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A population-restricted single-nucleotide coding region polymor-
phism (SNP) at codon 47 exists in the human TP53 gene (P47S,
hereafter P47 and S47). In studies aimed at identifying functional
differences between these variants, we found that the African-
specific S47 variant associates with an impaired response to agents
that induce the oxidative stress-dependent, nonapoptotic cell
death process of ferroptosis. This phenotype is manifested as a
greater resistance to glutamate-induced cytotoxicity in cultured
cells as well as increased carbon tetrachloride-mediated liver dam-
age in a mouse model. The differential ferroptotic responses asso-
ciate with intracellular antioxidant differences between P47 and
S47 cells, including elevated abundance of the low molecular
weight thiols coenzyme A (CoA) and glutathione in S47 cells. Im-
portantly, the disparate ferroptosis phenotypes related to the
P47S polymorphism are reversible. Exogenous administration of
CoA provides protection against ferroptosis in cultured mouse
and human cells, as well as in a mouse model. The combined data
support a positive role for p53 in ferroptosis and identify CoA as
a regulator of this cell death process. Together, these findings
provide mechanistic insight linking redox regulation of p53 to
small molecule antioxidants and stress signaling pathways. They
also identify potential therapeutic approaches to redox-related
pathologies.
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The p53 tumor suppressor protein is a critical stress signaling
coordinator that plays a central role in defining the cellular

response to many endogenous and exogenous stresses (1–3). As
a sequence-specific transcription factor, p53 modulates the ex-
pression of a large and varied set of genes that promote the
adaptation, survival, or elimination of targeted cells. The out-
come is context dependent and influenced by cell type, nature,
and degree of stress, as well as the local environment.
Human TP53 harbors naturally occurring SNPs that impact

function (4, 5). A SNP affecting codon 47 of TP53 directs the
insertion of either a proline (P47) or a serine (S47) in the protein
(Pro47Ser, rs1800371, G/A). Interestingly, the presence of the
S47 variant appears to be largely restricted to African-descent
populations, at a minor allele frequency of ∼4% in Africans and
1% in African Americans (4, 6–8). Our prior studies showed that
cells expressing the P47 and S47 isoforms generally exhibit a
similar ability to induce apoptosis in response to most DNA-
damaging agents and several chemotherapeutics. These iso-
forms also are comparable in the transactivation of the over-
whelming majority of p53 target genes in response to such
agents. Interestingly, however, we found that the S47 variant, in
either heterozygous or homozygous form, associates with im-
paired induction of ferroptosis in mouse and human cells, as well
as increased cancer risk, including increased susceptibility to
breast cancer in premenopausal African Americans (7, 8).
The term ferroptosis describes the nonapoptotic, iron-

dependent form of regulated cell death characterized by an ac-
cumulation of lethal lipid peroxides (9–11). Ferroptosis is trig-
gered by a critical depletion of the antioxidant glutathione
(GSH), or loss of lipid hydroperoxide repair systems. Oxytosis

refers to nonreceptor-mediated oxidative glutamate toxicity, a
process that also associates with GSH depletion. Because ferroptosis
and oxytosis share key biochemical, genetic, and molecular features,
they often are referred to together, and for simplicity both will be
denoted herein as ferroptosis (9–12). The role of p53 in modulating
the cellular response to ferroptosis-inducing agents has been
controversial. On the one hand, several studies have found that
p53 positively regulates ferroptosis (8, 13, 14). Conversely, others
have reported that p53 inhibits, or delays the timing of, ferroptosis
(15, 16). The underlying reason(s) for these conflicting results has
been difficult to reconcile.
Here we find that S47 cells and mice exhibit an impaired re-

