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ABSTRACT
◥

Ferroptosis is a new form of regulated cell death resulting from
the accumulation of lipid-reactive oxygen species. A growing
number of studies indicate ferroptosis as an important tumor
suppressor mechanism having therapeutic potential in cancers.
Previously, we identified TAZ, a Hippo pathway effector, reg-
ulates ferroptosis in renal and ovarian cancer cells. Because YAP
(Yes-associated protein 1) is the one and only paralog of TAZ,
sharing high sequence similarity and functional redundancy with
TAZ, we tested the potential roles of YAP in regulating ferrop-
tosis. Here, we provide experimental evidence that YAP removal
confers ferroptosis resistance, whereas overexpression of YAP
sensitizes cancer cells to ferroptosis. Furthermore, integrative
analysis of transcriptome reveals S-phase kinase-associated pro-
tein 2 (SKP2), an E3 ubiquitin ligase, as a YAP direct target gene

that regulates ferroptosis. We found that the YAP knockdown
represses the expression of SKP2. Importantly, the genetic
and chemical inhibitions of SKP2 robustly protect cells from
ferroptosis. In addition, knockdown of YAP or SKP2 abolishes
the lipid peroxidation during erastin-induced ferroptosis.
Collectively, our results indicate that YAP, similar to TAZ, is
a determinant of ferroptosis through regulating the expression of
SKP2. Therefore, our results support the connection between
Hippo pathway effectors and ferroptosis with significant thera-
peutic implications.

Implications: This study reveals that YAP promotes ferroptosis by
regulating SKP2, suggesting novel therapeutic options for YAP-
driven tumors.

Introduction
Ferroptosis

Ferroptosis is a newly recognized form of regulated cell death
characterized by iron dependency and lipid peroxidation (1). Ferrop-
tosis was first discovered while investigating the death mechanisms of
erastin, a compound developed to eliminate cancer cells bearing RAS
mutation. Since the initial description of ferroptosis, significant
advances have been made in the genetic determinants and biological
processes of ferroptosis. For example, other than iron, zinc is also
essential for ferroptosis (2). Furthermore, the oxidative radicals gen-
erated by NADPH oxidases (NOX) are important sources of oxidative
stresses that lead to lipid peroxidation and ferroptosis. Furthermore,
mammalian cells fight against ferroptosis using glutathione peroxidase
4 (GPX4) using glutathione as a cofactor (1, 3). Therefore, ferroptosis
can be triggered when the GPX4 function is compromised by either: (i)
depletion of glutathione, caused by xCT inhibitors (erastin, sulfasa-
lazine) or (ii) direct inhibition of GPX4 by RSL. (iii) In addition,

ferroptosis can also be triggered by cystine deprivation (the limiting
component for glutathione synthesis) or excessive glutamate that
limits the efficacy of xCT and cystine import (3).

Regulators and genetic determinants of ferroptosis
Many genetic determinants have been identified to regulate ferrop-

tosis by affecting different biological processes, including cystine
metabolism, antioxidant capacity, lipid metabolism, and the level of
labile iron, as reviewed in previous studies (4–7). For example, a
genome-wide CRISPR-based screen identified acyl-CoA synthetase
long-chain family member 4 (ACSL4) and lipid reprogramming as
essential for ferroptosis (8). MESH1 was recently found to be essential
for ferroptosis as the first cytosolic NADPH phosphatase and its
induction contributes to the NADPH depletion during ferroptosis (9).
Recently, a kinome screen identified ATM andDNA damage response
as a relevant determinant of ferroptosis by regulating iron metabo-
lism (10, 11), providing the rationale for using ionizing radiation to
enhance ferroptosis efficacy. However, much remains unknown
whether nongenetic factors may regulate ferroptosis sensitivity.

Hippo Pathway effectors: YAP/TAZ
The Hippo pathway is an evolutionarily conserved tumor suppres-

sor pathway that senses the cell density and mechanic cues to regulate
cell proliferation and organ sizes (12). The final biological function
of the Hippo pathway is mediated through two paralogous transcrip-
tional coactivators: Yes-associated protein 1 (YAP1; hereafter referred
to as YAP) and WW-domain-containing transcription regulator 1
(WWTR1; also known as and hereafter referred to as TAZ). Both
proteins are transcriptional coactivators that interact with the mem-
bers of the transcriptional enhancer factor (TEA)-domain (TEAD)
family of transcriptional factors to regulate the transcription of
many genes in the proliferation, self-renewal, and cell death (13). YAP
and TAZ are often overexpressed or amplified in many human
tumors to mediate the proliferation, self-renewal, metastasis, and
chemoresistance of multiple cancer types. Both YAP and TAZ have
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overlapping functions and the expression of one protein often
recapitulates the phenotypic effects seen by the other protein (14).
YAP and TAZ proteins are also regulated similarly by the phosphor-
ylation of a cascade of kinases in the upstream Hippo pathway
to dictate their subcellular locations, degradation, and activation.
Notably, evidence of the YAP- or TAZ-specific functions starts
to emerge (15). It was therefore with great interest to investigate
the shared and distinct functions of YAP and TAZ in different
biological contexts.

