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Abstract Ferroptosis is a novel form of iron-dependent cell death characterized by lipid per-
oxidation. While the importance and disease relevance of ferroptosis is gaining recognition,
much remains unknown about various genetic and non-genetic determinants of ferroptosis.
Hippo signaling pathway is an evolutionarily conserved pathway that responds to various envi-
ronmental cues and controls organ size, cell proliferation, death, and self-renewal capacity. In
cancer biology, Hippo pathway is a potent tumor suppressing mechanism and its dysregulation
contributes to apoptosis evasion, cancer development, metastasis, and treatment resistance.
Hippo dysregulation leads to aberrant activation of YAP and TAZ, the two major transcription
co-activators of TEADs, that induce the expression of genes triggering tumor-promoting pheno-
types, including enhanced cell proliferation, self-renewal and apoptosis inhibition. The Hippo
pathway is regulated by the cell-cell contact and cellular density/confluence. Recently, fer-
roptosis has also been found being regulated by the cellular contact and density. The YAP/
TAZ activation under low density, while confers apoptosis resistance, renders cancer cells
sensitivity to ferroptosis. These findings establish YAP/TAZ and Hippo pathways as novel deter-
minants of ferroptosis. Therefore, inducing ferroptosis may have therapeutic potential for
YAP/TAZ-activated chemo-resistant and metastatic tumor cells. Reciprocally, various YAP/
TAZ-targeting treatments under clinical development may confer ferroptosis resistance,
limiting the therapeutic efficacy.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
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Ferroptosis as a newly recognized form of
regulated cell death

During evolution, cell death performs a critical function to
clear out the old and “diseased” cells to maintain the
equilibrium and homeostasis of tissues and whole organ-
isms. While initially thought as a passive process, most cell
death is now appreciated to be highly regulated and occurs
through several distinct death mechanisms and highly
reproducible processes, hence named programmed cell
death (PCD). Since mid-1990s, substantial amount of
studies have focused on apoptosis, the first-defined PCD.1

Apoptosis is characterized by cell blebbing, chromatin
condensation and caspase dependency.2 Other than
apoptosis, several additional forms of PCD have been sub-
sequently recognized, including autophagy, pyroptosis,
parthanatos, necroptosis, ferroptosis, and etc.3,4 Each form
of PCD has its distinct triggering events, morphological
features, genetic determinants and in vivo relevance to
pathological conditions.3,4

Recently, ferroptosis has attracted significant attention
as a novel form of iron-dependent PCD, which is charac-
terized by mitochondria shrinkage, membrane content
condensation, and the accumulation of lipid peroxida-
tion.5,6 Dixon, et al in 2012 first defined ferroptosis when
they studied the death mechanisms by which erastin kills
RAS-mutated cancer cells.5 The term “ferro”-“ptosis” was
chosen based on the iron-dependent feature of this form of
cell death. Since then, there have been significant ad-
vances in our understanding of the processes and de-
terminants of ferroptosis. During the occurrence and
progression of ferroptosis, nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidases (NOXs) generate oxidative
radicals that results in the accumulation of lipid peroxida-
tion, which would trigger ferroptosis, unless the lipid per-
oxidation is neutralized by glutathione peroxidase 4 (GPX4)
using glutathione as a co-factor.5,7 Therefore, ferroptosis
can be induced by the following mechanisms i) depletion of
glutathione (i.e. erastin, sulfasalazine, sorafenib, and
etc),5,8 ii) inhibition of GPX4 (i.e. cisplatin, RSL3, and
etc),7,9 and iii) activation of NOXs to perform their func-
tions. Metabolic changes, such as cystine deprivation
(limiting reagent for glutathione synthesis) and glutamate
surplus can also induce ferroptosis.5,10,11

Importantly, emerging number of studies have focused
on the pathological relevance of ferroptosis to various
disease conditions, including the glutamate-induced neuron
degeneration,5 spondylometaphyseal dysplasia,12 acute
kidney injury induced by ischemia reperfusion,13 liver
fibrosis,14e16 heart failure,17,18 and cancer.19,20 In most of
these pathological conditions, the block of ferroptosis by
various ferroptosis inhibitors can interfere with the disease
progression and mitigate the adverse outcomes. In addi-
tion, the disease tissues may exhibit morphological fea-
tures, lipid peroxidation, oxidative stresses and gene
expression response of ferroptosis.21 In terms of cancer,
ferroptosis has recently been recognized as a tumor sup-
pressing mechanism, the activation of which can target and
kill certain cancer cells specifically and result in better
survivals.21,22 Interestingly, ferroptosis has also been found
to promote the tumor growth,23 indicating the important
role of the biological contexts.