sponse to several agents that induce ferroptosis, including exposure
to excess glutamate or the hepatotoxin carbon tetrachloride (CCl4).
These findings support a positive role for p53 in ferroptosis. We
find that the different sensitivities of the P47 and S47 isoforms of
p53 correlate with a greater intracellular abundance of coenzyme A
(CoA) and GSH in the S47-containing cells. We find that redox
changes feed back on p53 function by altering p53 oligomerization
potential and transcriptional activity. The combined evidence sup-
ports CoA as a regulator of ferroptosis. It also shows that CoA and
GSH act as mediators that set a threshold for ferroptotic sensitivity
and for p53 activity. The regulation of CoA and GSH levels by p53,
followed by the inhibitory feedback of these low molecular weight
(LMW) thiols on p53 function, likely contribute to the conflicting
results regarding the role of p53 in ferroptosis. These findings also
suggest that these metabolites can reverse the cellular outcome to
physiological induction of ferroptosis.

Significance

The p53 tumor suppressor protein is a critical stress response
mediator. Polymorphisms in the human TP53 gene can alter
protein function. We investigated an African-centric variant
affecting codon 47 (P47S). Compared with those with the
P47 variant, cells and mice expressing the serine 47 (S47) vari-
ant exhibit increased levels of coenzyme A (CoA) and glutathi-
one (GSH). These molecules inhibit the induction of ferroptosis
in S47 cells and mice. Elevated levels of CoA and GSH feedback
on the p53 protein to negatively regulate the structure and
function of this tumor suppressor protein. We identify CoA as a
regulator of ferroptosis and show that the control of cell fate in
response to certain ferroptosis inducers and p53 is reversible by
altering the redox environment.

Author contributions: J.I.-J.L., M.E.M., and D.L.G. designed research; J.I.-J.L. and D.L.G.
performed research; J.I.-J.L., M.E.M., and D.L.G. analyzed data; and J.I.-J.L., M.E.M., and
D.L.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Published under the PNAS license.
1To whom correspondence may be addressed. Email: mmurphy@wistar.org or georged@
pennmedicine.upenn.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1821277116/-/DCSupplemental.

Published online April 8, 2019.

8390–8396 | PNAS | April 23, 2019 | vol. 116 | no. 17 www.pnas.org/cgi/doi/10.1073/pnas.1821277116

http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1821277116&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
mailto:mmurphy@wistar.org
mailto:georged@pennmedicine.upenn.edu
mailto:georged@pennmedicine.upenn.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821277116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1821277116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1821277116


Results
Codon 47 Variants Differ in Ferroptosis Sensitivity. Exposure of cells
to excess glutamate, as with the small molecule erastin, inhibits
the uptake of cystine, leading to depletion of intracellular cys-
teine and GSH levels, and induction of ferroptosis (9–12). To
study the sensitivity of S47 and P47 variants to ferroptosis, we
analyzed the response of these cells to ferroptosis inducers in
defined medium containing low serum and low glutamine. Under
these conditions we found that, compared with cells with P47,
those containing the S47 variant of p53 were resistant to cell
death induced by increasing concentrations of glutamate (Fig.
1A). p53-null mouse embryonic fibroblasts (MEFs) (p53−/−) also
were resistant (Fig. 1A). The greater resistance of S47 cells to
glutamate was reproducible using multiple independent cultures
of primary P47 and S47 MEFs, as well as several independently
derived cultures of immortalized P47 and S47 MEFs (iMEFs),

and human lymphoblastoid cells (LCLs) that are homozygous
P47 or S47 (Fig. 1A and SI Appendix, Fig. S1 A and B). We next
confirmed that the glutamate-induced death, like erastin killing,
was mediated by ferroptosis (11, 12, 17), as they both were
suppressed by cotreatment of the cells with recognized ferrop-
tosis inhibitors deferoxamine (DFO), ferrostatin 1 (Fer-1),
liproxstatin (Lip-1), and lactacystin, as well as by excess gluta-
thione (GSH) and N-acetyl-L-cysteine (NAC) (Fig. 1 B and C).