Recently, we observed that ferroptosis sensitivity of cancer cells is
highly influenced by cellular density and confluency (16, 17). In
addition, nutrient-dropping screens have identified the cystine addic-
tion of renal and breast cancer cells (18, 19). As summarized in recent
literature (7), we found that the Hippo pathway effector, TAZ, is an
important determinant of ferroptosis by regulating cell type–specific
NOXs. Because YAP is the one and only paralog of TAZ, we tested for
the potential roles of YAP to ferroptosis in cancer cells. Our results
indicate that YAP regulates ferroptosis through SKP2, supporting the
connection between Hippo pathway effectors and ferroptosis, which
may be evolutionarily conserved. Furthermore, we found that SKP2
knockdown repressed the expression of TTK and TFRCmRNA, which
contributes to the ferroptosis protection phenotypes. SKP2 is often
overexpressed in tumors, associates with poor outcome, and plays
critical functions in oncogenesis, cell-cycle progression, and senes-
cence. Our findings that link SKP2, as a target gene of YAP, to
ferroptosis provide new insights into SKP2 as an attractive therapeutic
target for cancers.

Materials and Methods
Cell lines, plasmids, and reagents

MDA-MB-231, H1975, MCF7, T47D, andHEK293T cell lines were
obtained from ATCC through Duke Cell Culture Facility. The RCC4
cell linewas a kind gift fromDr. Denise Chan (University of California,
San Francisco) and was further authenticated by DNA Diagnostics
CenterMedical with the short tandem repeatmethod. CAOV2 cell line
was provided by Dr. Zhiqing Huang and Dr. Susan Murphy (Duke
University), which was genetically authenticated at the Duke Univer-
sity Analysis Facility. Short tandem repeat profiling was performed at
the Duke University DNA Analysis Facility on June 5, 2018; Myco-
plasma testing was conducted at the Cell Culture Facility, Duke
University on June 5, 2018. The cell lines were cultured in Dulbecco’s
modified eagle medium (Thermo Fisher Scientific; #11995) with 10%
heat-inactivated fetal bovine serum (GE Healthcare Life Sciences;
#SH30070.03HI) in a humidified incubator at 37�C and 5% CO2.
The YAPS127A plasmid (Addgene; #33092) was a kind gift from
Dr. Corinne Linardic (Duke University). pLKO.1-shYAP1 and
pLKO.1-shYAP2 were purchased from Addgene (Addgene #27368
and #27369). pCMV-YAP-5SA, pCMV-YAP-5SA/S94A, FLAG-Skp2
(Addgene; #27371, #33103, and #89142). TTK and TFRC cDNA
(DNASU: HsCD00436189 and HsCD00940270) siYAPpool (M-
012200-00-0005), siSKP2pool (M-003324-04-0005), and individual
SKP2-targeting siRNAs (D-003324-05-0005 and D-003324-07-0005)
were purchased from Dharmacon. siNT (Qiagen SI03650318) and
individual YAP-targeting siRNAs were purchased from Qiagen:
siYAP#1 target sequence: CAG GTG ATA CTA TCA ACC AAA;
siYAP#2 target sequence: CAC ATC GAT CAG ACA ACA ACA.
Erastin was obtained from the Duke University Small-Molecule
Synthesis Facility. SKP2 inhibitor II (Calbiochem-500517) and
SKP2 inhibitor IV (Calbiochem-530236) were purchased from
Sigma-Aldrich.

Overexpression and knockdown lentivirus infections
For stable overexpression and shRNA-mediated knockdown, the

lentivirus infections were performed as previously reported (20). In
short, HEK293T cells were transfected with TransIT-LT1 (Mirus Bio)
with plasmids to generate lentivirus. After adding the lentivirus
with 8 mg/mL polybrene in media, the target cells were selected with
1 mg/mL puromycin or 200 mg/mL hygromycin. For siRNA-mediated
gene knockdown, cells were seeded and transfected with siRNAs with
RNAiMax transfection reagent (Thermo Fisher Scientific) for 2 days,
which were followed by downstream applications.

Cell viability assays
The cells were seeded at the ratio of 2,500 to 4,000 cells per 96well or

100,000 to 300,000 cells per 6 well and transfected with siRNAs for
2 days.When the cells reached around 70%confluence, erastin alone or
cotreatment of erastin with SKP2 inhibitors, Ferrostatin-1 or Z-VAD-
FMK were applied to the media for 24 hours. The cell viability was
measured by the CellTiter-Glo assay (Promega #G7570) according to
themanufacturer’s instructions or by crystal violet staining, which was
further quantified by determining the absorbance at 570 nm after
dissolving the staining in 10% acetic acid.