Ferroptosisebiological processes and genetic
determinants

Many studies have identified various genetic determinants
of ferroptosis and their associated signaling pathways
involved in the glutathione/lipid metabolisms, oncogenic
somatic mutations, regulation of iron levels and processes
of epithelial mesenchymal transition (Table 1). We have
highlighted some of the prominent biological processes
below.

xCT-regulated metabolites and their associated
pathways

Ferroptosis was first identified by the mechanistic investi-
gation of the cell death induced by erastin. Erastin was
discovered by a chemical screen to identify compounds that
can selectively target cancer cells bearing RAS mutations.37

Subsequent investigation found that the erastin was a
potent inhibitor of xCT, a transmembrane transporter that
mediated the cystine import through the export of gluta-
mate. Cystine enters cells to be reduced to cysteine, which
is the limiting component of glutathione (GSH). Therefore,
erastin treatment leads to the depletion of GSH, the main
cellular antioxidants and cofactor for GPX4 required to
neutralize lipid peroxidation. Subsequently, the depletion
of GSH leads to the extreme oxidative stresses and results
in the extensive lipid peroxidation noted in the ferroptosis.
Interestingly, a recent study suggested that other than GSH,
the external cystine also fed into the de novo synthesis of
Co-enzyme A (CoA).21 The depletion of CoA synthesis21,38

sensitized cells to erastin-induced ferroptosis. Recipro-
cally, CoA addition was able to protect cells from ferrop-
tosis, but the detailed mechanisms remain to be
investigated.

GPX4-related signaling pathways

As previously mentioned, erastin inhibits the cystine-
glutamate transporter, xCT, essential for the cystine up-
take, to prevent cystine from entering the cells and deplete
glutathione (GSH). GSH is a co-factor for GPX4. As a matter
of fact, erastin further inactivates GPX4 to be incapable of
reducing the lipid hydroperoxide (L-OOH), resulting in the
accumulation of lipid peroxidation and ferroptosis occur-
rence.7 In addition to erastin, several other ferroptosis
inducing agents (FINs) have also been identified through
compound screening, including the RSL3. GPX4 is also a
direct target protein of RSL3, identified in the unbiased
chemoproteomics assay by Yang et al. Unlike erastin, RSL3
inhibits the activity of GPX4 through the direct binding,
followed by the accumulation of lipid peroxidation,



Table 1

Intrinsic
Genes

Signaling Pathways Cell Types Non-genetic
Contexts

Citation

GPX4; HRAS xCT-GPX4 Diffuse large B cell lymphomas;
Renal cell carcinomas;
Oncogenic HRAS-containing fibroblast

7

TP53 p53-SAT1-ALOX15 Non-small cell lung cancer (p53�/� H1299) 24,25

Ras Ras-MEK BJ-TERT/LT/ST/RASV12;
Calu-1; A673; HT-1080; etc.

6,26

FSP1 FSP1-CoQ10-NAD(P)H Metastatic breast cancer (MCF7);
Fibrosarcoma (HT-1080);
Mouse embryonic fibroblast (Pfa1)

27,28

HSPB1 HSF1-HSPB1-TFR1 (iron) Cervical cancer (HeLa);
Osteosarcoma (U2OS);
Prostate cancer (LNCaP)

29

Nrf2 p62-Keap1-NRF2 (iron) Hepatocellular carcinoma (HepG2; Hepa1-6) 30

ATG5; ATG7 ATG5-ATG7-NCOA4 (iron) Mouse embryonic fibroblast (MEF);
Pancreatic cancer (PANC1; PANC2.03);
Fibrosarcoma (HT-1080)