Cellular Abundance of CoA and GSH Impacts Ferroptosis. To in-
vestigate the underlying basis for the altered ferroptosis in
S47 cells, we conducted metabolomics and transcriptional com-
parisons between P47 and S47 cells, including iMEFs and LCLs.
An initial metabolomics profile revealed an increased abundance
of several transsulfuration pathway metabolites in S47 versus
P47 cells, including cystathionine, S-adenosylhomocysteine, and

Fig. 1. Effect of codon 47 variants on sensitivity to glutamate toxicity and redox environment. (A) Cells, as indicated, were treated for 24 h with increasing
concentrations of glutamate, and cell viability was assayed. Data represent the mean ± SD of multiple experiments (*P < 0.05, **P < 0.01). (B) P47 iMEFs were
treated with PBS or 9.8 mM glutamate, with or without the indicated compounds, for 24 h, and analyzed for viability. Means and SD are shown (n = 4,
*P < 0.05). (C) P47 iMEFs were treated with DMSO or 0.5 μM erastin, with or without the indicated compounds, for 24 h, and analyzed for viability. Means and
SD are shown (n = 4, *P < 0.05). (D) qRT-PCR analyses of CARS in primary MEFs, iMEFs, and livers, as indicated. Relative expression data are plotted as the
mean ± SD of multiple experiments (**P < 0.01). (E–G) iMEFs were treated with PBS or 6.4 mM glutamate for 24 h, as indicated. Cells were collected, washed
with PBS, and analyzed for reduced GSH, GSH/GSSG ratio, and CoA abundance. Means and SD are shown (n = 4, *P < 0.05, **P < 0.01). (H–J) P47 iMEFs were
treated with PBS, 9.8 mM glutamate, or 9.8 mM glutamate plus 0.5 mM CoA for 5 h or 24 h, as indicated. Intracellular levels of reduced GSH, GSH/GSSG ratio,
and CoA abundance were determined. Means and SD are shown (n = 4, *P < 0.05, **P < 0.01). (K) P47 iMEFs were treated with PBS or 6.4 mM glutamate, with
or without indicated 0.5 mM CoA, for 24 h, and analyzed for viability. Means and SD are shown (n = 4, *P < 0.05). (L) P47 iMEFs were treated with DMSO or
0.5 μM erastin, with or without indicated 0.5 mM CoA, for 24 h, and analyzed for viability. Means and SD are shown (n = 4, *P < 0.05).
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CoA (SI Appendix, Fig. S1C). The transsulfuration pathway
promotes the de novo synthesis of cysteine (18, 19). These results
likely are related to our transcriptional analyses showing that
S47 cells exhibit much lower basal expression of cysteinyl-tRNA
synthetase (CARS) and of the cystine/glutamate antiporter gene
SLC7A11 (Fig. 1D and SI Appendix, Fig. S1D); genetic knock-
down of CARS activates the transsulfuration pathway and con-
fers resistance to erastin- and glutamate-induced ferroptosis
(18, 19).
We followed this up with an analysis of the basal levels of the

antioxidants GSH and CoA in P47 and S47 cells grown in the
defined medium used for the glutamate toxicity assays. We found
that S47 cells consistently displayed higher relative levels of
GSH, a higher GSH/glutathione disulfide (GSSG) ratio, and
increased CoA, compared with P47 cells (Fig. 1 E–G and SI
Appendix, Fig. S1 E and F). While the differences in GSH and
CoA between P47 and S47 cells were most consistent under the
defined culture conditions, they also were present in cells cul-
tured in 10% serum. Importantly, increased levels of CoA and
GSH were evident in livers from P47 and S47 mice (SI Appendix,
Fig. S1G). We next assessed the level of CoA and GSH in
glutamate-treated cells. Not surprisingly we found that exposure
of cells to excess glutamate, which is predicted to reduce cystine
import, decreased GSH and CoA levels. Again, however, cells
containing the S47 variant showed a dampened response and
were more similar to p53-null cells, compared with P47 (Fig. 1
E–G). We reasoned that, if CoA abundance is an important
factor in sensitivity to ferroptosis, then restoring CoA levels
might be protective. We found that providing CoA in the culture
medium, as reported (20), inhibited the glutamate-induced in-
tracellular depletion of CoA, as well as of GSH (Fig. 1 H–J).
Notably, CoA protected these nontransformed mouse cells
against glutamate-induced cell death (Fig. 1K), cell death by erastin
(Fig. 1L), as well as L-cystine starvation (SI Appendix, Fig. S2A). In
extending these studies to human cells, we found that CoA also was
protective against death induced by L-cystine depletion, exogenous
glutamate, or erastin in a diverse group of nontransformed
(IMR90 and WI38) and transformed cell lines (1205Lu, WM852,
and HT-1080) (SI Appendix, Fig. S2 B–D). The combined data
implicate CoA as a broad regulator of ferroptosis sensitivity.