Lipid peroxidation measurement
The lipid peroxidation levels were determined by C11-BODIPY

staining (ThermoFisher ScientificD3861) as previously described (16).
In short, cells were stained with 10 mmol/L of C11-BODIPY dye for
1 hour after the cells were transfected with siRNAs for 2 days and
erastin treatment overnight. The negative control: cells without C11-
BODIPY staining and the positive control: cells treated with cumene
hydroperoxide were included to adjust the PMT voltages of flow
cytometry analysis (FACSCantoTM II, BD Biosciences).

RT-qPCR
The steps of RNA extraction and RT-qPCR were described previ-

ously (2). In short, the total RNAs were extracted by the RNeasy mini
kit (Qiagen #74104) with the treatment of DNase I (Qiagen #79254).
Total RNAs (1 mg) were reverse transcripted into cDNAs by Super-
Script II Reverse Transcriptase (Thermo Fisher Scientific; #18064)
with random hexamers. The gene expressions were measured
by StepOnePlus qPCR System with Power SYBR Green PCR Mix
(Applied Biosystems, Thermo Fisher Scientific; #4367659). The
primers used are listed in Supplementary Table S1.

Western blots
Total cell lysates were prepared after washing cells with ice-cold

phosphate-buffered saline, lysed in RIPA buffer (Sigma R0278) con-
taining freshly added protease inhibitor (Roche; #04693159001) and
PhosSTOP phosphatase inhibitor cocktail (Roche; #04906837001).
The protein amount in cell lysates was quantified by BCA protein
assay (Thermo Fisher Scientific; #23228). Equal amounts of protein
extracts were boiledwith 4� laemmli buffer, loaded in SDS-PAGE, and
transferred to the PVDF membrane (Millipore; #IPVH00010). The
membranes were then blocked with 5% non-fat milk or BSA for 1 hour
at room temperature and incubated overnight at 4�C with 1:1,000
dilution of primary antibodies [YAP/TAZ: Cell Signaling Technology
(CST); #8418; YAP: CST #14074; beta-tubulin: CST, #86298; SKP2:
Thermo Fisher Scientific, #32-3300; vinculin: Santa Cruz Biotechnol-
ogy, #sc-73614]. The membranes were later incubated with HRP-
conjugated goat anti-rabbit or anti-mouse IgG antibodies (CST #7074
or CST #7072) for 1 hour at room temperature. After washing, the
membranes were developed and captured by Amersham ECL prime

Yang et al.

Mol Cancer Res; 19(6) June 2021 MOLECULAR CANCER RESEARCH1006

D
ow

nloaded from
 http://aacrjournals.org/m

cr/article-pdf/19/6/1005/3102421/1005.pdf by guest on 19 M
ay 2023



Western blotting detection reagent (GE Healthcare Life Sciences
RPN2232) and Bio-Rad ChemiDoc Imaging System.

Transcriptome analysis
The analyses of microarray (17) and RNA-seq (16) were previously

described and the data were deposited into NCBI Genome Expression
Omnibus as GSE146354 (microarray of YAP knockdown in RCC4
cells) and GSE146353 (RNA-seq of YAP knockdown in CAOV2 cells).
Briefly, RCC4 cells were treated with siYAP for two days and then
treated with 1 mmol/L erastin for 7 hours. Total RNAs were extracted
by an RNeasy mini kit, labeled, and hybridized by Affymetrix U133A
2.0 arrays. RMA (robust multiarray average) method was used to
analyze the intensities of probes and then zero transformation (Dlog2)
was applied compared with the control group, siNT, nontargeting.
Later, those probe sets with 20.8-fold changes in at least two samples
were selected for hierarchical clustering. The RNA-seq was performed
on the Illumina HiSeq4000 50bp SR system at Sequencing and
Genomic Technologies Shared Resource at Duke Center for Genome
and Computational Biology.

Data mining
Human breast invasive carcinoma samples from The Cancer

Genome Atlas data set were plotted by GEPIA (21) for pair-wise
gene-expression correlation analysis with Pearson correlation coeffi-
cient in Supplementary Fig. S2I.

Statistical analyses and data availability
The data were analyzed by Student t test or ANOVA (one- or two-

way) using GraphPad Prism version 8.0.1 (GraphPad Software). Error
bars represent SEM, and P< 0.05was considered significantly different
(�, P < 0.05; ��, P < 0.01; ���, P < 0.001). All data and reagents in this
study are available from the authors upon request.

