SN38 and sorafenib in hepatocellular car-
cinoma (HCC) cells59,60. Fortunately, statins ameliorate
hypoxia-induced chemotherapy resistance by blocking the MVA
pathway (Fig. 2C)61. Based on this mechanism, statins could
ameliorate the hypoxia-induced resistance towards sorafenib, the
first clinical drug for HCC treatment60. Although no evidence
has revealed the relationship between the MVA pathway and
TAZ under hypoxia so far, the studies mentioned above have
established the link between the hypoxiaeHMGCReYAP axis
and HCC malignancy.

2.1.4. Vascular endothelial growth factor (VEGF)-mediated
changes in phosphorylation of YAP/TAZ
VEGFs and their receptors (VEGFRs) are critical drivers of
angiogenesis in tumors62e65. Numerous studies have revealed that
VEGF is a canonical target gene of HIFs66e69 and is closely
related to hypoxia-induced tumorigenesis and tumor devel-
opment70e72; thus blockade of this signaling has been developed
as an anti-cancer strategy and has been successfully applied in
clinical treatment73e76.

Notably, the causal link between VEGFs/VEGFRs and aber-
rant activation of YAP/TAZ has been validated by two indepen-
dent studies77,78. The mechanisms of VEGFs-mediated activation
of YAP/TAZ are two-fold: LATS-dependent pathways and actin
cytoskeleton-mediated signaling77,78. Some studies have sug-
gested that VEGFRs activation primed by VEGFs triggers PI3K-
mitogen-activated protein kinase (MAPK) signaling to inhibit
the phosphorylation of MST1/2 and subsequent LATS1/2, which
induces the nuclear translocation of YAP/TAZ and ultimately
transactivates target genes regulating blood vessel formation
(Fig. 2D)78. In addition, activated VEGFR2 could also modulate
the actin cytoskeleton through the activation of SRC family ki-
nases (SFKs) and Rho GTPases, which promotes YAP-dependent
transcription of target genes contributing to the migration and
angiogenesis of endothelial cells (Fig. 2D)77. Although VEGFR2
is considered a positive regulator of YAP/TAZ, another study has
shown that the activation of VEGFR2 inhibits YAP-mediated
EMT in retinal pigment epithelial cells79. Further mechanisms
have shown that the novel ligand VEGFC rather than the primary
ligand VEGFA induces the activation of VEGFR2. Therefore, the
biological functions of VEGR2 might be distinct when bound by
different ligands.
Based on the findings on HIFseVEGFs signaling and the
VEGFseYAP/TAZ axis mentioned above, it is plausible that
VEGFs are critical for the interplay between HIFs and YAP/TAZ.
Interestingly, studies have shown that TEADs interact with tran-
scription coactivator vestigial-like family member (VGLL) and
promote the transcription of VEGF80. Furthermore, hypoxia-
induced nuclear translocation of YAP promotes the accumula-
tion of HIF1A and subsequently increases the transcription of
VEGFA81. These lines of evidence suggest the possibility of a
positive feedback loop where hypoxia-induced overexpression of
VEGFs activates YAP/TAZ, which in turn elevates the stability of
HIFs and promotes transcription of VEGF.

2.1.5. Other hypoxia-related factors/pathways controlling the
dephosphorylation and activation of YAP
In addition to those mentioned above, some other signal trans-
duction pathways, particularly those primed by cell surface re-
ceptors are also involved in hypoxia-regulated YAP/TAZ
signaling.

Laminin-related secreted protein netrin-1, an important
member of the netrin family, promotes cell proliferation, inva-
sion, and cell morphogenesis82e84 through its interaction with
cell surface netrin-1 receptors, including deleted in colorectal
cancer netrin 1 receptor (DCC), UNC-5 netrin receptor B
(UNC5B), neogenin, and down syndrome cell adhesion mole-
cule (DSCAM)85e87. Recent studies identified YAP as a poten-
tial mediator of netrin-1-mediated tumorigenesis and tumor
development85,88,89, while the interaction between netrin-1 and
TAZ is unclear. Qi et al.88 revealed that netrin-1 enhances the
binding of protein phosphatase 1A (PP1A) to UNC5B/DCC re-
ceptors. Activated PP1A then binds to YAP and stabilizes YAP
by dephosphorylating YAP (S127 and S397), which induces the
nuclear translocation of YAP and promotes the transcription of
CTGF to accelerate cell proliferation and migration88. Another
study has shown that netrin-1 activates the canonical receptor
neogenin and contributes to the metastasis of gastric cancer in a
YAP-dependent manner85. Notably, the association between
YAP and netrin-1 is further strengthened under hypoxia as a
recent study has shown that hypoxia elevates the mRNA level of
netrin-1, which induces the dephosphorylation and activation of
YAP, and then accelerates EMT and cell migration of PC3 and
DU145 cells (Fig. 2E)90.

Another cell surface receptor insulin-like growth factor 1
receptor (IGF1R), a member of the tyrosine kinase growth
factor receptor family, is also engaged in YAP signaling under
hypoxia18. A large amount of evidence shows that IGF1R plays
a key role in cancer cell proliferation and tumor growth by
interacting with IGF191e93. These tumor-promoting roles of
IGF1R are mediated by the RaseMAPK pathway, which results
in E2F transcription factor-dependent gene transcription and
cell proliferation94e96, and PI3KeAKT signaling, which pre-
vents cells from undergoing apoptosis97 and promotes the
EMT98. The connection between IGF/IGF1R and the Hippo
pathway is indicated by several recent studies. In Drosophila,
insulin/IGF signaling activates AKT as well as downstream
pyruvate dehydrogenase kinase 1 (PDK1), which inhibits Warts
(Wts)-Mob as tumor suppressor (Mats). Subsequently, yorkie
(the homologues of YAP) translocates into the nucleus and
transactivates target genes to promote cell proliferation99. In
mammals, IGF1 or insulin is used to mimic intracellular upre-
gulation of phosphorylation in order to phosphorylate and
activate IGF1R, which significantly inhibits phosphorylation of
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YAP (S127; Fig. 2F). Subsequently, dephosphorylated YAP
translocates into the nucleus and induces transcription of
downstream genes related to carcinogenesis, such as CTGF,
CYR61, and AREG in HCC. Further studies have found that
hypoxia induces the activation of IGF1R in this HCC model,
which contributes to the elevated transcriptional activity of
YAP18. However, there is no evidence to show a direct inter-
action between YAP/TAZ and IGF1R. It is possible that phos-
phorylated IGF1R activates phosphatases of YAP (such as
PP1A) or activates upstream suppressors of MST1/2 or LATS1/
2 in the Hippo pathway, which promotes the nuclear trans-
location and activation of YAP.

2.2. The formation of HIF1-YAP/TAZ complexes

Compared with hypoxia-induced dephosphorylation and nuclear
translocation of YAP mentioned above, direct proteineprotein
binding is a more straightforward means to demonstrate interac-
tive signaling transduction.

2.2.1. YAP/TAZ function as transcriptional activators of HIF1
HIF1 is well known as a transcription factor. HIF1A, rather than
HIF1B, plays a key role in the formation of HIF1eYAP/TAZ
complexes17. Therefore, the established structure of HIF1A con-
tributes to understanding the interaction between HIF1 and YAP/
TAZ. HIF1A consists of two regions, including a DNA binding/
dimerization region and a regulatory region. The N-terminal in-
cludes a basic helixeloopehelix (bHLH) motif and PERARNT-
SIM (PAS) domain, which contribute to dimerization and inter-
action between HIF1 and DNA. Following PAS, there is an
oxygen-dependent degradation domain (ODDD), which is hy-
droxylated by PHDs and dictates HIF1A to degradation. The
regulatory region contains two transactivation domains (TAD),
including N-TAD and C-TAD, which are separated by inhibitory
domain (ID) (Fig. 3)100,101. As is well known, both P300 and CBP,
two canonical coactivators of HIF1, interact with HIF1A by
binding to the C-TAD100. What is the binding site between HIF1
and YAP/TAZ?

A study has shown that TAZ, as a coactivator of HIF1, could
be pulled down by GST-HIF1A (531e826) (Fig. 3), which in-
dicates that TAZ directly interacts with the TAD of HIF1A. In
the complex, TAZ directs HIF1 to the HRE, which contributes to
the transcription of downstream genes (PDK1; lactate dehydro-
genase A, LDHA; BCL2 interacting protein 3, BNIP3, and prolyl
Figure 3 A schematic drawing of
4-hydroxylase subunit alpha 2, P4HA2) (Fig. 4A). Consequently,
the TAZeHIF1 complex accelerates the migration of breast
cancer cells to the lungs and the lymph nodes17. Further studies
have revealed that WW domain-containing oxidoreductase
(WWOX) directs HIF1A to translocate into the nucleus and
conjugate with TAZ102. Therefore, WWOX plays a key role in
the regulation of the TAZ-HIF1 complex and is a potential
therapeutic target. In addition, the TAZ-HIF1 complex contrib-
utes to the transcription of SIAH117 and SIAH1 induces TAZ
nuclear localization by mediating the degradation of LATS2
(Fig. 4A)38.

YAP, as a paralog of TAZ, also serves as a transcription
coactivator of HIF1. On one hand, the YAPeHIF1 complex binds
together with HRE to induce transcription of VEGF and conse-
quently accelerates cell growth and promotes angiogenesis.
However, no study has uncovered the binding sites on HIF1. On
the other hand, YAP has the ability to inhibit VHL-dependent
degradation of hydroxylated HIF1A (Fig. 4B). These two as-
pects indicate that the LATSeYAP pathway could regulate the
VHLeHIF1A axis, which is a strategy to interfere the stability of
HIF1A39.