Differential Activation of Ferroptosis Biomarkers. We next employed
quantitative real-time PCR (qRT-PCR) analyses to examine gene
expression changes in response to glutamate. This analysis in-
cluded previously identified p53 target genes, including SAT1,
CHAC1, three related PanK genes (PanK1, PanK2, and PanK3),
MDM2 and CDKN1A (13, 14). SAT1 (spermidine/spermine
N1-acetyltransferase 1) controls polyamine catabolism and oxi-
dative stress responses (14). The three related PanK genes encode
pantothenate kinases, which are enzymes that control the rate-
limiting step in CoA biosynthesis (21–23). CHAC1 (cation trans-
port regulator homolog 1) encodes a stress-response protein that
digests glutathione, regulating redox potential and enhancing
ferroptosis (13, 24). In addition to these p53 target genes, we
examined the well-recognized ferroptosis biomarkers ALOX15
and ALOX12, which encode proteins that catalyze the perox-
idation of polyunsaturated fatty acids to drive ferroptosis (11, 25,
26). Interestingly, ALOX15 has been identified as a downstream
effector of p53-induced SAT1 in promoting ferroptosis (14).
Transcripts from untreated controls, and from cells exposed to
glutamate for 5 h, were tested. We found that these p53 target
genes and ferroptosis biomarkers were transcriptionally up-
regulated in glutamate-treated P47 cells. In contrast, this set of
transcripts showed modest, if any, change in S47 and p53-null cells
(Fig. 2). Of note, we found that the induction of these genes in
glutamate-treated S47 cells could be restored by cotreating the
cells with diethyl maleate (DEM) (Fig. 2), which is a small mol-
ecule that reduces the intracellular level of GSH and CoA (SI

Appendix, Fig. S3). The results suggested that the increased GSH
and CoA in S47 cells might be impeding the ability of the
S47 variant of p53 to transactivate these genes. Conversely, as
expected, providing DEM together with glutamate had no effect
on the induction of these p53 target genes in p53-null cells (Fig.
2). Using Western blot analysis, we confirmed that the expression
of PANK protein isoforms correlated well with the qRT-PCR
results under these experimental conditions (SI Appendix, Fig.
S4). The combined data support the premise that S47 cells are
defective in ferroptosis induction, in part due to increased levels of
GSH and CoA. These data also suggest that the ability of p53 to
transactivate target genes was negatively impacted by excess LMW
thiols, but that reducing the level of GSH and CoA in S47 cells
could restore this activity.

Redox Change and Reversible Regulation of p53. It remained for-
mally possible that S47 cells were defective in the transactivation
of genes like PanK1-3 and SAT1 in response to all stresses, not
simply ferroptotic stresses. To assess this, we next analyzed the
response of P47 and S47 iMEFs to Nutlin-3, which stabilizes
p53 by blocking MDM2 binding (27). Cells were treated with or
without Nutlin-3 (10 μM) in our defined media for 24 h and gene
expression changes were analyzed by qRT-PCR. We found that
SAT1, ALOX12/15, PanK1-3, MDM2, and CDKN1A were
transactivated comparably in Nutlin-treated P47 and S47 cells; as
expected, these genes were not up-regulated in p53-null MEFs
(SI Appendix, Fig. S5 A–I). Therefore, the S47 defect in trans-
activation of these p53 targets occurred only in response to
certain ferroptosis inducers. Given these results, we asked if altering
the redox state, by enhancing antioxidant concentration, would
negatively impact the gene expression pattern in P47 cells. Con-
sistent with this premise, we found that cotreatment of the P47 cells
with glutamate and either CoA or GSH inhibited the transcrip-
tional activation of these genes (Fig. 2). Thus, the transcriptional
response of P47 and S47 variants to particular ferroptosis inducers
can be reversed by altering the level of CoA and/or GSH.