Results
YAP regulates ferroptosis

MDA-MB-231 cell is a basal-type breast cancer cell line known to be
sensitive to ferroptosis and a well-established cellular model for
studying YAP/TAZ (22). To ensure the specificity of cell death
phenotype, we validated that the erastin-induced reduction in cell
viability of MDA-MB-231 was rescued by the ferroptosis inhibitor
(Ferrostatin-1), but not the caspase inhibitor (Z-VAD-FMK; Supple-
mentary Fig. S1A and S1B). To determine the role of YAP in the
ferroptosis of MDA-MB-231, we knocked down YAP by siRNAs and
confirmed the knockdown efficiency by RT-qPCR (Fig. 1A). To
exclude the possibility of potential off-target effects from the pooled
siRNAs (siYAP pool), we further validated the results using two
additional individual siRNAs (siYAP #1 and siYAP #2). Cell viability
assay revealed that YAP knockdown by multiple siRNAs all signifi-
cantly rescued the erastin-induced ferroptosis (Fig. 1B). To further
validate the results, we performed stable YAP knockdown by plasmid-
encoded short-hairpin RNAs (shRNA) that target different regions of
YAP transcripts from the siRNAs. The knockdown efficiency of
shRNAs for YAP at RNA and protein levels was confirmed by RT-
qPCR and Western blot, respectively (Fig. 1C and D). We found that
the stable knockdown of YAP by shRNAs also significantly rescued
erastin-induced ferroptosis in MDA-MB-231 cells as well as a luminal
breast cancer cell line (MCF7; Fig. 1E; Supplementary Fig S1C). We
then extended our study to another cell line, H1975, a non–small cell
lung cancer cells found to be highly sensitive to ferroptosis. The two
YAP shRNAs reduced the YAP mRNA and protein levels in H1975

(Fig. 1F and G). Interestingly, although TAZ knockdown led to a
compensatory overexpression of YAP (16, 17), the knockdown of YAP
inmultiple cell lines did not significantly increase TAZprotein levels in
MDA-MB-231 (Fig. 1D), H1975 (Fig. 1G), MCF7 (Supplementary
Fig. S1D), andT47D cells (Supplementary Fig. S1E). Importantly, YAP
knockdown in H1975 also conferred resistance to erastin-induced
ferroptosis using the CellTiter-Glo cell viability assay (Fig. 1H) and
phase-contrast microscopy (Fig. 1I). On the other hand, the expres-
sion of a phosphorylation-defective and constitutively active form of
YAP (YAPS127A; ref. 23) in RCC4 cell (Fig. 1J), significantly sensi-
tized to ferroptosis (Fig. 1K). Consistently, another constitutively
active and phosphorylation-defective form of YAP (YAP-5SA) also
sensitized ferroptosis inH1975 cells (Supplementary Fig. S1F).We also
tested the wild-type YAP and found it also sensitized ferroptosis YAP,
but the effects seemedmilder than the phosphorylation-defective YAP
mutant (Supplementary Fig. S1F). To confirm that the transcriptional
activity of YAP was essential for promoting ferroptosis, we introduced
a transcriptional inactive S94A mutant on YAP-5SA and found this
additional mutation eliminated the ferroptosis-enhancing capacity in
RCC4 cells (Supplementary Fig. S1G). Collectively, these results
indicate the ferroptosis phenotype of YAP depends on transcriptional
activity of YAP. This is consistent with a previous report showing that
NF2-YAP, regulated by cell contact, mediates ferroptosis in mesothe-
lioma cells (24). To compare the ferroptosis resistance of YAP, TAZ, or
combined YAP/TAZ in MDA-MB-231 cells, we compared the fer-
roptosis protection of both YAP and TAZ knockdown, or in combi-
nation (Supplementary Fig. S1H). We found that a suboptimal knock-
down of either YAP or YAZ still protected erastin-induced ferroptosis
with siYAP had a stronger effect (Supplementary Fig. S1H). However,
the combined knockdown of both YAP and TAZ had the most robust
protection effects against erastin (Supplementary Fig. S1H), indicating
the role of both YAP and TAZ in MDA-MB-231 cells. Collectively,
these data strongly support that YAP, like TAZ, is a robust regulator of
ferroptosis in multiple cancer cell types.

Identify YAP target genes relevant for ferroptosis through an
integrated genomic approach

Because YAP is a transcriptional coactivator that mediates various
phenotypes through affecting gene expression, we hypothesized that a
subset of YAP target mRNAs was essential for ferroptosis and their
reduced expression upon YAP knockdown protected ferroptosis. To
identify such YAP target genes that may regulate ferroptosis, we took
an integrative genomic approach by comparing the transcriptome
response to YAP knockdown and previously completed genome-wide
siRNA screen under ferroptosis (2). First, we knocked down YAP
expression (Fig. 2A) and used microarrays to define the transcrip-
tional response (Fig. 2B). RNA was isolated from RCC4 cells trans-
fected with either control (siNT) or YAP-targeting siRNAs (siYAP) in
triplicates (Fig. 2A and B), with or without erastin treatments
(GSE146354). We found that the knockdown of YAP specifically
reduced the expression of YAP, but not to its paralog gene TAZ.
Instead, there was a modest increase of WWTR1 (TAZ) mRNA
(Fig. 2A). Gene-expression analysis revealed YAP knockdown
repressed the expression of several known YAP target genes such as
the BCL2 family gene (MCL1; ref. 25) and cell-cycle-related genes
(AURKA/B, CDC20, CCNA2; ref. 26), consistent with previous studies
(Fig. 2B). To identify YAP target genes that are essential for ferrop-
tosis, we integrated these downregulated genes upon YAP knockdown
with a genome-wide RNAi screen of cystine deprivation-induced
ferroptosis (Fig. 2C; refs. 2, 17). Among the 27 candidate genes
identified in this analysis (Fig. 2C), some have been reported as
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Figure 1.

