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ABSTRACT

Ferroptosis is a novel form of programmed cell death. We found that the ferroptosis sensitivity in renal
and ovarian cancers are regulated by cell density through TAZ-EMP1-NOX4 and TAZ-ANGPTL4-NOX2
pathway, respectively. These findings reveal TAZ as a novel genetic determinant of ferroptosis.
Triggering ferroptosis may have therapeutic potential for TAZ-activated tumors.

Ferroptosis is a recently defined form of programmed cell
death' characterized by the accumulation of lipid peroxida-
tion. The relevance of ferroptosis for various human diseases
is now beginning to be appreciated.” The lipid peroxidation
results from oxidative stresses generated by NADPH oxidase-
(s) (NOXs) that is often repaired by glutathione peroxidase 4
(GPX4) using the glutathione as a co-factor. Therefore, fer-
roptosis can be induced by the removal of cystine (limiting
component for glutathione synthesis), inhibition of GPX4, or
activation of NOXs. The canonical ferroptosis inducer, era-
stin, is an inhibitor of cystine-glutamate transporter (xCT)
that reduces cystine import and depletes glutathione." While
ferroptosis may have therapeutic potential toward cancer,’
much remains unknown about the genetic determinants and
underlying mechanisms of ferroptosis to select tumors which
are most likely to respond to these ferroptosis-inducing agents
and predict potential resistant mechanisms against such
approach.

Many studies have identified various genetic determinants
of ferroptosis involved in the GSH/lipid metabolisms,* onco-
genic somatic mutations, regulation of iron levels’ and pro-
cess of epithelial-mesenchymal transitions.” In tumor
microenvironment, there are also many non-genetic factors
that may impact tumor progression, metastasis, and treatment
response. These factors include physical, chemical and
mechanic stresses, such as tissue hypoxia, lactic acidosis,
nutrient deprivation, osmotic pressure, tissue tension, and
stiffness. Unlike cell-intrinsic genetic factors, it is not clear
whether these non-genetic factors also affect ferroptosis.
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Recently, we and other independent research groups have
observed that vulnerability to ferroptosis is highly influenced
by a non-genetic factor, cell density.””® While the renal cell
carcinoma and ovarian tumor cells are highly sensitive to
ferroptosis when grown at low density; they become highly
resistant to ferroptosis when grown in confluent conditions.
Since the cell density-dependent phenotypes can be sensed
and regulated by the evolutionarily conserved Hippo pathway
effectors, YAP (Yes-associated protein 1)/TAZ (transcrip-
tional coactivator with PDZ-binding motif), we wondered if
Hippo pathway effectors are involved in such density-
dependent ferroptosis response. The activities and functions
of YAP/TAZ are regulated by the state of phosphorylation
and intracellular localization. That is, in high cell density,
YAP/TAZ are phosphorylated, restricted in the cytosol, and
subjected to proteasome-mediated degradation. On the other
hand, YAP/TAZ are dephosphorylated and localized in the
nucleus to associate with transcriptional factors, such as
TEAD (transcriptional-enhanced associate domain) family
proteins, to drive expressions of proliferation and metastasis
genes.

Our data show that TAZ, instead of YAP, is abundantly
expressed in both renal and ovarian cancer cells and under-
goes density-dependent nuclear/cytosolic translocation.”’
TAZ removal confers ferroptosis resistance, while overexpres-
sion of constitutively active form of TAZ, TAZS89A, sensi-
tizes cells to ferroptosis. We have found that ovarian cancers
including both clear cell and serous subtypes are sensitive to
ferroptosis induced by cystine deprivation. In addition, we
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found that lower TAZ level in the recurrent ovarian cancer is
responsible for reduced ferroptosis susceptibility. We further
investigated the mechanisms and found that TAZ regulates
ferroptosis through an epithelial membrane protein 1
(EMPI)- NADPH oxidase 4 (NOX4) axis in renal cancers’
and Angiopoietin-like 4 (ANGPTL4)- NADPH oxidase 2
(NOX2) axis in ovarian cancers.” An independent study also
identified that YAP as a novel regulator of ferroptosis sensi-
tivity in mesothelioma.® Collectively, these three studies have
shown the relevance of Hippo pathway effectors for ferropto-
sis and suggest that ferroptosis-inducing agents may be used
to target the YAP/TAZ-activated tumors.

Our studies™ have provided novel insights into ferroptosis,
a novel form of cell death, firstly reporting on the link between the
Hippo pathway effector TAZ and ferroptosis sensitivities in renal
and ovarian cancers. These studies have several implications for
the fields of ferroptosis and cancer biology. First, our results
indicate a model (Figure 1) in which outside environmental cues
in the tumor microenvironments are sensed by the Hippo path-
way and its effectors, resulting in the translocation of YAP or TAZ
to associate with TEAD transcriptional factor and regulate the
transcriptional outputs. The YAP/TAZ target genes encode

proteins involved in the signaling relay and amplification to affect
lipid/iron metabolism (ACSL4: acyl-CoA synthetase long-chain
family member 4/TFRC: transferrin receptor) or reactive oxygen
species (ROS) productions (NOX2/NOX4) as part of the adaptive
responses to changes in tumor microenvironments. These Hippo-
driven changes affects the life vs. death decisions when the cancer
cells are placed under ferroptosis-inducing conditions, such as
erastin or cystine deprivation. Second, while Hippo pathway
effectors, YAP/TAZ, regulate ferroptosis in multiple biological
contexts, the specific effectors, transcriptional targets and ferrop-
tosis executors may be different in each cell types. For example,
NOXs are involved in the TAZ-regulated ferroptosis in both renal
cell carcinoma and ovarian cancers. However, different NOXs are
involved in renal vs. ovarian cancer cells. NOX4 is the predomi-
nant NOX family protein in the renal cells and NOX2 is the
highest-expressed transcripts in ovarian cancer patients. Third,
since Hippo pathway effectors are involved in the proliferation
and metastasis of many human tumors, our results suggest that
the YAP/TAZ activation status may predict the sensitivity to
ferroptosis-inducing agents. Furthermore, the Hippo pathway
integrates a wide variety of non-genetic factors, such as mechan-
ical properties and tissue stiffness.'” Therefore, our findings may
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Figure 1. Hippo pathway effectors, YAP/TAZ, integrates various environmental cues and regulates ferroptosis through affecting the expression of different tissue-
specific target genes. In response to various non-genetic environmental cues, Hippo pathway effectors, YAP/TAZ, regulates ferroptosis by affecting the expression of
different sets of tissue-specific targets genes encoding lipid/iron metabolism and ROS production by NOXs (YAP1: Yes-associated protein 1; TAZ: transcriptional
coactivator with PDZ-binding motif; TF: transcriptional factor(s); RCC: renal cell carcinoma; OVCA: ovarian cancer; ROS: reactive oxygen species; NOX: NADPH Oxidase;
ACSL4: encoding acyl-CoA synthetase long-chain family member 4; TFRC: encoding transferrin receptor; EMP1: encoding epithelial membrane protein 1; ANGPTL4:

encoding angiopoietin-Like 4).



suggest many non-genetic factors may also regulate ferroptosis
sensitivities in the setting of “stift” tumor environment known to
activate the YAP/TAZ and promote ferroptosis. Finally, since the
higher activity of YAP/TAZ promotes invasion and metastases
and often associate with poor prognosis, our findings suggest that
triggering ferroptosis may be valuable in a combinational therapy
for these tumors which tend to become resistant to standard
treatments. Taken together, including ferroptosis in the current
cancer therapeutics may improve the response rate and clinical
outcomes of patients, especially with YAP/TAZ-activated tumors.
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