Cellular Redox Milieu Alters p53 Oligomerization and Function. Pre-
vious in vitro and in vivo studies have shown that p53 is subject to
redox regulation (28–31). Conserved cysteine residues at or near
the DNA-binding domain are among critical redox targets that
impact oligomerizaton status and function. The presence of re-
duced cysteine residues allows tetramerization and functional
activation of the p53 protein. In contrast, oxidized cysteines can
form mixed disulfides with GSH and other thiols, which inter-
feres with tetramerization. Given these data, we tested the hy-
pothesis that p53 oligomerization and/or transcriptional function
could be impacted by the different redox environment of P47 and
S47 cells. For these studies, p53 oligomerization and higher or-
der structure were monitored using the chemical cross-linker
bismaleimidohexane (BMH), which covalently conjugates free
(reduced) sulfhydryl groups, linking cysteine residues within 13
Å. BMH treatment generated clear, consistent differences in the
p53 cross-linking patterns. In untreated- or glutamate-treated
P47 cells, the predominant p53 products migrated near or
above the 225-kDa marker; this is most consistent with presence
of tetramers and higher molecular weight oligomers (Fig. 3A). In
contrast, in the untreated- or glutamate-exposed S47 cells, the
p53 products appear to be predominantly monomeric, and there
is little evidence for species of the molecular weight of dimers or
tetramers (Fig. 3A).
We next tested the potential to modify p53 oligomerization by

changing the redox environment. P47 cells were incubated with
CoA alone, or CoA together with glutamate. BMH cross-linking
of lysates from the CoA-treated cells produced a pattern com-
parable to that of untreated S47 cells; namely, we observed what
appeared to be primarily monomeric forms of p53 (Fig. 3A). In
contrast, in S47 cells, treatment with DEM or DEM plus glutamate
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now allowed formation of higher molecular weight complexes,
including what appeared to be dimeric, tetrameric, and oligomeric
species (Fig. 3A). Notably, there was no difference in p53 higher
order structure following treatment of the S47 and P47 cells with
Nutlin-3 (Fig. 3B). The combined data support a model in which a
reversible redox state in the S47 and P47 cells directly impacts
p53 transcriptional function, likely by impacting protein confor-
mation and structure (Fig. 3C).

Redox Status Modulates Outcomes in a Mouse Model of Liver Injury.
We next sought to extend this study by analyzing a more physi-
ologically relevant setting of ferroptosis in mice. For these
studies, we employed a well-established model of liver injury
induced by the hepatotoxin CCl4. CCl4 induces liver damage that
displays key features of ferroptosis, including increased lipid
peroxidation, GSH depletion, and SAT1 induction (32); notably
these features are inhibited by prior- or coadministration of the
ferroptosis inhibitors DFO, GSH, or NAC (33, 34). We subjected