YAP regulates ferroptosis. A, The knockdown efficiency of siRNAs targeting YAP in MDA-MB-231 cells was confirmed by RT-qPCR. n ¼ 3; mean � SEM; one-way
ANOVA; ���, P < 0.001; ���� , P < 0.0001. B, Knockdown of YAP by pooled or individual siRNAs rendered MDA-MB-231 cells more resistant to erastin-induced
ferroptosis. n¼ 2;mean� SEM; two-wayANOVA; ���� , P <0.0001.C, The knockdown efficiency of shRNAs targeting YAP inMDA-MB-231 cellswas confirmed by RT-
qPCR. n¼ 3;mean� SEM; one-wayANOVA; ���� ,P <0.0001.D, The knockdown efficiency of shRNAs targeting YAPwas confirmed byWestern blots inMDA-MB-231
cells. E, The knockdown of YAP by shRNAs rendered MDA-MB-231 cells more resistant to erastin. n ¼ 4; mean � SEM; two-way ANOVA; ���� , P < 0.0001. F, The
knockdown efficiency of shRNAs targeting YAP in H1975 cells was confirmed by RT-qPCR. n¼ 3;mean� SEM; one-wayANOVA; ���� , P <0.0001.G, The knockdown
efficiency of shRNAs targeting YAP in H1975 cells was confirmed byWestern blots. H, Knockdown of YAP by shRNAs rendered H1975 cells more resistant to erastin-
induced ferroptosis using CellTiter-Glo. n¼ 4; mean� SEM; two-way ANOVA; ���� , P < 0.0001. I, Knockdown YAP by shRNAs lets H1975 more resistant to erastin-
induced death when observed under light microscopy. Scale bar, 200 mm. J, Western blot of RCC4 with transduced with either control vector or constitutively
activated form of YAP, YAPS127A. K, The constitutively activated form of YAP, YAPS127A, sensitized RCC4 cells to erastin-induced ferroptosis. n¼ 3; mean� SEM;
two-way ANOVA; ���� , P < 0.0001.
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ferroptosis markers or regulators such as ACSL4 (8), supporting the
value of the approach and the list of candidates. In addition, we noted
that the YAP knockdown repressed the levels of TTK (Supplementary
Fig. S2A), the top kinase hit essential for ferroptosis in our kinome
screen (11). Among the candidates, we were especially interested in
SKP2, encoding the substrate recognition component of the SCF E3
ubiquitin ligase complex that is important for cell-cycle progres-
sion (27), because of the following reasons. First, we used RT-qPCR

to validate the mRNA downregulation of some candidate genes after
YAP removal and found SKP2 mRNA was significantly repressed
(Fig. 2D; Supplementary Fig. S2A–S2E). Similar SKP2 repression
upon YAP knockdown was further supported in an ovarian cancer
cell line, CAOV2, by RNA-seq (GSE146353; Fig. 2E; Supplementary
Fig. S2F) as well as at the protein level in MDA-MB-231 breast cancer
cells (Fig. 2F). Interestingly, TAZ knockdown in MDA-MB-231 cells
(Supplementary Fig. S2G) also downregulated the SKP2 level

Figure 2.

Identify potential YAP target genes that regulate ferroptosis through integrated genomics. A, The mRNA expression levels of YAP and WWTR1 (TAZ) were
determined by RT-qPCR after siRNA-mediated YAP knockdown in RCC4 cells. n ¼ 3; mean � SEM; one-way ANOVA; n.s., not significant; ��� , P < 0.001; ���� , P <
0.0001.B, The heatmap of the transcriptome response of RCC4 cells to YAP knockdownwithout (�) or with (þ) erastin treatment. n¼ 3 per group.C,Venn diagram
showing genes that were both downregulated upon YAP knockdown and identified as hits in the siRNA ferroptosis screen. D, RT-qPCR was used to validate the
downregulation of SKP2 mRNA level upon YAP knockdown in RCC4 cells. n ¼ 3; mean � SEM; one-way ANOVA; n.s., not significant; ���� , P < 0.0001. E, RNA-seq
revealed that SKP2mRNA level was downregulated when YAPwas knockdown in CAOV2 cells. n¼ 3; mean� SEM; Student t test; ���� , P < 0.0001. F,Western blots
validated that YAP knockdown decreased SKP2 protein level in MDA-MB-231 cells. G, GSEA shows the YAP knockdown in RCC4 cells led to the depletion of several
cell-cycle–related gene sets.
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(Supplementary Fig. S2H). Second, gene set enrichment analysis
(GSEA) of YAP knockdown microarray data revealed a significant
depletion of multiple cell-cycle gene sets (Fig. 2G), consistent with the
expected SKP2 depletion phenotypes. Third, we analyzed the expres-
sion levels of YAP and SKP2 and found a significant positive corre-
lation (P¼ 1.3e�15) in the breast invasive carcinoma data set byGene-
Expression Profiling Interactive Analysis (GEPIA) database (Supple-
mentary Fig. S2I; ref. 21). Fourth, previous chromatin immunopre-
cipitation (ChIP)-seq studies have indicated that the regulatory
regions of the SKP2 gene were physically associated with YAP–
TEAD transcriptional complex (28, 29), suggesting that SKP2 is a
direct target gene of YAP.