31

ATM ATM-MTF1-Ferritin/FPN1
(iron)

Breast cancer (MDA-MB-231) DNA damage 32

BECN1 AMPK-BECN1-SLC7A11 Colon adenocarcinoma (HCT116; CX-1);
Fibrosarcoma (HT-1080);
Cervical cancer (HeLa);
Pancreatic cancer (PANC1);
Non-small cell lung cancer (Calu-1)

33

MESH1 Renal cell carcinoma (RCC4);
Non-small cell lung cancer (H1975)

10

RIPK3 RIPK3-MLKL Recurrent HER2 driven tumor (mouse) 34

TAZ TAZ-EMP1-NOX4 Renal cell carcinoma (RCC4);
Renal cell adenocarcinoma (786O)

Cell density 35

TAZ TAZ-ANGPTL4-NOX2 Recurrent ovarian cancer (mouse) Cell density 28

YAP ECAD-NF2-YAP Epithelial cancer (MDA-MB-231; H1650; HCT116;
HepG2; PC9; BT474);
Patient-derived malignant mesothelioma (211H;
Meso33, etc)

Cell density and contact 36
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membrane damages and ferroptosis.7 Since selenocysteine
(Sec) is within the active site of GPX4 and switching Sec
with Cys (cysteine) in GPX4 deteriorates the function of
GPX4 to protect ferroptotic cell death, selenocysteine in
GPX4 is also indispensable to regulate the ferroptosis
occurrence.39 The mevalonate (MVA) pathway synthesizes
an intermediate product, isopentenylpyrophosphate (IPP),
that facilitates the isopentenylation of Sec-tRNA and this
process is crucial to the transfer of Sec to GPX4.40,41 In
other words, the MVA pathway plays important roles in
promoting the Sec-tRNA maturation and GPX4 synthesis, so
the associated inhibitors (i.e. statins) is also speculated to
have potentials to induce ferroptosis by inhibiting GPX4.

FSP1, a new mediator of ferroptosis protection

Although GPX4 has been established as the main effector to
protect cells from ferroptosis, two groups have additionally
identified ferroptosis suppressor protein 1 (FSP1), originally
named as Apoptosis Inducing Factor Mitochondria Associ-
ated 2 (AIFM2), as a novel GPX4-independent effector to
prevent ferroptosis.27,42 FSP1 is myristoylated and migrates
to membrane to serve as an oxidoreductase to reduce the
coenzyme Q10 (CoQ10). The reduced CoQ10 acts as a lipo-
philic radical-trapping antioxidant to limit lipid peroxida-
tion and suppress ferroptosis, with the assistance of NAD(P)
H. Since MVA pathway is the main biosynthetic pathways of
CoQ10, the discovery of this pathway also helps to explain
the relevance of MVA in ferroptosis. However, another
study showed that FSP1/AIFM2 protected ferroptosis inde-
pendent of ubiquinol metabolism,43 revealing a different
mechanism FSP1 applied to regulate ferroptosis. In addi-
tion, the endosomal sorting complexes that mediate
membrane fission reactions also protected ferroptosis
through the repairing of damaged membrane.44 Despite of
distinct mechanisms, the discovery of this novel ferroptosis
protection mediator may reveal additional targets for
therapeutic applications to enhance or inhibit ferroptosis,
in order to treat ferroptosis-related diseases.