P47 and S47 mice (8), 8 wk of age, to acute CCl4 treatment by i.p.
injection of CCl4 (1 μL/g), once a day for 3 d. In P47 but not
S47 livers, this treatment led to the transcriptional up-regulation
of the ferroptosis biomarkers ALOX12/15 as well as the p53 target
genes SAT1, PanK1-3, MDM2, CDKN1A, CHAC1, and PTGS2 (a
marker induced downstream of ferroptosis-induced lipid perox-
idation) (11, 13) (SI Appendix, Fig. S6 A–C). This transcriptional
response was accompanied by an increase in lipid peroxidation in
P47 livers, which was detected by immunostaining with antibody
against the toxic reactive lipid intermediate, 4-hydroxynonenal
(4HNE) (Fig. 4A). In contrast, the S47 livers exhibited decreased
lipid peroxidation (Fig. 4A), consistent with impaired ferroptosis
in these livers.
CCl4 is known to induce iron accumulation and fibrosis in the

liver (35–37). Therefore, we next stained for iron in P47 and
S47 livers treated with CCl4. CCl4 induction led to increased iron
accumulation in S47 livers (Fig. 4B); this increased iron accu-
mulation may be due to the defect in ferroptosis in these cells,

Fig. 2. Effect of GSH or CoA change on gene expression in response to glutamate. (A–J) qRT-PCR analyses of the indicated genes in P47, S47, and p53-null
(p53−/−) iMEFs. P47 iMEFs were pretreated with 0.5 mM CoA or 1 mM GSH for 2 h followed by 6.4 mM glutamate for 5 h. S47 and p53-null (p53−/−) iMEFs were
treated with 6.4 mM glutamate, 50 μM DEM, or 6.4 mM glutamate + 50 μM DEM, as indicated, for 5 h. P47, S47, and p53−/− iMEFs treated with PBS served as
controls. Relative expression data are plotted as the mean ± SD (n = 3, *P < 0.05, **P < 0.01).
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which would normally remove cells with iron accumulation. We
also stained livers with Sirius Red, which detects collagen and is
commonly used to assess fibrosis. Following acute treatment with
CCl4, P47 livers showed little evidence for fibrosis (Fig. 4C, Top,
panel 2). In contrast, fibrosis was clearly evident in the S47 livers,
especially around portal areas and central veins (Fig. 4C, Bottom,
panel 2).
We next investigated the progression and resolution of fibrosis

by subjecting the P47 and S47 mice to chronic CCl4 treatment for
5 wk, as previously described (35, 36). The livers were harvested
either just after the last injection (CCl4:5W) or 2 wk after the last
CCl4 treatment (CCl4:5W:O2W). In response to this chronic
treatment protocol, the development of fibrosis was evident in
the P47 mice (CCl4:5W) (Fig. 4C, Top, panel 4), but the fibrosis
largely resolved following the 2-wk recovery period (CCl4:5W:
O2W) (Fig. 4C, Top, panel 5). In contrast, livers of S47 mice
displayed a greater degree of initial fibrosis (CCl4:5W) (Fig. 4C,
Bottom, panel 4) and a notable impairment of fibrosis resolution
(CCl4:5W:O2W) (Fig. 4C, Bottom, panel 5). This phenotype of
the S47 livers resembles that reported for CCl4-treated p53-null
mice (35, 36). These findings support the premise that S47 mice
are defective for ferroptosis induction by CCl4 and suggest that
this ferroptotic defect leads to iron accumulation and fibrosis.
Given these results, we then asked whether changing GSH and

CoA abundance would act as response mediators following acute
exposure to CCl4. The P47 mice were given CoA along with
CCl4; this markedly reduced the induction of ferroptosis bio-
markers and increased lipid peroxidation in livers (Fig. 4A and SI
Appendix, Fig. S6 A–C). This altered phenotype in the P47 mice
closely resembled that of the S47 mice treated with toxin alone
(Fig. 4C, Bottom, panels 2 and 5). On the other hand, treating
S47 mice with the toxin plus DEM, to reduce GSH and CoA,
resulted in the expected decrease in tissue CoA, GSH, and GSH/
GSSG abundance (SI Appendix, Fig. S6D). Concomitantly, this
cotreatment led to a transcriptional up-regulation of ferroptosis/
p53 marker genes (SI Appendix, Fig. S6 A–C), an increase in
tissue 4HNE staining (Fig. 4A), and less fibrosis (Fig. 4C, Bot-
tom, panels 3 and 6); overall, this phenotype closely resembled
that of the CCl4-treated P47 mice (Fig. 4C, Top, panels 2 and 5).
The data show that changing the tissue redox status and CoA/
GSH abundance can effectively reverse the fate of cells and the
ability of p53 to transactivate genes involved in ferroptosis.