SKP2 is essential for ferroptosis
To investigate if SKP2 plays a role in regulating ferroptosis, we

manipulated SKP2 expression and activities by both genetic knock-
down and pharmacologic inhibition. First, we knocked down SKP2 by
pooled and individual siRNAs in MDA-MB-231 cells (Fig. 3A) and
found that SKP2 silencing by all tested siRNAs robustly protected the
cells from erastin-induced cell death (Fig. 3B). SKP2 knockdown also
conferred ferroptosis resistance in RCC4 cells (Fig. 3C and D). Next,
we treatedMDA-MB-231 cells with two different cell-permeable SKP2
inhibitors, SKP2 inhibitor II (30) and SKP2 inhibitor IV (31). We
found both SKP2 inhibitors also significantly protectedMDA-MB-231
cells from ferroptosis using crystal violet staining or CellTiter-Glo
assay (Fig. 3E–H). Similarly, the ferroptosis protection effect of these
SKP2 inhibitors was also observed in RCC4 cells based on crystal violet
staining (Fig. 3I–K) or CellTiter-Glo assay (Fig. 3L and M). Taken
together, these data provide compelling evidence that SKP2 is essential
for the ferroptosis sensitivity of multiple cancer cells.

SKP2 is essential for the YAP-enhanced ferroptosis and lipid
peroxidation

To investigate themechanistic link of ferroptosis by YAP and SKP2,
we first confirmed that YAPS127A overexpression upregulated SKP2
protein expression in RCC4 cells (Fig. 4A). By knocking down SKP2,
the ferroptosis-enhancing effect of YAPS127A overexpression was
almost completely abolished as measured by CellTiter-Glo assay
(Fig. 4B). Therefore, the downregulation of SKP2 is a major contrib-
utor to the ferroptosis resistance conferred by the YAP silencing.
Because the hallmark of ferroptosis is lipid ROS, we determined the
features of YAP or SKP2 on the lipid peroxidation levels by flow-
cytometric analysis with C11-BODIPY581/591 staining. Compared with
the control group, we observed that knockdown of YAP or SKP2
significantly reduced the erastin-induced increase of lipid peroxidation
(Fig. 4C). Consistently, we found that the overexpression of YAP
S127A increased the level of lipid peroxidation under erastin treatment
(Fig. 4D). Furthermore, this increase was abolished by SKP2 knock-
down (Fig. 4D), consistent with the role of SKP2 in the ferroptosis-
enhancing capacity of YAP S127A. Reciprocally, the overexpression
SKP2 cDNA overrides the ferroptosis resistance by YAP knockdown
(Fig. 4E). Taken together, these data suggest that SKP2 is the down-
stream target of YAP to regulate ferroptosis.

TTK and TFRC are potential SKP2 target genes that regulate
ferroptosis.

Although p21 is a well-known direct target of SKP2 (32) shown to
regulate ferroptosis (33, 34), we did not observe a significant effect of
p21 manipulation on SKP2 knockdown-mediated ferroptosis resis-
tance. Therefore, we investigate the genes downstream of SKP2 whose
expression was affected by YAP knockdown andmay affect ferroptosis

(Fig. 2B). Interestingly, we found that both TTK and TFRC mRNAs
were downregulated by SKP2 knockdown (Fig. 5A–C). As noted
earlier, TTK was also repressed by YAP knockdown (Supplementary
Fig. S2A) and the top hit in a kinome screen of ferroptosis (11).
Furthermore, TFRC is involved in iron uptake and is recognized as a
marker of ferroptosis (35). TFRC was also found to be repressed by
YAP removal (24). Given the downregulation of TFRC and TTK upon
SKP2 knockdown, we determined their contribution to the ferroptosis
protection phenotypes. The restoration of either TTK or TFRC
significantly mitigated the ferroptosis protection of SKP2 knockdown
(Fig. 5D). Therefore, TTK and TFRC downregulation contributed
significantly to the ferroptosis protection of SKP2 knockdown.
Together, we have provided data to support that YAP regulates
ferroptosis by affecting the expression of SKP2, which in turn regulates
the expression of TTK and TFRC, resulting in the ferroptosis protec-
tion phenotypes.