Iron-related signaling pathways

Other than GPX4 and CoQ10, iron metabolism is also
important to lipid peroxidation.5 Iron is postulated to be
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involved in the Fenton reaction that amplifies the genera-
tion of various free oxidative radicals, triggering lipid per-
oxidation and ferroptosis.45 Physiologically, iron is not
circulated in the form of single ions (Fe2þ or Fe3þ) inside
human bodies and it requires stabilizing partners. Ferritin is
a protein that stabilizes and stores iron until the time when
the body needs iron; it will circulate iron to the newly
formed red blood cells with the assist from transferrin.
Ferritin consists of two parts, the heavy chain and the light
chain, which are encoded by FTH1 and FTL respectively.
Transferrin-ferritin can only be imported into the cells by
the transmembrane protein, transferrin receptor protein 1
(TFR1), and exported to the extracellular environment by
the ferroportin (FPN1). Together, these iron-related pro-
teins are critical to the regulation of the intracellular labile
iron level and further the ferroptosis progression. In fact,
several studies have focused on these proteins to illustrate
the mechanisms of ferroptosis. For example, Sun et al in
2015 discovered that heat shock proteins (HSPs), especially
the HSPB1, were negative regulators of ferroptosis in mul-
tiple cancer cell lines, including cervical cancer, osteosar-
coma, and prostate cancer. Overexpression of heat shock
factor 1 (HSF1) and HSPB1, followed by a down-regulation
of TFR1 and intracellular iron depletion, enhanced the
cell resistance to ferroptotic cell death.29 In addition, the
antioxidant regulator, nuclear factor erythroid 2-related
factor 2 (NRF2), has been discovered to be another nega-
tive regulator of ferroptosis. In hepatocellular carcinoma
cells (HCCs), the substrate adaptor p62 inhibited the
degradation and enhanced the nuclear accumulation of
NRF2 by inhibiting the Kelch-like ECH-associated protein 1
(Keap1). Nuclear NRF2 further induced the transcription of
FTH1 (iron storage) to prevent iron overload, lipid peroxi-
dation, and ferroptosis.30 Consistently, a recent study
found that glycosylation of Keap1 also regulated ferroptosis
through NRF2 activation.46,47 Interestingly, autophagy also
facilitated ferroptosis by a process called ferritinophagy
that degraded ferritin to release labile irons and trigger
lipid peroxidation. This process was mediated by the ge-
netic axis, ATG5-ATG7 (autophagy-related genes)-NCOA4
(receptor for the autophagic ferritin degradation).31 More
recently, Chen et al found that the serine/threonine kinase
ATM involved in the DNA damage pathway also regulated
ferroptosis. ATM inhibition induced the expression of FTH1,
FTL (iron storage), and FPN1 (iron export) by activating
metal-regulatory transcription factor 1 (MTF1) to deplete
the intracellular labile irons and inhibit ferroptosis.32 A
separate study has suggested that ATM regulates ferroptosis
through the regulation of xCT48 and justify the therapeutic
values of combining ferroptosis with ionizing radiation.
Provided with these evidences, we may expect to manage
ferroptosis-related diseases by interrogating the iron me-
tabolisms in the future.
Other genetic regulators of ferroptosis

Ferroptosis and necroptosis are two distinct and alterna-
tive types of programmed necrosis in terms of
morphological changes and regulatory mechanisms.3,49

However, studies have shown that there are cross-talks
between these two cell deaths.50e52 For example, low
dose of erastin induced both ferroptosis and necroptosis in
renal (adeno)carcinoma cells (RCC4 and 786O) and the
depletion of the necrosis factor, receptor-interacting
serine/threonine kinase 3 (RIPK3), reduced the phos-
phorylation of MLKL to further endow cell resistance to
erastin and inhibit ferroptosis.34,53 Interestingly, murine
recurrent breast tumor cells expressed higher level of
RIPK3 compared to the primary cells, which characterized
recurrent breast tumor cells with higher sensitivity to the
ferroptotic cell death.34 This novel finding potentiates the
future applications of RIPK3-related treatment in curing
recurrent tumors. Similarly, the necrosis and ferroptosis
pathways have been reported to have synergistic effects
on the acute renal injury.54 Another recent study pio-
neered a functional study of metazoan SpoT homologue 1
(MESH1), a novel genetic regulator of ferroptosis. MESH1
was discovered as the first NADPH phosphatase55 and
MESH1 depletion accumulated cytosolic NADPH to facili-
tate the glutathione synthesis, inhibition of lipid peroxi-
dation and ultimately the resistance to ferroptosis.10

Interestingly, MESH1 is also the mammalian homologue of
the bacterial SpoT,56 which is a crucial enzyme involved in
the bacterial stringent response. Previously, no study has
discovered the substrate for MESH1, nor its functions
associated with the mammalian stringent-like responses.57

Therefore, this study also postulates the connection be-
tween ferroptosis and the mammalian stringent-like re-
sponses, which requires more detailed investigations in
the future.