2.2.2. HIF1 induces transcription activation of YAP/TAZ
Recent evidence has revealed that HIF1 is not only a transcription
activator but also an important transcription coactivator17. Lots of
genes have been proven to be regulated by the HIF1eTAZ com-
plex, including CTGF, PAI1, and BIRC5 (Fig. 4C)17,38, which play
key roles in tumorigenesis and tumor development. Similarly, Ma
et al.39 have revealed that the HIF1eYAP complex promotes the
transcription of target genes of TEADs (Fig. 4D).

YAP consists of several motifs and domains. The N-terminal
includes a proline-rich region (P-rich) followed by TEAD
binding region. In the middle there are two tandem WW do-
mains that bind to PPXY-motif-containing transcription factors,
a Src homology domain 3 binding motif (SH3 BM), and a
coiled-coil domain (CC). The C-terminal is made up of the
activation region and a PDZ domain ligand called the TWL
sequence (Fig. 3)27. The structure of TAZ is similar to that of
YAP (Fig. 3). Although the protein structures of YAP and TAZ
are clear, no direct evidence has shown that the activation re-
gions of YAP/TAZ interact with HIF1. Notably, The PDZ
domain ligand, which has the ability to bind to PDZ domain-
containing proteins, is highly conserved in C-terminal of
YAP/TAZ103. Furthermore, the PDZ domain ligand in TAZ has
HIF1A, HIF1B, YAP, and TAZ.
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the ability to localize TAZ into discrete nuclear foci and is
essential for transcriptional activation of TAZ104. Whether the
PDZ domain ligand plays a role in the formation of HIF1-YAP/
TAZ complex needs to be elucidated.

2.3. Other crosstalk between hypoxia and YAP/TAZ

In addition to the regulatory mechanisms that promote the nuclear
translocation of YAP/TAZ and the formation of HIF1eYAP/TAZ
complexes mentioned above, other signaling pathways are also
implicated in the crosstalk between hypoxia and YAP/TAZ.
However, although the malignant phenotypes related to a variety
of crosstalk pathways are clear, the detailed mechanisms are yet to
be elucidated.

The correlation between HIF1A and YAP has been demon-
strated in several independent studies105e107. As the paralogue for
YAP, TAZ is also implicated in hypoxia. Interestingly, Yan
et al.108 have shown that HIF1A elevates the level of total TAZ
and phosphorylated TAZ (S69) in a time-dependent manner in
ovarian cancer. However, detailed mechanisms should be
explored, because according to this study, neither LATS nor AKT
mediates this regulation.

In addition to HIF1A, HIF2A, another member of HIFs family,
could also form the heterodimeric complexes with HIF1B and
induce the transcription of target genes related to anaerobic
metabolism and angiogenesis109,110. A recent study has revealed
that HIF2A is also responsible for the hypoxia-induced elevation
of YAP protein level, which subsequently leads to the transcription
of YAP target genes (CYR61, CTGF, and transforming growth
factor beta receptor 2, TGFBR2) related to the abnormal growth of
colorectal tumors. However, this study has shown that neither the
proteineprotein interaction nor canonical kinase signaling con-
tributes to the overexpression of YAP111. Moreover, it remains
unknown whether HIF2A can regulate TAZ and vice versa.
Therefore, the regulatory mechanisms of the HIF2AeYAP axis
and the relationship between HIF2A and TAZ need to be further
explored.

LPA, an extracellular phospholipid ligand of GPCRs, plays
a key role in numerous biological processes by activating
GPCRs and initiating downstream pathways112. Notably, the
Figure 4 A schematic view of HIF1eYAP/TAZ complexes. (A) Hypoxia

target genes such as PDK1 and SIAH1. SIAH1 inhibits phosphorylation

nuclear translocation of YAP and HIF1A, which enhances the transactivat

binds to TAZ (C) and YAP (D) in the promoter region to induce target ge
Hippo pathway is an important downstream signaling target of
LPA. Studies have shown that LPA activates the G protein (G12/
13) followed by Rho GTPase-mediated regulation of actin
cytoskeleton dynamics, which inhibits phosphorylation of LATS
at the activation loop (S909) and the hydrophobic motif (T1079).
Consequently, the dephosphorylated LATS fails to phosphory-
late YAP/TAZ, thus resulting in the activation of YAP/TAZ
and the transactivation of target genes, ultimately leading to
increased cell migration and cell proliferation50,113. These clues
indicate that LPA is closely related to the YAP/TAZ pathway, at
least under normoxia. Notably, recent findings have also high-
lighted the important roles of LPA under hypoxia, as Kim and
colleagues114 have found that LPA stimulates cytosolic phos-
pholipase A2 (PLA2) phosphorylation in a HIF1A-dependent
manner under hypoxia, which is required in LPA-induced
cell migration. Taken together, these observations raise the
possibility that LPA also contributes to the hypoxia-YAP/TAZ
crosstalk.

3. Hypoxia-targeting therapeutic strategies based on YAP/
TAZ

In the past few years the main approach developed to treat the
hypoxia-mediated malignancy is to design hypoxia-activated
prodrugs which are activated by enzymatic reduction in hypoxic
tissue, such as tirapazamine (TPZ)115,116. However, these bio-
reductive prodrugs have been limited by poor tissue penetration
and high toxicity. Therefore, exploration of the agents targeting
factors overactivated under hypoxia (for instance, YAP/TAZ) may
provide an opportunity to improve treatment outcomes. Herein we
introduce current compounds that target the hypoxiaeYAP/TAZ
axis in preclinical research and clinical trials (Table 1).

3.1. Compounds targeting YAP/TAZ under preclinical research
and clinical trials

YAP and TAZ play key roles in the development of liver can-
cer118,119, which is considered the third leading cause of cancer-
related death worldwide120. Due to unique anatomical and func-
tional roles, liver cancer often displays severe intratumoral
-induced nuclear translocation of TAZ promotes transcription of HIF1

of TAZ, which forms a positive feedback loop. (B) Hypoxia induces

ion of HIF1 target genes. (C) and (D) Serving as a coactivator, HIF1

ne transcription.
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hypoxia121, which results in the poor therapeutic outcomes.
Therefore, therapeutic strategies targeting hypoxic activation of
YAP/TAZ in liver cancer have attracted great interest.

Verteporfin, an FDA-approved benzoporphyrin-like drug used
as a photosensitizer for photodynamic therapy, has been suggested
to inhibit YAP by targeting the interface between YAP and
TEADs122. Interestingly, Chen et al.117 have found that verteporfin
also blocks the formation of the HIF1A-YAP complex induced by
high mobility group box 1 (HMGB1), which reduces excessive
glycolysis in HCC.

Utilizing a cell-based YAP-TEAD luciferase reporter assay and
functional analyses, Zhu et al.18 screened a new compound, named
CT-707 [a NMPA (National Medical Products Admininstration)
approved multi-kinase inhibitor under clinical trial,
NCT02695550]. CT-707 is capable of inhibiting hypoxia-induced
activation of IGF1R and subsequently restrains the nuclear
translocation of YAP, and consequently suppresses the prolifera-
tion and survival of hypoxic HCC cells. Intriguingly, on one hand,
the multi-kinase inhibitor CT-707 possesses the remarkable
inhibitory ability of focal adhesion kinase (FAK). On the other
hand, HIF1 is a well-recognized hallmark of hypoxia. However,
neither FAK nor HIF1 is related to the hypoxic anti-tumor activity
of CT-707.

Notably, HCC cells generally develop hypoxia-induced resis-
tance to a variety of anti-cancer drugs, including sorafenib and
SN3859. Zhou et al.60 found that statins are able to elevate the anti-
tumor effects of sorafenib by blocking the hypoxia-activated
HMGCR-MVA pathway, thus significantly attenuating the hyp-
oxic resistance to sorafenib.

In addition to synthetic compounds, Zhang et al.81 have
shown that oroxylin A, a natural active component extracted
from Scutellariae radix, inhibits hypoxia-induced angiogenesis
during liver fibrosis. Notably, the detailed mechanism includes
suppression of hypoxia-induced nuclear translocation and
subsequent transcriptional activation of YAP, which restricts
the accumulation of HIF1 and inhibits transcription of HIF1
Table 1 Agents targeting HypoxiaeYAP/TAZ axis.

Target Drug Structure

YAP Verteporfin

IGF-1R CT-707

HMGCR Statins (e.g., atorvastatin)

Unclear Oroxylin A
downstream genes such as VEGFA, angiopoietin 2 (ANGPT2),
and platelet and endothelial cell adhesion molecule 1
(PECAM1)81. Interestingly, VEGFA, a major inducer of angio-
genesis, is secreted in response to hypoxia and elicits autocrine
effects on tumor progression and metastasis123. Therefore,
oroxylin A might exert anti-tumor effects through the
YAPeHIFs axis while blocking the hypoxic autocrine effects of
VEGFA.

No evidence has demonstrated that verteporfin, CT-707, sta-
tins, or oroxylin A exert hypoxia-targeting anti-tumor abilities in a
TAZ-dependent manner. Notably, a study focused on HCC has
revealed that the overexpression of YAP/TAZ is positively asso-
ciated with HIF1A in tumor tissues and only simultaneous
knockdown of YAP and TAZ increases the apoptosis of HCC
cells124. Although the mechanisms remain unclear, these clues
indicate that some compensatory mechanisms between YAP and
TAZ might exist in HCC and highlight the importance of TAZ.
Therefore, it is urgent to discover agents and strategies that target
YAP and TAZ simultaneously in order to fight against HCC with
synergistic effects.