Discussion
The role of p53 in ferroptosis has been controversial. Early
findings indicated that an acetylation-defective variant of p53,
denoted p53-3KR, was largely transcriptionally inactive and in-

capable of inducing growth arrest and apoptosis, yet was com-
petent at ferroptosis induction and tumor suppression in an
unstressed mouse model (13, 38). Some subsequent studies
reported contradictory results related to p53 (15, 16). For ex-
ample, p53-null tumor cells were found to be either more sen-
sitive, or more resistant, to ferroptosis than the WT counterparts.
Other studies suggested that p53 actions may delay the onset of
ferroptosis, suggesting context dependence in regulating the role
of p53 in ferroptosis.
Key differences exist in these studies that may help explain the

disparate findings. First, some of these studies were performed in
cells cultured in 10% serum, so the concentrations of thiols are
nonphysiological. Most of these studies were performed exclu-
sively in vitro and were not corroborated in animal models. In
this work, we have tried to maintain more relevant concentra-
tions of glutathione, and under these conditions the differences
in ferroptosis resistance in S47 cells are most dramatic. Addi-
tionally, we show compelling data that CCl4, which has been
reported to induce iron accumulation, cell death by lipid per-
oxidation, and GSH depletion (37), is a bona fide inducer of
ferroptosis in the liver. Moreover, we confirm the defect in
ferroptosis in S47 livers that was seen in cultured cells. Our
combined data demonstrate the important role of p53 in reg-
ulating the ferroptotic response.
While its normal physiologic functions remain to be estab-

lished, the regulated cell death pathway of ferroptosis has been
implicated in a diverse array of human diseases, including tissue
ischemia/reperfusion injury, neurodegenerative diseases, and
cancers. Accumulating evidence supports the premise that
ferroptosis is tumor suppressive under diverse metabolic stress
conditions (13, 38–41). It is reasonable to hypothesize, there-
fore, that the p53-regulated response to glutamate-induced fer-
roptosis prevents the accumulation of damaged cells, contributing
to its tumor suppressor actions. Previous studies, for example,
have provided evidence for a functional contribution of p53 in the
glutamate-induced cell death of neuronal cells. Terminally dif-
ferentiated neurons, if forced by oncogenic mutations to reenter
the cell cycle, may be predisposed to undergo programmed cell
death, which is likely to be tumor suppressive for these normally
noncycling cells (42). p53 activation promotes glutamate-mediated
cytotoxicity in normal cells and transformed cells (43, 44), while
p53 deficiency protects neurons from cell death (45). Addressing
the physiologic functions and regulatory mechanisms of p53-
mediated ferroptosis in diverse biological/pathologic settings will
be important for ongoing efforts to develop therapeutic ap-
proaches to treating human disease.

Fig. 3. Effect of GSH and CoA modulation on p53 oligomerization potential. (A) P47 and S47 iMEFs were treated with PBS, 6.4 mM glutamate, 0.5 mM CoA,
6.4 mM glutamate + 0.5 mM CoA, 50 μM DEM, or 6.4 mM glutamate + 50 μM DEM, as indicated, for 5 h. Protein lysates were analyzed by Western blot
analysis for the proteins indicated (Top). p53 proteins were cross-linked with BMH, resolved by SDS/PAGE, and detected by Western blotting with a p53-
specific antibody (Lower). (NS, nonspecific band). (B) P47 and S47 iMEFs were treated with DMSO or 10 μM Nutlin-3 for 24 h. Proteins were prepared and
analyzed as described in A. (C) Proposed model for the influence of LMW thiols, such as GSH and CoA, on p53 tetramerization and function.
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We also report that the LMW thiol and essential cofactor,
CoA, is a regulator of ferroptosis sensitivity. Interestingly, the
first and rate-limiting step in CoA biosynthesis is carried out by
pantothenate kinases, encoded by PanKs, which are p53 target
genes (13, 21, 23). The p53-mediated up-regulation of PanK
enzymes might be expected to help restore CoA levels and help
maintain viability under conditions of moderate or temporary
metabolic or oxidative stress. It is important to note, however,
that in addition to transcriptional regulation by p53, PanK en-
zyme activity is subject to feedback inhibition by elevated levels
of CoA and its thioesters, so several feedback loops are present
in this process (22, 46).
The role of CoA in ferroptosis sensitivity remains to be further