Cellular states that contributes to ferroptosis
regulation

In tumor microenvironment, there are also many non-
genetic factors that may impact tumor progression, ge-
netic landscapes and treatment response.58,59 These tumor
microenvironmental stresses include physical, chemical
and mechanic stresses, such as tissue hypoxia, lactic
acidosis, nutrient deprivation, osmotic pressure, tissue
tension and stiffness. However, it is not clear whether
these non-genetic factors also affect ferroptosis. Transition
from the epithelial state into the mesenchymal state (EMT)
always drives unexpected resistance to diverse dimensions
of therapy across various cancer types, which necessitates
the study of its vulnerability for therapeutic targeting.60e62

Interestingly, mesenchymal state-derived cancer cells
(sarcoma) showed selectively high vulnerability to
ferroptosis-inducing agents, RSL3, ML210 and etc.
Furthermore, ZEB-induced mesenchymal state and therapy-
induced mesenchymal cancer cells (gefitinib-resistant
HCC4006 and neuroendocrine transdifferentiation-induced
mesenchymal prostate cancers) all exhibited vulnerability
to ferroptosis as well.63 These evidences together suggest
that high-mesenchymal state in cancers is constantly
associated with high sensitivity to ferroptosis-inducing
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agents, regardless of the origins of these mesenchymal
features.
Cell density and cellecell contact as novel
regulators of ferroptosis through YAP/TAZ

Another non-genetic factor that affects ferroptosis
resistance is cell density and cellular contact, which
often modulates intercellular communications and me-
chanical forces. Recently, we and other teams have
observed that sensitivity to ferroptosis of various cancer
cells is highly influenced by cell contacts and cellular
density/confluency64e66 (Fig. 1). The findings are highly
relevant since these are non-genetic factors that are not
cell autonomous, indicating that the population charac-
teristics of cancer cells may regulate ferroptosis sensi-
tivity. We have performed nutrient-dropping screens to
identify amino acid addictions of cancer cells.50,51,67

These screens revealed that ovarian and renal cancer
cells were sensitive to ferroptosis induced by erastin
treatment and cystine deprivation when they grew at low
density as individual cells. However, when these same
ferroptosis-sensitive cells were seeded confluently or
grew in three-dimensional (3D) spheres, they became
highly resistant to ferroptosis. As high cell density induces
the Hippo signaling to suppress proliferation via inhibiting
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two main effectors, YAP (Yes-associated protein 1) and
TAZ (transcriptional coactivator with PDZ-binding
motif),68,69 we evaluated the role of these two effectors
in such density-dependent ferroptosis response. Yang
et al showed that TAZ, instead of YAP, was abundantly
expressed in several cancer cell lines and underwent
density-dependent nuclear translocation.64,66 TAZ
removal rendered cells resistance to various ferroptosis-
inducing stimuli, while overexpression of a constitu-
tively active form of TAZ, TAZS89A, enhanced ferroptosis
sensitivity. Furthermore, the integrative genomic ana-
lyses suggested that TAZ regulated ferroptosis through
the EMP1 (epithelial membrane protein 1)- NOX4 (NADPH
oxidase 4) axis in renal cancers64 and ANGPTL4 (Angio-
poietin-like 4)- NOX2 (NADPH oxidase 2) axis in ovarian
cancers.66

Consistent with these findings, another group identified
that high cell density-enhanced cellular contacts (mediated
by cadherin) suppressed ferroptosis sensitivity through
inhibiting YAP in mesothelioma.65 In epithelial cancer cells,
high degree of cellular contacts due to the overexpression
of E-cadherin activated the tumor suppressor NF2 (merlin)
to further inhibit YAP and ferroptosis induced by cysteine
deprivation or erastin. Reciprocally, ECAD and NF2 knock-
down individually, rescuing the activity of YAP, enhanced
ferroptosis sensitivity, suggesting that cadherin-mediated
cellular contacts played important roles in ferroptosis
cytosol