Unfortunately, following the development of therapeutic stra-
tegies against liver cancer, few compounds targeting YAP/TAZ
have been discovered for other types of cancer. Very limited ev-
idence indicates that dimethyloxyallylglycine (DMOG), a PHD
inhibitor, stabilizes HIFs and regulates the translocation of SMAD
family member 2 (SMAD2), YAP, and TAZ in renal tubular
cells125. In addition, verteporfin has also been found to increase
hypoxic glioma cell death126. Although YAP is not involved in this
process, the relationship between hypoxia and verteporfin will
provide clues about hypoxia-targeting therapies based on YAP/
TAZ.

The results mentioned above show that current compounds
targeting YAP/TAZ mainly focus on liver cancer in a YAP-
dependent manner. It is urgent to explore more potential inhibitors
against both YAP and TAZ, and approaches toward other types of
cancer should also be investigated.
Major mechanism Ref.

Blocks the formation of HIF1a

eYAP complex

117

Inhibits hypoxia-induced activation

of IGF-1R and thus restrains the

nuclear translocation of YAP

18

Blocks the MVA pathway and

activates LATS

60

Suppresses nuclear translocation of

YAP and inhibits transcription of

HIF1

81



YAP/TAZ in hypoxic tumor microenvironment 955
3.2. HIF inhibitors that impede the YAP/TAZ pathway

As mentioned above, IGF1R and HMGCR are crucial mediators
of YAP/TAZ. Interestingly, a growing number of clinical and
preclinical studies have focused on HIFs, which are canonical
targets in hypoxia-targeting therapy127e130. Notably, the close
interaction between HIFs and YAP/TAZ provides the possibility
that HIFs might be another key regulators in hypoxia-targeting
therapy based on YAP/TAZ. Notably, due to the rapid develop-
ment of HIF inhibitors, it’s valuable to explore the effects of HIF
inhibitors against YAP/TAZ.

According to several clinical studies, the HIF inhibitor panzem
inhibits protein synthesis and transcriptional activity of HIF1A131

while 17-AAG and vorinostat promote the degradation of
HIF1A132,133. PT2385 and PT2977 impede HIF2 dimerization and
the DNA binding ability of HIFs134,135, EZN-2208 decreases the
mRNA level of HIF1136, and CRLX101 inhibits the expression of
HIF1A137. Among these compounds, 17-AAG might mediate the
crosstalk between the inhibition of HIFs and interference of YAP due
to its functions in YAP signaling. A study has revealed that 17-AAG
elevates the total protein and the phosphorylated level of LATS1 in a
dose-dependent manner, which promotes the phosphorylation of
YAP and inhibits the transcription of CTGF in lung adenocarcinoma
cells138. These results raise the possibility that 17-AAG has the
ability to block both HIFs signaling and the YAP signaling.

In preclinical studies a number of agents can attenuate HIF
expression (EZN-2968139 and cetuximab140), impede its nuclear
translocation (benzophenone-1B141), obstruct dimerization (acrifla-
vine142) and promote its degradation (bisphenol A143). In addition to
these compounds, topotecan, which suppresses the transactivation
of HIF1A/HIF2A and then inhibits VEGF expression and angio-
genic activity144, might have a relationship with YAP/TAZ because
a study has shown that small cell lung cancer cell lines with high
YAP/TAZ level are more sensitive to topotecan145. Therefore, these
results provide the possibility that topotecan inhibits HIFs and
simultaneously targets YAP/TAZ in hypoxic tumor tissues, which
might contribute to synergistic anti-tumor effects.

Although most of the HIF inhibitors mentioned above haven’t
been reported to have a direct interaction with YAP/TAZ, it’s still
worth exploring their functions in the HIFseYAP/TAZ axis due to
the rapid development of HIF inhibitors in clinical trials.
4. Conclusions

Therapeutic strategies targeting YAP/TAZ in hypoxia have a
bright future. On one hand, not only direct inhibitors against YAP/
TAZ but also compounds targeting upstream regulatory factors,
such as SIAH2, IGF1R, and netrin-1 mentioned above, are ex-
pected to be further developed. On the other hand, current targets
are indeed not enough for us to fully understand the hypo-
xiaeYAP/TAZ axis. In addition to HIFs and its inhibitors, a
growing number of targets and agents have been shown to have a
close relationship with hypoxia and YAP/TAZ, such as the SWI/
SNF complex146e150 and the PI3K-mTOR pathway109,151,152. It’s
urgent to find novel targets and agents in order to develop a
hypoxia-targeting therapy based on YAP/TAZ.
5. Discussion

TAZ shares approximately 50% sequence identity with YAP27.
However, hypoxia-induced regulation of YAP is different from
that of TAZ. As mentioned above, the total protein and phos-
phorylated protein (S69) level of TAZ is upregulated in epithelial
ovarian cancer, which is dependent on HIF1A108, while there is
HIF2A-induced overexpression of YAP in colorectal cancer111.
Therefore, we must determine the root cause of the regulatory
diversity of YAP/TAZ, including possibilities such as differences
in upstream pathways.

Although the hypoxia-induced regulation of YAP and TAZ is
not identical, LATS, which is the core component of the Hippo
pathway, plays a key role in both regulatory processes. As
mentioned above, it is obvious that both SIAH-mediated and
HMGCR-mediated signaling under hypoxia are integrated into the
core component LATS41,59, which suggests that LATS is a critical
nexus in the crosstalk between hypoxia and YAP/TAZ. Indeed,
dysfunction of LATS leads to tumorigenesis and tumor develop-
ment in various types of cancer in spite of low mutation rates of
LATS153e155. Therefore, it is urgent to develop direct agonists of
LATS, which would have great prospects in the field of hypoxia-
targeting therapy against cancer. In addition, whether LATS is also
a precise nexus in IGF1R-mediated or netrin-1-mediated regula-
tion of YAP under hypoxia remains unknown.

In the field of hypoxiaeYAP/TAZ axis, the research imbal-
ance is a critical problem. Firstly, hypoxia activates YAP mainly
by dephosphorylation-mediated nuclear translocation. However,
hypoxia mainly alters the abundance of TAZ or interacts with
TAZ through HIFs-TAZ complexes. Secondly, HIFs2,3, UPR5,
and the mTOR pathway6e9 are three main signaling pathways
that are key targets in hypoxia-targeting therapy. Unfortunately,
the interaction between the three pathways and hypoxia has not
been fully elucidated. Notably, eukaryotic translation initiation
factor 2A (EIF2A) is phosphorylated by PKR-like endoplasmic
reticulum kinase (PERK) and then increases the protein level of
activating transcription factor 4 (ATF4) during endoplasmic re-
ticulum stress-induced UPR, which triggers the transcription
activation of YAP and protects cells from death. However,
excessive UPR activates the Hippo pathway, subsequently
inhibiting the activation of YAP, and consequently accelerates
apoptosis156. In addition, some studies have indicated that YAP/
TAZ could be degraded via the autophagy pathway157,158.
Therefore, whether mTOR and UPR are bridges to connect
hypoxia and YAP/TAZ in addition to HIFs is worthy of in-depth
discussions and further studies. Thirdly, current research on the
mechanisms of interaction between hypoxia and YAP/TAZ has
mainly focused on breast cancer17,38,39,41. However, the devel-
opment of drugs and the exploration of therapeutic strategies
based on YAP/TAZ have been directed against liver can-
cer59,60,81. Therefore, we must consider how to keep a balance
between mechanistic research and clinical applications.

In summary, hypoxia is a critical factor in tumorigenesis and
tumor development, and YAP/TAZ is a key nexus between hyp-
oxia and malignant tumor phenotypes. In addition to HIF1, UPR,
and the mTOR pathway, YAP/TAZ signaling is expected to offer
potential targets for intervention in malignant cancers displaying
intratumoral hypoxia.

Acknowledgments

This work was supported by National Natural Science Foundation
of China (81625024 and 81773753) to Bo Yang, and Zhejiang
Provincial Natural Science Foundation (LR19H310002 and
LY16H310004, China) to Hong Zhu and Xiaoyang Dai,
respectively.



956 Chenxi Zhao et al.
Author contributions

Chenxi Zhao was responsible for the conception and design of the re-
view. ChenmingZeng, SongYe andXiaoyangDai collected literatures.
Qiaojun He, BoYang, Hong Zhu and Chenxi Zhao analyzed literatures
and summarized results. Chenxi Zhao drafted the manuscript and drew
the figures. Hong Zhu and Chenxi Zhao revised the manuscript.
Conflicts of interest

The authors declare no conflicts of interest.

References

1. Bertout JA, Patel SA, Simon MC. The impact of O2 availability on

human cancer. Nat Rev Cancer 2008;8:967e75.

2. Semenza GL. Targeting HIF-1 for cancer therapy. Nat Rev Cancer

2003;3:721e32.

3. Poon E, Harris AL, Ashcroft M. Targeting the hypoxia-inducible

factor (HIF) pathway in cancer. Expert Rev Mol Med 2009;11:e26.

4. Masoud GN, Li W. HIF-1alpha pathway: role, regulation and inter-

vention for cancer therapy. Acta Pharm Sin B 2015;5:378e89.

5. Wouters BG, Koritzinsky M. Hypoxia signalling through mTOR and

the unfolded protein response in cancer. Nat Rev Cancer 2008;8:

851e64.

6. Di Conza G, Trusso Cafarello S, Loroch S, Mennerich D,

Deschoemaeker S, Di Matteo M, et al. The mTOR and PP2A path-

ways regulate PHD2 phosphorylation to fine-tune HIF1alpha levels

and colorectal cancer cell survival under hypoxia. Cell Rep 2017;18:

1699e712.