Discussion
Here, we present compelling evidence that YAP, same as TAZ,

is critical for ferroptosis in cancer cells. A similar observation has
been reported in the contexts of the cell contact in mesothelioma
cells by another research group (24). We extended the finding of
YAP-regulated ferroptosis to additional cancer cells and identified
SKP2 as a YAP target gene that regulates ferroptosis. To the best of
our knowledge, this is the first report showing the regulation of
ferroptosis by SKP2. Because SKP2 is a key regulator of the cell-
cycle regulation, senescence, and oncogenesis (36), our results
reveal the potential connection between ferroptosis with these
SKP2-regulated processes. Together with our previous findings on
the role of TAZ in regulating ferroptosis, these results have shown
the role of both Hippo pathway effectors in regulating ferroptosis in
a wide variety of cancer cells.

The components of the Hippo pathway are highly conserved during
evolution. Upstream of YAP/TAZ, the Hippo pathway comprises a
kinase cascade that regulates YAP andTAZ acrossmultiple organisms.
These kinases integrate the upstream inputs from a wide variety of
external stimuli and environmental cues to regulate the activity of
YAP/TAZ and downstream cellular proliferation and organ
sizes (12, 13). These environmental factors that affect the YAP and
TAZ activities include cell density, cellular contact, mechanical prop-
erties, pressures, andmetabolic status (12). Therefore, the regulation of
ferroptosis susceptibility by YAP/TAZ suggests that the potential role
of various mechanic stresses, metabolic cues, and osmotic pressures in
solid tumors to regulate ferroptosis of tumor cells. For example, both
epithelial–mesenchymal transition (EMT) and fibrosis are prominent
features associated with enhanced ferroptosis sensitivity (37).
Although the basis of the EMT-associated ferroptosis remains largely
unknown, these EMT-associated mechanical “stiff” environments
may activate the YAP/TAZ and promote the ferroptosis of
cancer cells. Furthermore, the dynamic and spatial changes in the
YAP/TAZ activity during development may modulate the ferroptosis
sensitivity of different tissues or distinct regions and shape the organ
development and tissue regeneration, similar to the role of other
regulated cell death in the proper development. As the evolutionary
conservation of the Hippo pathway, ferroptosis-like processes have
been described in several model organisms, including C. elegans (38),
D. melanogaster (39), and A. thaliana (40). Therefore, it will be
important to determine whether the connection between the Hippo
pathway and ferroptosis is also evolutionarily conserved across diverse
model organisms.
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Overexpression of SKP2 in tumors is associated with poor clinical
outcomes and confers treatment resistance. As a putative oncoprotein,
SKP2 promotes proliferation, preventing senescence and apoptosis,
maintaining self-renewal andmetastasis; therefore, SKP2 has emerged

as an attractive therapeutic target for cancers (36). Here, we showed
that YAP regulates the transcription of SKP2 mRNA, which contri-
butes to the proliferative program and ferroptosis susceptibility of YAP
activation. We also showed that genetic and chemical inhibition of

Figure 3.

SKP2 is essential for ferroptosis.A,Theknockdownefficiency of siRNAs targeting SKP2was confirmedbyRT-qPCR inMDA-MB-231 cells.n¼ 3;mean�SEM; one-way
ANOVA; ���� , P<0.0001.B, The relative cell viabilities ofMDA-MB-231 cells after transfectionwith control (siNT) or SKP2-targeting siRNAs by pooled siRNAs (siSKP2
pool) or individual siRNAs (siSKP2 #1 and siSKP2 #2) for 2 days. The transfected cells were then treated with indicated dosages of erastin for 1 day and evaluated for
their viability.n¼ 3;mean�SEM; two-wayANOVA; ���� ,P<0.0001.C,The knockdownefficiency of siRNAs targetingSKP2 inRCC4 cellswas confirmedbyRT-qPCR.
n¼ 3; mean� SEM; one-way ANOVA; ���� , P < 0.0001. D, The relative cell viabilities of RCC4 cells after SKP2 knockdown using indicated siRNAs followed by erastin
treatment. n ¼ 3; mean � SEM; two-way ANOVA; ���� , P < 0.0001. E–H, Relative cell viability of MDA-MB-231 cells after 1-day treatment of erastin with 40 mmol/L
SKP2 inhibitor II (E and F) or 10 mmol/L SKP2 inhibitor IV (G and H). The viabilities were evaluated by either crystal violet staining (E and G) or CellTiter-Glo assays
(F and H). n ¼ 3; mean � SEM; two-way ANOVA; n.s.: not significant; ���� , P < 0.0001. I–M, Cell viability assays of RCC4 cells after 1-day treatment of erastin
with 40 mmol/L SKP2 inhibitor II (I, J, and L) or 10 mmol/L SKP2 inhibitor IV (K andM) by crystal violet staining (I and K) and CellTiter-Glo assays (J, L, andM). n¼ 3;
mean � SEM; two-way ANOVA; n.s., not significant; �, P < 0.05; ���� , P < 0.0001.
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SKP2 robustly protected multiple cancer cells from ferroptosis. The
functional properties of SKP2 associate with YAP/TAZ activation.
That is, a high level of YAP/TAZ protects cells from apoptosis but
promotes ferroptosis. Reciprocally, the inactivation of YAP/TAZ