cytosol

nucleus

High Density, Cell Contact

E-cadherin

β-cateninα-catenin
β-catenin

α-catenin

NF2
MSTSAV1

P

MOB1
P

LATS
P

YAP TAZ
P P

YAP TAZ
Ub
Ub
Ub

Ub
Ub
Ub

14-3-3
degradation

TEAD1-4

Ferroptosis

Apoptosis

Ferroptosiss

d by Hippo pathways under different cell density and other
contact, Hippo signaling is off and YAP/TAZ translocate to the
iting apoptosis. Under high cell density with extensive cellecell
YAP/TAZ and retain them cytosolically, leading to apoptosis



246 T. Sun, J.-T. Chi
regulation, through interacting with the Hippo signaling.
Collectively, these three studies have shown that the Hippo
pathway is an important determinant of ferroptosis. These
results are consistent with the role of many transcriptional
factors in regulating ferroptosis by affecting the expression
of ferroptosis regulators.70
YAP/TAZ confers apoptosis resistance but
promotes autophagy

YAP and TAZ are often over-expressed or amplified in
many human tumors.71 Extensive literature has indicated
that YAP/TAZ and other components of the Hippo
pathway regulate apoptosis.72e74 For example, the ge-
netic removal of YAP and TAZ induced apoptosis of cancer
cells.75 Consistently, overexpressing YAP/TAZ significantly
inhibited apoptosis of multiple cancer cells through the
transcriptional induction of multiple anti-apoptotic
genes, such as BIRC5 (Baculoviral IAP Repeat Containing
5) and BIRC2 (Baculoviral IAP Repeat Containing 2).76

Therefore, the constitutive activation of YAP/TAZ in
tumor cells confers cellular resistance to apoptosis in
various cells through a wide variety of mechanisms. Since
most chemotherapies, ionizing radiation and target
therapeutic agents kill tumor cells via apoptosis, YAP/TAZ
hyperactivation and gain function mutations in cancer
contributes to the drug resistance and tumor
recurrence.71

Other than apoptosis, YAP/TAZ also regulates auto-
phagy, another form of PCD that also affects ferropto-
sis.77,78 MST1/2, important Hippo kinases, were first
discovered to be crucial to the autophagosomal recruit-
ment through the phosphorylation of LC3 (autophagoso-
mal marker).79 However, at that time, the connection
between the downstream targets of MST2/1 and auto-
phagy still lacks investigation. In 2018, Pavel et al
discovered that the inactivation of YAP/TAZ via MST1/2
overexpression or contact inhibition (high cell density)
down-regulated the LC3 level (autophagosomal biogen-
esis) by inhibiting the trafficking of autophagosomal
components mediated by the actin-myosin complexes.69

Importantly, LATS1/2 (Hippo kinases downstream to
MST1/2) knockdown reciprocally enhanced the autopha-
gosomal biogenesis through activating YAP/TAZ. Since
autophagy can provide internal nutrient resources to cells
and remove the toxic particles autonomously, it is a
critical biological process for survival, especially during
the nutrient deprived conditions, such as in the tumor
microenvironment. Therefore, the regulation of YAP/TAZ
activity, aiming to mediate autophagy and ferroptosis,
also shows the potential to deal with several drug resis-
tance issues in cancer.

Collectively, YAP/TAZ activities balance the tendency of
cancer cells to undergo PCD via distinct forms of mecha-
nisms. High levels of Hippo signaling restrict the YAP/TAZ
nuclear accumulation and sensitize cells to undergo
apoptosis, while render cells resistant to ferroptosis and
autophagy. Reciprocally, the inactivation of Hippo signaling
and nuclear accumulation/activation of YAP/TAZ protect
cells from apoptosis but sensitize cells to undergo ferrop-
tosis and autophagy.
Therapeutic implications