7. Brugarolas J, Lei K, Hurley RL, Manning BD, Reiling JH, Hafen E,

et al. Regulation of mTOR function in response to hypoxia by

REDD1 and the TSC1/TSC2 tumor suppressor complex. Genes Dev

2004;18:2893e904.

8. Land SC, Tee AR. Hypoxia-inducible factor 1alpha is regulated by

the mammalian target of rapamycin (mTOR) via an mTOR signaling

motif. J Biol Chem 2007;282:20534e43.

9. Kelly CJ, Hussien K, Fokas E, Kannan P, Shipley RJ, Ashton TM,

et al. Regulation of O2 consumption by the PI3K and mTOR path-

ways contributes to tumor hypoxia. Radiother Oncol 2014;111:

72e80.

10. Prabhakar NR, Semenza GL. Adaptive and maladaptive cardiore-

spiratory responses to continuous and intermittent hypoxia mediated

by hypoxia-inducible factors 1 and 2. Physiol Rev 2012;92:

967e1003.

11. Wohlrab C, Kuiper C, Vissers MC, Phillips E, Robinson BA,

Dachs GU. Ascorbate modulates the hypoxic pathway by increasing

intracellular activity of the HIF hydroxylases in renal cell carcinoma

cells. Hypoxia (Auckl) 2019;7:17e31.

12. Huang Y, Lin D, Taniguchi CM. Hypoxia inducible factor (HIF) in

the tumor microenvironment: friend or foe?. Sci China Life Sci 2017;

60:1114e24.

13. Mizukami Y, Li JN, Zhang XB, Zimmer MA, Iliopoulos O,

Chung DC. Hypoxia-inducible factor-1-independent regulation of

vascular endothelial growth factor by hypoxia in colon cancer.

Cancer Res 2004;64:1765e72.

14. Ahmed EM, Bandopadhyay G, Coyle B, Grabowska A. A HIF-

independent, CD133-mediated mechanism of cisplatin resistance in

glioblastoma cells. Cell Oncol 2018;41:319e28.

15. Mizukami Y, Kohgo Y, Chung DC. Hypoxia inducible factor-1-

independent pathways in tumor angiogenesis. Clin Cancer Res

2007;13:5670e4.

16. Richter K, Paakkola T, Mennerich D, Kubaichuk K, Konzack A, Ali-

Kippari H, et al. USP28 deficiency promotes breast and liver carci-

nogenesis as well as tumor angiogenesis in a HIF-independent

manner. Mol Cancer Res 2018;16:1000e12.
17. Xiang LS, Gilkes DM, Hu HX, Luo WB, Bullen JW, Liang HJ, et al.

HIF-1 alpha and TAZ serve as reciprocal co-activators in human

breast cancer cells. Oncotarget 2015;6:11768e78.

18. Zhu H, Wang DD, Yuan T, Yan FJ, Zeng CM, Dai XY, et al. Mul-

tikinase inhibitor CT-707 targets liver cancer by interrupting the

hypoxia-activated IGF-1ReYAP axis. Cancer Res 2018;78:

3995e4006.

19. Lin KC, Park HW, Guan KL. Regulation of the Hippo pathway

transcription factor TEAD. Trends Biochem Sci 2017;42:862e72.

20. Yagi R, Chen LF, Shigesada K, Murakami Y, Ito Y. A WW domain-

containing Yes-associated protein (YAP) is a novel transcriptional co-

activator. EMBO J 1999;18:2551e62.

21. 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;276:15164e73.

22. Komuro A, Nagai M, Navin NE, Sudol M. WW domain-

containing protein YAP associates with ErbB-4 and acts as a co-

transcriptional activator for the carboxyl-terminal fragment of

ErbB-4 that translocates to the nucleus. J Biol Chem 2003;278:

33334e41.

23. Hong W, Guan KL. The YAP and TAZ transcription co-activators:

key downstream effectors of the mammalian Hippo pathway. Semin

Cell Dev Biol 2012;23:785e93.
24. Hong JH, Hwang ES, McManus MT, Amsterdam A, Tian Y,

Kalmukova R, et al. TAZ, a transcriptional modulator of mesen-

chymal stem cell differentiation. Science 2005;309:1074e8.

25. Justice RW, Zilian O, Woods DF, Noll M, Bryant PJ. The Drosophila

tumor suppressor gene warts encodes a homolog of human myotonic

dystrophy kinase and is required for the control of cell shape and

proliferation. Genes Dev 1995;9:534e46.
26. Xu T, Wang W, Zhang S, Stewart RA, Yu W. Identifying tumor

suppressors in genetic mosaics: the Drosophila lats gene encodes a

putative protein kinase. Development 1995;121:1053e63.

27. Zhao B, Lei QY, Guan KL. The Hippo-YAP pathway: new connec-

tions between regulation of organ size and cancer. Curr Opin Cell

Biol 2008;20:638e46.

28. He M, Zhou Z, Shah AA, Hong Y, Chen Q, Wan Y. New insights into

posttranslational modifications of Hippo pathway in carcinogenesis

and therapeutics. Cell Div 2016;11:4.

29. Genbacev O, Zhou Y, Ludlow JW, Fisher SJ. Regulation of human

placental development by oxygen tension. Science 1997;277:

1669e72.
30. Tang AH, Neufeld TP, Kwan E, Rubin GM. PHYL acts to down-

regulate TTK88, a transcriptional repressor of neuronal cell fates,

by a SINA-dependent mechanism. Cell 1997;90:459e67.
31. Calzado MA, de la Vega L, Moller A, Bowtell DD, Schmitz ML. An

inducible autoregulatory loop between HIPK2 and Siah2 at the apex

of the hypoxic response. Nat Cell Biol 2009;11:85e91.

32. Habelhah H, Frew IJ, Laine A, Janes PW, Relaix F, Sassoon D, et al.

Stress-induced decrease in TRAF2 stability is mediated by Siah2.

EMBO J 2002;21:5756e65.

33. Nadeau RJ, Toher JL, Yang X, Kovalenko D, Friesel R. Regulation of

Sprouty2 stability by mammalian Seven-in-Absentia homolog 2. J

Cell Biochem 2007;100:151e60.

34. van Reesema LLS, Zheleva V, Winston JS, Jansen RJ, O’Connor CF,

Isbell AJ, et al. SIAH and EGFR, two RAS pathway biomarkers, are

highly prognostic in locally advanced and metastatic breast cancer.

EBioMedicine 2016;11:183e98.

35. Brauckhoff A, Malz M, Tschaharganeh D, Malek N, Weber A,

Riener MO, et al. Nuclear expression of the ubiquitin ligase seven in

absentia homolog (SIAH)-1 induces proliferation and migration of

liver cancer cells. J Hepatol 2011;55:1049e57.

36. Nakayama K, Frew IJ, Hagensen M, Skals M, Habelhah H,

Bhoumik A, et al. Siah2 regulates stability of prolyl-hydroxylases,

controls HIF1alpha abundance, and modulates physiological re-

sponses to hypoxia. Cell 2004;117:941e52.

37. Shi H, Zheng B, Wu Y, Tang Y, Wang L, Gao Y, et al. Ubiquitin

ligase Siah1 promotes the migration and invasion of human glioma

http://refhub.elsevier.com/S2211-3835(19)30821-4/sref1
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref1
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref1
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref1
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref2
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref2
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref2
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref3
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref3
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref4
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref4
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref4
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref5
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref5
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref5
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref5
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref6
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref6
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref6
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref6
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref6
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref6
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref7
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref7
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref7
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref7
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref7
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref8
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref8
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref8
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref8
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref9
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref9
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref9
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref9
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref9
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref9
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref10
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref10
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref10
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref10
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref10
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref11
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref11
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref11
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref11
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref11
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref12
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref12
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref12
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref12
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref13
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref13
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref13
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref13
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref13
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref14
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref14
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref14
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref14
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref15
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref15
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref15
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref15
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref16
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref16
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref16
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref16
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref16
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref17
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref17
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref17
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref17
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref18
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref18
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref18
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref18
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref18
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref18
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref19
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref19
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref19
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref20
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref20
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref20
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref20
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref21
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref21
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref21
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref21
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref22
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref22
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref22
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref22
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref22
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref22
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref23
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref23
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref23
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref23
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref24
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref24
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref24
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref24
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref25
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref25
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref25
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref25
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref25
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref26
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref26
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref26
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref26
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref27
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref27
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref27
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref27
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref28
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref28
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref28
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref29
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref29
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref29
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref29
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref30
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref30
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref30
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref30
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref31
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref31
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref31
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref31
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref32
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref32
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref32
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref32
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref33
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref33
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref33
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref33
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref34
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref34
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref34
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref34
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref34
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref35
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref35
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref35
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref35
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref35
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref36
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref36
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref36
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref36
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref36
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref37
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref37


YAP/TAZ in hypoxic tumor microenvironment 957
cells by regulating HIF-1alpha signaling under hypoxia. Oncol Rep

2015;33:1185e90.

38. Xiang L, Gilkes DM, Hu H, Takano N, Luo W, Lu H, et al. Hypoxia-

inducible factor 1 mediates TAZ expression and nuclear localization

to induce the breast cancer stem cell phenotype. OncoTarget 2014;5:

12509e27.