determined. This thiol can act as a cellular antioxidant (47, 48).

Additionally, CoA is a key regulator of lipid metabolism and has
been reported to protect against the injurious effects of reactive
oxygen species to inhibit lipid peroxidation, to enhance GSH levels,
and to stimulate the incorporation of fatty acids into membrane
phospholipids, promoting repair (49, 50). Finally, it remains pos-
sible that CoA contributes to an increased abundance of acetyl-
CoA, affecting epigenetic modulation and gene expression control
(51). We are testing these possibilities, which are not mutually
exclusive, at this time.
We find that excess LMW thiols feed back and inhibit

p53 function, thus dampening the impact of p53 on the control of
ferroptosis. The mechanism of feedback inhibition involves
control of p53 oligomerization. Previous studies of p53 have im-
plicated cysteine residues in protein conformation and site-specific

Fig. 4. Effect of P47S polymorphism and redox environment on liver response to CCl4. (A) P47 and S47 Hupki mice were treated, as indicated. Liver sections
from the proposed cohorts (n = 7 per genotype per treatment) were stained with 4HNE. The brown staining indicates positive 4HNE staining. (Scale bars,
50 μM.) (B and C) Representative Prussian Blue (B)- and Sirius Red (C)-stained liver sections from P47 and S47 mice that were treated as indicated with one of
the following: Three injections of CCl4 (once a day for 3 d), with or without cotreatment with DEM or CoA, as indicated, and examined at 72 h; challenged
with a chronic CCl4 treatment for 5 wk (5W); or chronic CCl4 treatment, with or without cotreatment with DEM or CoA, as indicated, for 5 wk followed by a
2-wk recovery (5W:O2W). (Scale bars, 50 μM.)
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DNA binding via redox regulation (28–31). The combined results
are most consistent with a model where, under situations in which
LMW thiols are limiting, p53 can be functionally activated, ren-
dering cells sensitive to type I ferroptosis inducers. However, un-
der conditions in which LMW thiols are present in high
abundance, these can feed back to inhibit p53 transcriptional
function, leading to reduced induction of p53 target genes and loss
of the impact of p53 on ferroptosis sensitivity, such as occurs in
S47 cells. It is important to note that there are several regulators
of GSH and CoA abundance in cells, and these may dominate in
certain tumors. For example, the activity of the master regu-
lator of the antioxidant response, Nrf2, can be impacted by
mutant forms of p53, thereby rendering some tumor cells with
mutant p53 more sensitive to ferroptotic stresses (52). It will be
important to determine the dominance and interplay of these
other regulators as well and to continue to confirm results in
animal models where possible.

Materials and Methods
All experimental procedures involving mice were conducted in accordance
with protocols approved by The Institutional Animal Care & Use Committee,
Office of Animal Welfare of the Perelman School of Medicine at the Uni-
versity of Pennsylvania, and conformed to the guidelines outlined in the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals (53). Materials and experimental procedures for cell culture, animal
models, RNA isolation, qRT-PCR, cell viability assays, GSH/GSSG studies, CoA
analyses, tissue staining and immunohistochemistry, protein isolation,
Western blotting, and quantification and statistical analysis are described in
SI Appendix, SI Materials and Methods.
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