The link between the Hippo pathway and ferroptosis sen-
sitivities has several implications for the fields of ferrop-
tosis and cancer biology. First, Hippo pathways integrate
various outside environmental stimuli and cues from tumor
microenvironments into the decision-making process of
survival vs. death or ferroptosis/autophagy vs. apoptosis
under ferroptosis-inducing stresses (Fig. 1). For example,
tumor microenvironments are often known to have higher
levels of tissue tension and stiffness with a higher level of
osmotic pressure that may affect ferroptosis sensitivity via
Hippo pathway. Second, while Hippo pathway effectors,
YAP/TAZ, are shown to regulate ferroptosis in multiple
biological contexts, the specific stimuli, Hippo components,
and transcriptional targets involved in such processes may
vary significantly among different tissue types. Third, since
Hippo pathway effectors are involved in the proliferation,
self-renewal, and recurrence of many human tumors, the
hyperactivation or gain function mutations of YAP/TAZ in
cancer cells may render them resistant to most therapeutic
agents.71 Therefore, our results strongly suggest that
various ferroptosis-inducing therapeutics may offer novel
approaches for these treatment-resistant tumors with few
therapeutic options. Taken together, including ferroptosis-
inducing agents in the current cancer therapeutics may
improve the response rate and clinical outcomes of pa-
tients, especially with YAP/TAZ-activated tumors.

Remaining open questions and future
directions

Are the regulations of ferroptosis by Hippo
pathways evolutionarily conserved?

Ferroptosis or ferroptosis-like processes have been
described in several model organisms, including C. ele-
gans,80 D. melanogaster81 and A. thaliana.82 Hippo path-
ways and many components are highly evolutionarily
conserved.71 Therefore, it will be interesting and important
to determine whether the Hippo pathways also regulate
ferroptosis in these model organisms in order to elucidate
the evolutionary importance of Hippo signaling in regu-
lating different forms of cell deaths. Furthermore, it will be
critical to identify the specific Hippo components and their
functional roles in ferroptosis during the development and
stress adaptations of these model organisms.

What are the biological contexts and disease
relevance of Hippo-regulated ferroptosis?

Many of the anti-tumor chemotherapies and target thera-
pies kill tumor cells through apoptosis. Therefore, dysre-
gulation of YAP/TAZ blocking apoptosis81 provides the
mechanistic underpinning of their associations with the
treatment resistance, recurrence and tumor dormancy.83 In
comparison, much remains elusive about the biological
contexts and disease relevance of the regulation of fer-
roptosis by YAP/TAZ. Since activated YAP/TAZ clearly
contribute to the tumor growth and progression, the death
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of tumor cells by ferroptosis may not be the dominant
factors in these YAP- vs. TAZ-activated tumors.

Do other components of Hippo pathways, beyond
YAP or TAZ, also regulate ferroptosis?

YAP/TAZ are the downstream co-activators of mammalian
Hippo pathway. Upstream of YAP/TAZ, the Hippo pathway
consists of a core kinase cascade that contains two Hpo
homologs (Mst1 and Mst2), one Sav homolog (WW45 or
Sav1), two Wts homologs (Lats1 and Lats2), and two Mats
homologs (MOBKL1A and MOBKL1B). These proteins form a
conserved kinase cassette that phosphorylates and in-
activates YAP and TAZ, across multiple organisms. Many of
these upstearm components directly interact and regulate
apoptosis75 and autophagy.69,79 Therefore, it will be
important to determine whether these upstream compo-
nents of Hippo pathways also regulate ferroptosis.

Is ferroptosis regulated by various mechanical
stimuli?

Other than cell density and cell contact, Hippo pathway
also integrates a wide variety of non-genetic factors, such
as osmotic pressure, mechanical properties and tissue
stiffness,71 into its regulatory systems. Increased tissue
stiffness is a classic characteristic of solid tumors that is
associated with increased collagen density and other
extracellular matrix (ECM).84 Such characteristic is also
associated with EMT of cancer cells that tend to deposit
more ECM and engage more signaling exchanges. There-
fore, our findings may disclose a wide variety of non-
genetic factors and intracellular communications that
potentially regulate ferroptosis via Hippo signaling. For
example, the tumor tissues of pancreatic ductal carcinoma
and renal cell carcinoma are all characterized by their
tissue stiffness and tensions. These factors may sensitize
these tumors to ferroptosis-inducing approaches.21
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