39. Ma B, Chen Y, Chen L, Cheng HC, Mu CL, Li J, et al. Hypoxia

regulates Hippo signalling through the SIAH2 ubiquitin E3 ligase.

Nat Cell Biol 2015;17:95e103.

40. Reed JC, Ely KR. Degrading liaisons: Siah structure revealed. Nat

Struct Biol 2002;9:8e10.

41. Ma B, Cheng HC, Gao RZ, Mu CL, Chen L, Wu SA, et al. Zyx-

ineSiah2eLats2 axis mediates cooperation between Hippo and

TGF-beta signalling pathways. Nat Commun 2016;7:11123.

42. Kwong E, Li Y, Hylemon PB, Zhou H. Bile acids and sphingosine-1-

phosphate receptor 2 in hepatic lipid metabolism. Acta Pharm Sin B

2015;5:151e7.

43. Langenhan T, Piao X, Monk KR. Adhesion G protein-coupled re-

ceptors in nervous system development and disease. Nat Rev Neu-

rosci 2016;17:550e61.

44. Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al.

Regulation of inflammatory responses by gut microbiota and che-

moattractant receptor GPR43. Nature 2009;461:1282e6.
45. Dorsam RT, Gutkind JS. G-protein-coupled receptors and cancer. Nat

Rev Cancer 2007;7:79e94.

46. Bar-Shavit R, Maoz M, Kancharla A, Nag JK, Agranovich D, Gri-

saru-Granovsky S, et al. G protein-coupled receptors in cancer. Int J

Mol Sci 2016;17:E1320.

47. Usui S, Sugimoto N, Takuwa N, Sakagami S, Takata S, Kaneko S,

et al. Blood lipid mediator sphingosine 1-phosphate potently stimu-

lates platelet-derived growth factor-A and -B chain expression

through S1P1-Gi-Ras-MAPK-dependent induction of Kruppel-like

factor 5. J Biol Chem 2004;279:12300e11.

48. Safarian F, Khallaghi B, Ahmadiani A, Dargahi L. Activa-

tion of S1P1 receptor regulates PI3K/Akt/FoxO3a pathway in

response to oxidative stress in PC12 cells. J Mol Neurosci 2015;56:

177e87.

49. Jeong KJ, Park SY, Cho KH, Sohn JS, Lee J, Kim YK, et al. The

Rho/ROCK pathway for lysophosphatidic acid-induced proteolytic

enzyme expression and ovarian cancer cell invasion. Oncogene 2012;

31:4279e89.

50. Yu FX, Zhao B, Panupinthu N, Jewell JL, Lian I, Wang LH, et al.

Regulation of the Hippo-YAP pathway by G-protein-coupled recep-

tor signaling. Cell 2012;150:780e91.

51. Cheong HI, Asosingh K, Stephens OR, Queisser KA, Xu W,

Willard B, et al. Hypoxia sensing through b-adrenergic receptors. JCI

insight 2016;1:e90240.

52. Lee SJ, No YR, Dang DT, Dang LH, Yang VW, Shim H, et al.

Regulation of hypoxia-inducible factor 1alpha (HIF-1alpha) by

lysophosphatidic acid is dependent on interplay between p53 and

Kruppel-like factor 5. J Biol Chem 2013;288:25244e53.

53. de Wit RH, Mujic-Delic A, van Senten JR, Fraile-Ramos A,

Siderius M, Smit MJ. Human cytomegalovirus encoded chemokine

receptor US28 activates the HIF-1alpha/PKM2 axis in glioblastoma

cells. Oncotarget 2016;7:67966e85.

54. Lopez-Haber C, Barrio-Real L, Casado-Medrano V, Kazanietz MG.

Heregulin/ErbB3 signaling enhances CXCR4-driven Rac1 activation

and breast cancer cell motility via hypoxia-inducible factor 1alpha.

Mol Cell Biol 2016;36:2011e26.

55. Greenhough A, Bagley C, Heesom KJ, Gurevich DB, Gay D,

Bond M, et al. Cancer cell adaptation to hypoxia involves a

HIFeGPRC5AeYAP axis. EMBO Mol Med 2018;10:e8699.

56. Park HW, Kim YC, Yu B, Moroishi T, Mo JS, Plouffe SW, et al.

Alternative Wnt signaling activates YAP/TAZ. Cell 2015;162:

780e94.

57. Mullen PJ, Yu R, Longo J, Archer MC, Penn LZ. The interplay

between cell signalling and the mevalonate pathway in cancer. Nat

Rev Cancer 2016;16:718e31.
58. Sorrentino G, Ruggeri N, Specchia V, Cordenonsi M, Mano M,

Dupont S, et al. Metabolic control of YAP and TAZ by the meval-

onate pathway. Nat Cell Biol 2014;16:357e66.

59. Dai XY, Zhuang LH, Wang DD, Zhou TY, Chang LL, Gai RH, et al.

Nuclear translocation and activation of YAP by hypoxia contributes

to the chemoresistance of SN38 in hepatocellular carcinoma cells.

OncoTarget 2016;7:6933e47.

60. Zhou TY, Zhuang LH, Hu Y, Zhou YL, Lin WK, Wang DD, et al.

Inactivation of hypoxia-induced YAP by statins overcomes hypoxic

resistance tosorafenib in hepatocellular carcinoma cells. Sci Rep

2016;6:30483.

61. Larsson O. HMG-CoA reductase inhibitors: role in normal and ma-

lignant cells. Crit Rev Oncol Hematol 1996;22:197e212.

62. Hicklin DJ, Ellis LM. Role of the vascular endothelial growth factor

pathway in tumor growth and angiogenesis. J Clin Oncol 2005;23:

1011e27.
63. Hegde PS, Wallin JJ, Mancao C. Predictive markers of anti-VEGF

and emerging role of angiogenesis inhibitors as immunotherapeu-

tics. Semin Cancer Biol 2018;52:117e24.
64. Carmeliet P. VEGF as a key mediator of angiogenesis in cancer.

Oncology 2005;69 Suppl 3:4e10.

65. Xie J, Liu J, Liu H, Liang S, Lin M, Gu Y, et al. The antitumor effect

of tanshinone IIA on anti-proliferation and decreasing VEGF/-

VEGFR2 expression on the human non-small cell lung cancer A549

cell line. Acta Pharm Sin B 2015;5:554e63.

66. Zhu H, Zhang S. Hypoxia inducible factor-1alpha/vascular endo-

thelial growth factor signaling activation correlates with response to

radiotherapy and its inhibition reduces hypoxia-induced angiogenesis

in lung cancer. J Cell Biochem 2018;119:7707e18.

67. Palazon A, Tyrakis PA, Macias D, Velica P, Rundqvist H,

Fitzpatrick S, et al. An HIF-1alpha/VEGF-A axis in cytotoxic T cells

regulates tumor progression. Cancer Cell 2017;32:669e83. e5.

68. Liu Y, Steinestel K, Rouhi A, Armacki M, Diepold K, Chiosis G,

et al. STK33 participates to HSP90-supported angiogenic program in

hypoxic tumors by regulating HIF-1alpha/VEGF signaling pathway.

OncoTarget 2017;8:77474e88.

69. He W, Huang L, Shen X, Yang Y, Wang D, Yang Y, et al. Rela-

tionship between RSUME and HIF-1alpha/VEGF-Awith invasion of

pituitary adenoma. Gene 2017;603:54e60.

70. Lin C, McGough R, Aswad B, Block JA, Terek R. Hypoxia induces

HIF-1alpha and VEGF expression in chondrosarcoma cells and

chondrocytes. J Orthop Res 2004;22:1175e81.

71. Dulloo I, Hooi PB, Sabapathy K. Hypoxia-induced DNp73 stabili-

zation regulates VEGF-A expression and tumor angiogenesis similar

to TAp73. Cell Cycle 2015;14:3533e9.
72. Cheng CC, Guan SS, Yang HJ, Chang CC, Luo TY, Chang J, et al.

Blocking heme oxygenase-1 by zinc protoporphyrin reduces tumor

hypoxia-mediated VEGF release and inhibits tumor angiogenesis as a

potential therapeutic agent against colorectal cancer. J Biomed Sci

2016;23:18.

73. Xu M, Zheng YL, Xie XY, Liang JY, Pan FS, Zheng SG, et al.

Sorafenib blocks the HIF-1alpha/VEGFA pathway, inhibits tumor

invasion, and induces apoptosis in hepatoma cells. DNA Cell Biol

2014;33:275e81.

74. Shi L, Zhang G, Zheng Z, Lu B, Ji L. Andrographolide reduced

VEGFA expression in hepatoma cancer cells by inactivating HIF-

1alpha: the involvement of JNK and MTA1/HDCA. Chem Biol

Interact 2017;273:228e36.

75. Ferrara N. Vascular endothelial growth factor: basic science and

clinical progress. Endocr Rev 2004;25:581e611.
76. Ramjiawan RR, Griffioen AW, Duda DG. Anti-angiogenesis for

cancer revisited: is there a role for combinations with immuno-

therapy?. Angiogenesis 2017;20:185e204.

77. Wang X, Freire Valls A, Schermann G, Shen Y, Moya IM, Castro L,

et al. YAP/TAZ orchestrate VEGF signaling during developmental

angiogenesis. Dev Cell 2017;42:462e78.