sensitizes tumor cells to apoptosis but inhibits ferroptosis (17, 24, 41).
Like YAP, SKP2 expression is associated with mesenchymal state and
tumorigenic potential (42). Consistent with this concept, many fer-
roptotic proteins also mediate oncogenic processes, including the loss

Figure 4.

SKP2 is essential for theYAP-enhanced ferroptosis and lipid peroxidation.A, The overexpression of YAPS127A inRCC4 cells upregulated SKP2protein as determined
byWestern blots. B, Genetic interaction between YAP and SKP2. RCC4 cells were treated with siSKP2 after YAP was stably overexpressed. The data of cell viability
determined byCellTiter-Glowere normalized to theDMSO controls. n¼ 3;mean� SEM, two-wayANOVA; n.s., not significant; ���� , P <0.0001.C, Inhibition of YAP or
SKP2 decreases the elevated lipid peroxidation induced by erastin treatment. Representative data from one of three independent experiments in MDA-MB-231 cells
are shown.D, The increase in lipid peroxidation triggered by YAP-S127A upon erastin treatmentwas abolished by SKP2 knockdown. Representative data fromone of
three independent experiments in RCC4 cells are shown. E,Overexpression of SKP2 cDNA abolished the ferroptosis resistance triggered by YAP knockdown in RCC4
cells. n ¼ 3; mean � SEM; two-way ANOVA; � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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of VHL (18) and DDR2 and RIPK3 activation (20, 43). In addition,
YAP has also been found to regulate SKP2 acetylation and promote
polyploid conversion and growth (44). Reciprocally, YAP is also
regulated by SCF(SKP2) E3 ligase complex–mediated nonproteolytic,
K63-linked polyubiquitination, that enhances YAP–TEAD interaction
and their transcriptional activity, andgrowth-promoting function (45).
Therefore, there may be a positive feedback loop between YAP and
SKP2 in the propagation of the proliferative gene-expression program
and potential ferroptosis susceptibility.

SKP2 is the substrate recognition component of the SCF–SKP2
complex that targets cell-cycle control elements, including p27 and p21
for proteome degradation, to allow cell-cycle entry and G1–S transi-
tion (27, 46). p21 is recently shown to associate with proliferation
arrest and ferroptosis resistance (33, 34). However, the role of p21
remains unclear in our system. Instead, we found that the repression of
the TTK and TFRCmRNAs upon SKP2 knockdown contributes to the
ferroptosis protection phenotypes. TFRC encodes transferrin receptor,
which mediates the iron uptake and serves as a ferroptosis biomark-
er (35). Therefore, the downregulation of TFRC upon the YAP/SKP2
knockdown may reduce cellular iron and mitigate ferroptosis. In
contrast, much remains unknown about the potential role of TTK in
ferroptosis. TTK encodes monopolar spindle1 (MPS1), a kinase
essential for chromosome alignment and duplication during mito-
sis (47). Interestingly, TTK expression is particularly high in the
ferroptosis-sensitive basal-type breast cancer cell lines and inhibition
of TTK sensitized breast tumors to ionization radiation by impairing
DNA damage repair (48). This is reminiscent of the ferroptosis
protection upon the inhibition of ATM, which also impairs DNA
damage repair and sensitizes tumor cells to radiation (49). In the
future, it will be important to identify the direct SKP2 target proteins
responsible for the TTK/TFRC downregulation and themechanism by
which their downregulation contributes to the ferroptosis protection
phenotypes of SKP2 inhibition.

Our results have therapeutic implications for cancers and other
human diseases involving ferroptosis. Although ferroptosis-inducing

agents have significant antitumor potential, it is not clear how to select
tumors that are most likely to respond to these ferroptosis-inducing
treatments. Our results indicated that YAP or SKP2-activated tumors
may be particularly sensitive to ferroptosis and respond to ferroptosis-
based therapeutics. Because a high level of YAP or SKP2 is known to
cause chemoresistance (36, 44, 50), our results also suggest that a
potential mechanistic link between chemoresistance and enhanced
ferroptosis sensitivity, justifying the efforts to eliminate these treat-
ment-resistant tumors by ferroptosis. For neurodegenerations and
other human diseases that involve ferroptosis, our results suggest that
inhibitors of YAP or SKP2may interfere with ferroptosis and improve
the disease progression and clinical outcomes.
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