78. Azad T, Janse van Rensburg HJ, Lightbody ED, Neveu B,

Champagne A, Ghaffari A, et al. A LATS biosensor screen identifies

http://refhub.elsevier.com/S2211-3835(19)30821-4/sref37
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref37
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref37
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref38
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref38
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref38
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref38
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref38
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref39
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref39
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref39
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref39
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref40
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref40
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref40
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref41
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref41
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref41
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref41
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref41
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref42
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref42
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref42
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref42
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref43
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref43
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref43
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref43
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref44
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref44
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref44
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref44
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref45
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref45
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref45
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref46
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref46
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref46
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref47
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref47
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref47
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref47
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref47
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref47
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref48
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref48
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref48
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref48
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref48
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref48
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref49
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref49
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref49
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref49
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref49
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref50
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref50
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref50
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref50
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref51
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref51
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref51
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref52
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref52
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref52
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref52
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref52
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref53
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref53
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref53
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref53
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref53
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref54
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref54
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref54
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref54
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref54
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref55
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref55
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref55
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref55
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref55
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref56
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref56
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref56
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref56
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref57
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref57
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref57
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref57
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref58
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref58
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref58
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref58
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref59
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref59
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref59
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref59
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref59
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref60
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref60
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref60
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref60
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref61
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref61
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref61
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref62
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref62
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref62
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref62
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref63
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref63
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref63
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref63
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref64
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref64
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref64
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref65
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref65
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref65
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref65
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref65
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref66
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref66
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref66
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref66
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref66
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref67
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref67
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref67
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref67
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref68
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref68
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref68
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref68
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref68
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref69
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref69
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref69
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref69
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref70
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref70
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref70
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref70
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref71
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref71
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref71
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref71
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref72
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref72
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref72
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref72
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref72
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref73
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref73
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref73
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref73
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref73
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref74
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref74
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref74
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref74
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref74
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref75
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref75
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref75
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref76
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref76
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref76
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref76
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref77
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref77
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref77
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref77
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref78
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref78


958 Chenxi Zhao et al.
VEGFR as a regulator of the Hippo pathway in angiogenesis. Nat

Commun 2018;9:1061.

79. Du Y, Chen Q, Huang L, Wang S, Yin X, Zhou L, et al. VEGFR2 and

VEGF-C suppresses the epithelialemesenchymal transition via YAP

in retinal pigment epithelial cells. Curr Mol Med 2018;18:273e86.
80. Brodowska K, Al-Moujahed A, Marmalidou A, Meyer Zu, Horste M,

Cichy J, Miller JW, et al. The clinically used photosensitizer verte-

porfin (VP) inhibits YAP-TEAD and human retinoblastoma cell

growth in vitro without light activation. Exp Eye Res 2014;124:

67e73.

81. Zhang CX, Bian ML, Chen XR, Jin HH, Zhao SF, Yang X, et al.

Oroxylin A prevents angiogenesis of LSECs in liver fibrosis via

inhibition of YAP/HIF-1 signaling. J Cell Biochem 2018;119:

2258e68.

82. Han P, Fu Y, Liu JM, Wang YW, He JY, Gong J, et al. Netrin-1

promotes cell migration and invasion by down-regulation of BVES

expression in human hepatocellular carcinoma. Am J Cancer Res

2015;5:1396e409.

83. An XZ, Zhao ZG, Luo YX, Zhang R, Tang XQ, Hao DL, et al.

Netrin-1 suppresses the MEK/ERK pathway and ITGB4 in pancre-

atic cancer. Oncotarget 2016;7:24719e33.

84. Forcet C, Stein E, Pays L, Corset V, Llambi F, Tessier-Lavigne M,

et al. Netrin-1-mediated axon outgrowth requires deleted in colo-

rectal cancer-dependent MAPK activation. Nature 2002;417:443e7.

85. Yin K, Dang S, Cui L, Fan X, Wang L, Xie R, et al. Netrin-1 pro-

motes metastasis of gastric cancer by regulating YAP activity. Bio-

chem Biophys Res Commun 2018;496:76e82.
86. Mazelin L, Bernet A, Bonod-Bidaud C, Pays L, Arnaud S,

Gespach C, et al. Netrin-1 controls colorectal tumorigenesis by

regulating apoptosis. Nature 2004;431:80e4.

87. Kefeli U, Ucuncu Kefeli A, Cabuk D, Isik U, Sonkaya A, Acikgoz O,

et al. Netrin-1 in cancer: potential biomarker and therapeutic target?.

Tumour Biol 2017;39. 1010428317698388.

88. Qi Q, Li DY, Luo HR, Guan KL, Ye K. Netrin-1 exerts oncogenic

activities through enhancing Yes-associated protein stability. Proc

Natl Acad Sci U S A 2015;112:7255e60.

89. Roperch JP, El Ouadrani K, Hendrix A, Emami S, De Wever O,

Melino G, et al. Netrin-1 induces apoptosis in human cervical tumor

cells via the TAp73alpha tumor suppressor. Cancer Res 2008;68:

8231e9.

90. Chen HW, Chen Q, Luo QD. Expression of netrin-1 by hypoxia

contributes to the invasion and migration of prostate carcinoma cells

by regulating YAP activity. Exp Cell Res 2016;349:302e9.

91. Brahmkhatri VP, Prasanna C, Atreya HS. Insulin-like growth factor

system in cancer: novel targeted therapies. Biomed Res Int 2015;

2015:538019.

92. Li H, Batth IS, Qu X, Xu L, Song N, Wang R, et al. IGF-IR signaling

in epithelial to mesenchymal transition and targeting IGF-IR therapy:

overview and new insights. Mol Cancer 2017;16:6.

93. Simpson A, Petnga W, Macaulay VM, Weyer-Czernilofsky U,

Bogenrieder T. Insulin-like growth factor (IGF) pathway targeting in

cancer: role of the IGF axis and opportunities for future combination

studies. Target Oncol 2017;12:571e97.
94. Chellappan SP, Hiebert S, Mudryj M, Horowitz JM, Nevins JR. The

E2F transcription factor is a cellular target for the RB protein. Cell

1991;65:1053e61.
95. Kato J, Matsushime H, Hiebert SW, Ewen ME, Sherr CJ. Direct

binding of cyclin D to the retinoblastoma gene product (pRb) and

pRb phosphorylation by the cyclin D-dependent kinase CDK4. Genes

Dev 1993;7:331e42.

96. Ohtani K, DeGregori J, Nevins JR. Regulation of the cyclin E gene

by transcription factor E2F1. Proc Natl Acad Sci U S A 1995;92:

12146e50.

97. Chitnis MM, Yuen JS, Protheroe AS, Pollak M, Macaulay VM. The

type 1 insulin-like growth factor receptor pathway. Clin Cancer Res

2008;14:6364e70.

98. Chang WW, Lin RJ, Yu J, Chang WY, Fu CH, Lai A, et al. The

expression and significance of insulin-like growth factor-1 receptor
and its pathway on breast cancer stem/progenitors. Breast Cancer

Res 2013;15:R39.

99. Strassburger K, Tiebe M, Pinna F, Breuhahn K, Teleman AA. Insu-

lin/IGF signaling drives cell proliferation in part via Yorkie/YAP. Dev

Biol 2012;367:187e96.
100. Soni S, Padwad YS. HIF-1 in cancer therapy: two decade long story

of a transcription factor. Acta Oncol 2017;56:503e15.

101. Kaelin Jr WG, Ratcliffe PJ. Oxygen sensing by metazoans: the

central role of the HIF hydroxylase pathway. Mol Cell 2008;30:

393e402.

102. Bendinelli P, Maroni P, Matteucci E, Luzzati A, Perrucchini G,

Desiderio MA. Hypoxia inducible factor-1 is activated by tran-

scriptional 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;49:2608e18.
103. Varelas X. The Hippo pathway effectors TAZ and YAP in

development, homeostasis and disease. Development 2014;141:

1614e26.

104. Kanai F, Marignani PA, Sarbassova D, Yagi R, Hall RA,

Donowitz M, et al. TAZ: a novel transcriptional co-activator regu-

lated by interactions with 14-3-3 and PDZ domain proteins. EMBO J

2000;19:6778e91.
105. Li H, Li X, Jing X, Li M, Ren Y, Chen J, et al. Hypoxia promotes

maintenance of the chondrogenic phenotype in rat growth plate

chondrocytes through the HIF-1alpha/YAP signaling pathway. Int J

Mol Med 2018;42:3181e92.
106. Yan B, Jiang Z, Cheng L, Chen K, Zhou C, Sun L, et al. Paracrine

HGF/c-MET enhances the stem cell-like potential and glycolysis of

pancreatic cancer cells via activation of YAP/HIF-1alpha. Exp Cell

Res 2018;371:63e71.

107. Zhang X, Li Y, Ma Y, Yang L, Wang T, Meng X, et al. Yes-associated

protein (YAP) binds to HIF-1alpha and sustains HIF-1alpha protein

stability to promote hepatocellular carcinoma cell glycolysis under

hypoxic stress. J Exp Clin Cancer Res 2018;37:216.

108. Yan LB, Cai QC, Xu Y. Hypoxic conditions differentially regulate TAZ

and YAP in cancer cells. Arch Biochem Biophys 2014;562:31e6.

109. Mohlin S, Hamidian A, von Stedingk K, Bridges E, Wigerup C,

Bexell D, et al. PI3K-mTORC2 but not PI3K-mTORC1 regulates

transcription of HIF2A/EPAS1 and vascularization in neuroblastoma.

Cancer Res 2015;75:4617e28.

110. Koukourakis MI, Giatromanolaki A, Sivridis E, Simopoulos C,

Turley H, Talks K, et al. Hypoxia-inducible factor (HIF1A and

HIF2A), angiogenesis, and chemoradiotherapy outcome of squamous

cell head-and-neck cancer. Int J Radiat Oncol Biol Phys 2002;53:

1192e202.

111. Ma XY, Zhang HB, Xue X, Shah YM. Hypoxia-inducible factor 2

alpha (HIF-2 alpha) promotes colon cancer growth by potentiating

Yes-associated protein 1 (YAP1) activity. J Biol Chem 2017;292:

17046e56.

112. Choi JW, Herr DR, Noguchi K, Yung YC, Lee CW, Mutoh T, et al.

LPA receptors: subtypes and biological actions. Annu Rev Pharmacol

Toxicol 2010;50:157e86.
113. Han H, Qi R, Zhou JJ, Ta AP, Yang B, Nakaoka HJ, et al. Regulation

of the Hippo pathway by phosphatidic acid-mediated lipideprotein

interaction. Mol Cell 2018;72:328e40.
114. Kim KS, Sengupta S, Berk M, Kwak YG, Escobar PF, Belinson J,

et al. Hypoxia enhances lysophosphatidic acid responsiveness in

ovarian cancer cells and lysophosphatidic acid induces ovarian tumor

metastasis in vivo. Cancer Res 2006;66:7983e90.
115. Baran N, Konopleva M. Molecular pathways: hypoxia-activated

prodrugs in cancer therapy. Clin Cancer Res 2017;23:2382e90.

116. Lin WH, Yeh SH, Yeh KH, Chen KW, Cheng YW, Su TH, et al.

Hypoxia-activated cytotoxic agent tirapazamine enhances hepatic

artery ligation-induced killing of liver tumor in HBx transgenic mice.

Proc Natl Acad Sci U S A 2016;113:11937e42.

117. Chen R, Zhu S, Fan XG, Wang H, Lotze MT, Zeh 3rd HJ, et al. High

mobility group protein B1 controls liver cancer initiation through

http://refhub.elsevier.com/S2211-3835(19)30821-4/sref78
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref78
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref79
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref79
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref79
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref79
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref79
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref80
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref80
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref80
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref80
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref80
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref80
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref81
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref81
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref81
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref81
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref81
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref82
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref82
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref82
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref82
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref82
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref83
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref83
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref83
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref83
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref84
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref84
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref84
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref84
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref85
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref85
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref85
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref85
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref86
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref86
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref86
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref86
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref87
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref87
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref87
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref88
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref88
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref88
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref88
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref89
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref89
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref89
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref89
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref89
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref90
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref90
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref90
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref90
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref91
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref91
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref91
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref92
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref92
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref92
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref93
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref93
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref93
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref93
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref93
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref94
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref94
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref94
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref94
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref95
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref95
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref95
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref95
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref95
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref96
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref96
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref96
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref96
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref97
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref97
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref97
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref97
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref98
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref98
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref98
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref98
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref99
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref99
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref99
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref99
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref100
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref100
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref100
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref101
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref101
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref101
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref101
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref102
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref102
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref102
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref102
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref102
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref102
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref102
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref103
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref103
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref103
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref103
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref104
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref104
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref104
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref104
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref104
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref105
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref105
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref105
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref105
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref105
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref106
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref106
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref106
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref106
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref106
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref107
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref107
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref107
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref107
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref108
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref108
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref108
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref109
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref109
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref109
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref109
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref109
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref110
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref110
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref110
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref110
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref110
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref110
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref111
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref111
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref111
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref111
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref111
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref112
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref112
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref112
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref112
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref113
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref113
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref113
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref113
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref113
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref114
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref114
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref114
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref114
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref114
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref115
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref115
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref115
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref116
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref116
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref116
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref116
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref116
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref117
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref117


YAP/TAZ in hypoxic tumor microenvironment 959
yes-associated protein-dependent aerobic glycolysis. Hepatology

2018;67:1823e41.

118. Camargo FD, Gokhale S, Johnnidis JB, Fu D, Bell GW, Jaenisch R,

et al. YAP1 increases organ size and expands undifferentiated pro-

genitor cells. Curr Biol 2007;17:2054e60.
119. Yu FX, Zhao B, Guan KL. Hippo pathway in organ size control,

tissue homeostasis, and cancer. Cell 2015;163:811e28.

120. El-Serag HB. Epidemiology of viral hepatitis and hepatocellular

carcinoma. Gastroenterology 2012;142:1264e73.

121. Wilson GK, Tennant DA, McKeating JA. Hypoxia inducible factors

in liver disease and hepatocellular carcinoma: current understanding

and future directions. J Hepatol 2014;61:1397e406.
122. Liu-Chittenden Y, Huang B, Shim JS, Chen Q, Lee SJ, Anders RA,

et al. Genetic and pharmacological disruption of the TEADeYAP

complex suppresses the oncogenic activity of YAP. Genes Dev

2012;26:1300e5.
123. Darrington E, Zhong M, Vo BH, Khan SA. Vascular endothelial

growth factor A, secreted in response to transforming growth factor-

beta1 under hypoxic conditions, induces autocrine effects

on migration of prostate cancer cells. Asian J Androl 2012;14:

745e51.

124. Yan B, Li T, Shen L, Zhou Z, Liu X, Wang X, et al. Simultaneous

knockdown of YAP and TAZ increases apoptosis of hepatocellular

carcinoma cells under hypoxic condition. Biochem Biophys Res

Commun 2019;515:275e81.

125. Preisser F, Giehl K, Rehm M, Goppelt-Struebe M. Inhibitors of

oxygen sensing prolyl hydroxylases regulate nuclear localization

of the transcription factors Smad2 and YAP/TAZ involved in

CTGF synthesis. Biochim Biophys Acta Mol Cell Res 2016;1863:

2027e36.
126. Eales KL, Wilkinson EA, Cruickshank G, Tucker JHR, Tennant DA.

Verteporfin selectively kills hypoxic glioma cells through iron-

binding and increased production of reactive oxygen species. Sci

Rep 2018;8:14358.

127. Fallah J, Rini BI. HIF inhibitors: status of current clinical develop-

ment. Curr Oncol Rep 2019;21:6.

128. Ajith TA. Current insights and future perspectives of hypoxia-

inducible factor-targeted therapy in cancer. J Basic Clin Physiol

Pharmacol 2018;30:11e8.

129. Bhattarai D, Xu X, Lee K. Hypoxia-inducible factor-1 (HIF-1) in-

hibitors from the last decade (2007 to 2016): a “structure-activity

relationship” perspective. Med Res Rev 2018;38:1404e42.

130. Wigerup C, Pahlman S, Bexell D. Therapeutic targeting of hypoxia

and hypoxia-inducible factors in cancer. Pharmacol Ther 2016;164:

152e69.
131. Abdel-Naim AB, Neamatallah T, Eid BG, Esmat A, Alamoudi AJ,

Abd El-Aziz GS, et al. 2-Methoxyestradiol attenuates testosterone-

induced benign prostate hyperplasia in rats through inhibition of

HIF-1alpha/TGF-beta/Smad2 axis. Oxid Med Cell Longev 2018;

2018:4389484.

132. Liu YV, Baek JH, Zhang H, Diez R, Cole RN, Semenza GL. RACK1

competes with HSP90 for binding to HIF-1alpha and is required for

O2-independent and HSP90 inhibitor-induced degradation of HIF-

1alpha. Mol Cell 2007;25:207e17.

133. Li YL, Zhang NY, Hu X, Chen JL, Rao MJ, Wu LW, et al. Evodi-

amine induces apoptosis and promotes hepatocellular carcinoma cell

death induced by vorinostat via downregulating HIF-1alpha under

hypoxia. Biochem Biophys Res Commun 2018;498:481e6.

134. Wallace EM, Rizzi JP, Han G, Wehn PM, Cao Z, Du X, et al. A

small-molecule antagonist of HIF2alpha is efficacious in preclinical

models of renal cell carcinoma. Cancer Res 2016;76:5491e500.

135. Xu R, Wang K, Rizzi JP, Huang H, Grina JA, Schlachter ST, et al. 3-

[(1S,2S,3R)-2,3-Difluoro-1-hydroxy-7-methylsulfonylindan-4-yl]

oxy-5-fluorobenzo nitrile (PT2977), a hypoxia-inducible factor

2alpha (HIF-2alpha) inhibitor for the treatment of clear cell renal cell

carcinoma. J Med Chem 2019;62:6876e93.

136. Sapra P, Kraft P, Pastorino F, Ribatti D, Dumble M, Mehlig M, et al.

Potent and sustained inhibition of HIF-1alpha and downstream genes
by a polyethyleneglycol-SN38 conjugate, EZN-2208, results in anti-

angiogenic effects. Angiogenesis 2011;14:245e53.

137. Gaur S, Wang Y, Kretzner L, Chen L, Yen T, Wu X, et al. Phar-

macodynamic and pharmacogenomic study of the nanoparticle con-

jugate of camptothecin CRLX101 for the treatment of cancer.

Nanomedicine 2014;10:1477e86.

138. Ye XY, Luo QQ, Xu YH, Tang NW, Niu XM, Li ZM, et al. 17-AAG

suppresses growth and invasion of lung adenocarcinoma cells via

regulation of the LATS1/YAP pathway. J Cell Mol Med 2015;19:

651e63.

139. Lee K, Qian DZ, Rey S, Wei H, Liu JO, Semenza GL. Anthracycline

chemotherapy inhibits HIF-1 transcriptional activity and tumor-

induced mobilization of circulating angiogenic cells. Proc Natl

Acad Sci U S A 2009;106:2353e8.

140. Wang WM, Zhao ZL, Ma SR, Yu GT, Liu B, Zhang L, et al.

Epidermal growth factor receptor inhibition reduces angiogenesis via

hypoxia-inducible factor-1alpha and Notch1 in head neck squamous

cell carcinoma. PLoS One 2015;10:e0119723.

141. Thirusangu P, Vigneshwaran V, Ranganatha VL, Vijay Avin BR,

Khanum SA, Mahmood R, et al. A tumoural angiogenic gateway

blocker, benzophenone-1B represses the HIF-1alpha nuclear trans-

location and its target gene activation against neoplastic progression.

Biochem Pharmacol 2017;125:26e40.
142. Lee K, Zhang H, Qian DZ, Rey S, Liu JO, Semenza GL. Acriflavine

inhibits HIF-1 dimerization, tumor growth, and vascularization. Proc

Natl Acad Sci U S A 2009;106:17910e5.

143. Kobayashi Y, Oguro A, Imaoka S. Bisphenol A and its derivatives

induce degradation of HIF-1alpha via the lysosomal pathway in

human hepatocarcinoma cell line, Hep3B. Biol Pharm Bull 2018;41:

374e82.
144. Puppo M, Battaglia F, Ottaviano C, Delfino S, Ribatti D, Varesio L,

et al. Topotecan inhibits vascular endothelial growth factor produc-

tion and angiogenic activity induced by hypoxia in human neuro-

blastoma by targeting hypoxia-inducible factor-1alpha and -2alpha.

Mol Cancer Ther 2008;7:1974e84.

145. Horie M, Saito A, Ohshima M, Suzuki HI, Nagase T. YAP and TAZ

modulate cell phenotype in a subset of small cell lung cancer. Cancer

Sci 2016;107:1755e66.

146. Nargund AM, Pham CG, Dong Y, Wang PI, Osmangeyoglu HU,

Xie Y, et al. The SWI/SNF protein PBRM1 restrains VHL-

loss-driven clear cell renal cell carcinoma. Cell Rep 2017;18:

2893e906.
147. Knutson SK, Wigle TJ, Warholic NM, Sneeringer CJ, Allain CJ,

Klaus CR, et al. A selective inhibitor of EZH2 blocks H3K27

methylation and kills mutant lymphoma cells. Nat Chem Biol 2012;8:

890e6.

148. Chang L, Azzolin L, Di Biagio D, Zanconato F, Battilana G, Lucon

Xiccato R, et al. The SWI/SNF complex is a mechanoregulated in-

hibitor of YAP and TAZ. Nature 2018;563:265e9.
149. McCabe MT, Ott HM, Ganji G, Korenchuk S, Thompson C, Van

Aller GS, et al. EZH2 inhibition as a therapeutic strategy for

lymphoma with EZH2-activating mutations. Nature 2012;492:

108e12.
150. Qi W, Chan H, Teng L, Li L, Chuai S, Zhang R, et al. Selective

inhibition of Ezh2 by a small molecule inhibitor blocks tumor cells

proliferation. Proc Natl Acad Sci U S A 2012;109:21360e5.
151. Fokas E, Im JH, Hill S, Yameen S, Stratford M, Beech J, et al. Dual

inhibition of the PI3K/mTOR pathway increases tumor radiosensi-

tivity by normalizing tumor vasculature. Cancer Res 2012;72:

239e48.
152. Zhao Y, Montminy T, Azad T, Lightbody E, Hao Y, SenGupta S,

et al. PI3K positively regulates YAP and TAZ in mammary tumori-

genesis through multiple signaling pathways. Mol Cancer Res 2018;

16:1046e58.

153. Jimenez-Velasco A, Roman-Gomez J, Agirre X, Barrios M,

Navarro G, Vazquez I, et al. Downregulation of the large tumor

suppressor 2 (LATS2/KPM ) gene is associated with poor prognosis

in acute lymphoblastic leukemia. Leukemia 2005;19:2347e50.

http://refhub.elsevier.com/S2211-3835(19)30821-4/sref117
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref117
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref117
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref118
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref118
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref118
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref118
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref119
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref119
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref119
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref120
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref120
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref120
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref121
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref121
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref121
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref121
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref122
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref122
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref122
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref122
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref122
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref122
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref123
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref123
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref123
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref123
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref123
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref123
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref124
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref124
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref124
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref124
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref124
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref125
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref125
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref125
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref125
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref125
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref125
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref126
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref126
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref126
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref126
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref127
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref127
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref128
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref128
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref128
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref128
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref129
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref129
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref129
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref129
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref130
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref130
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref130
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref130
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref131
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref131
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref131
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref131
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref131
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref132
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref132
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref132
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref132
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref132
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref132
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref133
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref133
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref133
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref133
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref133
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref134
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref134
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref134
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref134
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref135
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref135
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref135
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref135
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref135
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref135
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref136
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref136
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref136
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref136
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref136
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref137
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref137
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref137
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref137
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref137
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref138
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref138
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref138
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref138
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref138
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref139
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref139
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref139
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref139
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref139
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref140
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref140
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref140
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref140
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref141
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref141
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref141
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref141
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref141
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref141
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref142
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref142
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref142
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref142
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref143
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref143
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref143
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref143
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref143
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref144
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref144
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref144
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref144
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref144
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref144
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref145
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref145
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref145
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref145
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref146
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref146
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref146
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref146
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref146
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref147
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref147
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref147
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref147
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref147
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref148
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref148
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref148
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref148
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref149
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref149
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref149
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref149
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref149
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref150
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref150
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref150
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref150
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref151
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref151
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref151
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref151
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref151
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref152
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref152
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref152
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref152
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref152
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref153
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref153
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref153
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref153
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref153
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref153


960 Chenxi Zhao et al.
154. Ishizaki K, Fujimoto J, Kumimoto H, Nishimoto Y, Shimada Y,

Shinoda M, et al. Frequent polymorphic changes but rare tumor

specific mutations of the LATS2 gene on 13q11-12 in esophageal

squamous cell carcinoma. Int J Oncol 2002;21:1053e7.

155. Powzaniuk M, McElwee-Witmer S, Vogel RL, Hayami T,

Rutledge SJ, Chen F, et al. The LATS2/KPM tumor suppressor is a

negative regulator of the androgen receptor.Mol Endocrinol 2004;18:

2011e23.
156. Wu H, Wei L, Fan F, Ji S, Zhang S, Geng J, et al. Integration of

Hippo signalling and the unfolded protein response to restrain liver

overgrowth and tumorigenesis. Nat Commun 2015;6:6239.

157. Liang N, Zhang C, Dill P, Panasyuk G, Pion D, Koka V, et al. Regu-

lation of YAP by mTOR and autophagy reveals a therapeutic target of

tuberous sclerosis complex. J Exp Med 2014;211:2249e63.

158. Kwon Y, Vinayagam A, Sun X, Dephoure N, Gygi SP, Hong P, et al.

The Hippo signaling pathway interactome. Science 2013;342:737e40.

http://refhub.elsevier.com/S2211-3835(19)30821-4/sref154
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref154
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref154
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref154
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref154
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref155
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref155
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref155
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref155
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref155
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref156
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref156
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref156
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref157
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref157
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref157
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref157
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref158
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref158
http://refhub.elsevier.com/S2211-3835(19)30821-4/sref158

	Yes-associated protein (YAP) and transcriptional coactivator with a PDZ-binding motif (TAZ): a nexus between hypoxia and cancer
	1. Introduction
	2. The crosstalk between hypoxia and YAP/TAZ
	2.1. Hypoxia-induced dephosphorylation and activation of YAP/TAZ
	2.1.1. Seven in absentia homolog (SIAH) regulates YAP/TAZ under hypoxia
	2.1.2. G protein-coupled receptor class C group 5 member A (GPRC5A) decreases the inhibitory phosphorylation of YAP under hypoxia
	2.1.3. The mevalonate (MVA) pathway regulates phosphorylation of YAP under hypoxia
	2.1.4. Vascular endothelial growth factor (VEGF)-mediated changes in phosphorylation of YAP/TAZ
	2.1.5. Other hypoxia-related factors/pathways controlling the dephosphorylation and activation of YAP

	2.2. The formation of HIF1-YAP/TAZ complexes
	2.2.1. YAP/TAZ function as transcriptional activators of HIF1
	2.2.2. HIF1 induces transcription activation of YAP/TAZ

	2.3. Other crosstalk between hypoxia and YAP/TAZ

	3. Hypoxia-targeting therapeutic strategies based on YAP/TAZ
	3.1. Compounds targeting YAP/TAZ under preclinical research and clinical trials
	3.2. HIF inhibitors that impede the YAP/TAZ pathway

	4. Conclusions
	5. Discussion
	Acknowledgments
	Author contributions
	Conflicts of interest
	References


