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C A N C E R

Mutant p53 protects triple-negative breast 
adenocarcinomas from ferroptosis in vivo
Denada Dibra1, Shunbin Xiong1, Sydney M. Moyer1,2, Adel K. El-Naggar3, Yuan Qi4, Xiaoping Su4, 
Elisabeth K. Kong4, Anil Korkut4, Guillermina Lozano1,2*

The TP53 tumor suppressor gene is mutated early in most of the patients with triple-negative breast cancer 
(TNBC). The most frequent TP53 alterations are missense mutations that contribute to tumor aggressiveness. 
Here, we used an autochthonous somatic TNBC mouse model, in which mutant p53 can be toggled on and off 
genetically while leaving the tumor microenvironment intact and wild-type for p53 to identify physiological de-
pendencies on mutant p53. In TNBCs that develop in this model, deletion of two different hotspot p53R172H and 
p53R245W mutants triggers ferroptosis in vivo, a cell death mechanism involving iron-dependent lipid peroxidation. 
Mutant p53 protects cells from ferroptosis inducers, and ferroptosis inhibitors reverse the effects of mutant p53 
loss in vivo. Single-cell transcriptomic data revealed that mutant p53 protects cells from undergoing ferroptosis 
through NRF2-dependent regulation of Mgst3 and Prdx6, which encode two glutathione-dependent peroxidases 
that detoxify lipid peroxides. Thus, mutant p53 protects TNBCs from ferroptotic death.

INTRODUCTION
Tumor-specific alterations dictate tumor dependencies and present 
potential vulnerabilities (1). The TP53 tumor suppressor gene is de-
leted or mutated in 84% of triple-negative/basal-like breast cancers 
and 75% of HER2-amplified breast cancers, suggesting that TP53 al-
terations are drivers of breast cancer (2). The most frequent TP53 
alterations are missense mutations that occur in the DNA binding 
domain, which result in mutant proteins that lack transcriptional ac-
tivity. In addition, many p53 missense mutants have gain-of-function 
(GOF) properties that affect mobility and invasiveness, eventually 
leading to metastasis (3–7). Studies from our group and others have 
indicated that mutant p53 protein stability is needed for these GOF 
activities (5, 6, 8–10). Often, GOF activities of mutant p53 are ob-
served in vivo but not in vitro, indicating context matters in deci-
phering the physiological functions of mutant p53 (11, 12).

The physiological role of hotspot mutant p53 in tumor mainte-
nance in vivo is understudied. The deletion of mutant p53 in autoch-
thonous lymphomas and colon adenocarcinomas in vivo reduces 
tumor growth (13, 14). The mechanism by which lymphomas regress 
is unknown; while deletion of mutant p53 in colorectal cancers re-
sults in a signal transducers and activators of transcription 3 (Stat3)–
mediated inhibition of tumor growth and invasion (14). However, in 
these studies, mutant p53 is expressed in all cells, and deletion of mu-
tant Trp53 occurs in tumor cells and cells in the tumor microenvi-
ronment (TME), muddling interpretation of these results.

In breast cancers, the physiological relevance of mutant p53 is 
also understudied. We recently developed an autochthonous somat-
ic K14-Cre–driven triple-negative breast cancer (TNBC) mouse 
model with p53R172H and p53R245W mutations (corresponding 
to p53R175H and p53R248W hotspots in patients) in which mutant 

Trp53 can be toggled on and off genetically only in tumor cells while 
leaving the TME intact and wild type for p53 (15). p53R172H and 
p53R245W drive development of TNBC with a median latency of 
1 year. Most breast tumors are adenocarcinomas (15). To delete mu-
tant Trp53 in these TNBCs, we used CRISPR-Cas9. These breast tu-
mors express Cas9 from the Rosa26LSL CAS9-P2A-EGFP/+ locus only in 
tumor cells but not in the TME. Tumors were injected with adeno-
associated virus (AAV) viral particles expressing two single-guide 
RNAs (sgRNAs) in a single vector that target p53 exons 2 and 7 
(AAV-Δmut-p53) or AAV expressing two nontargeting sgRNAs 
(AAV-Control). Deletion of either mutant blunts tumor growth, 
causes cell death independent of apoptosis, and extends survival of 
mice, indicating potential vulnerabilities for mutant-p53 breast can-
cer patients for future therapies. Downstream analyses revealed that 
deletion of mutant Trp53 activated the cGAS-STING pathway, indi-
cating cell extrinsic effects, but did not cause apoptosis implicating 
other mechanisms of tumor regression. Thus, we were poised to 
mechanistically examine dependencies on mutant p53 in these 
TNBCs. By using single-cell transcriptomics, we found that mutant 
p53 mitigates oxidative stress and protects cells against ferroptosis, a 
cell death mechanism involving iron-dependent lipid peroxida-
tion, through the NFE2 like bZIP transcription factor 2 (NRF2)-
dependent regulation of Mgst3 and Prdx6, which encode two 
glutathione-dependent peroxidases that detoxify lipid peroxides.

RESULTS
Mutant p53 protects breast adenocarcinomas from 
ferroptosis in vivo
We generated two somatic and spontaneous breast cancer mouse 
models with mutant p53R172H or p53R245W expression driven 
specifically by K14-Cre in epithelial cells (Trp53wm-R172H/fl, K14-​Cre 
and Rosa26LSL CAS9-P2A-EGFP/+ alleles, abbreviated P172CC, and 
Trp53wm-R245W/fl, K14-​Cre and Rosa26LSL CAS9-P2A-EGFP/+ alleles, ab-
breviated P245CC) (15). These mice express mutant p53 (and no 
wild-type p53) and Cas9 specifically in epithelial cells and develop 
breast adenocarcinomas and sarcomas, which are negative for Esr1, 
Pgr, and Erbb2. The targeted deletion of mutant Trp53 using 
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AAV-sgRNA to Trp53 in approximately 35% of cancer cells causes 
tumor regression in 50% of mice 3 days after the removal of mutant 
Trp53 (15). Mutant Trp53 deletion also delays tumor growth and 
extends survival of mice, indicating dependence on mutant p53 for 
tumor growth (fig. S1, A and B) (15).

To elucidate the mechanism(s) underlying dependence on mu-
tant p53, we analyzed breast adenocarcinomas from P172CC mice 
treated with either AAV-Control (n = 3) or AAV-Δmut-p53 (n = 3) 
acutely within 8 days after last AAV treatment. Histological analyses 
performed shortly after deletion of mutant Trp53 showed extensive 
lesions of ballooned epithelial cells with lipid droplet–like structures 
(Fig. 1A). All three tumors examined within this time frame had 
massive lipid-like structures. This phenotype is reminiscent of cells 
undergoing ferroptosis, a unique form of cell death linked to reac-
tive oxygen species (ROS) accumulation, lipid peroxidation, and the 
metabolic disruption of iron homeostasis (fig. S1C). We further as-
sessed these lesions for the accumulation of 4-hydroxynonenal 
(4HNE), a by-product of lipid peroxidation, at various time points 
and found that two of the three tumors analyzed (the ones harvested 
2 and 4 days after the last AAV-Δmut-p53 injection) were positive 
for 4HNE after mutant Trp53 deletion (Fig. 1A). AAV-Control–
treated tumors were negative for 4HNE staining. Red Oil O staining 
of three tumors also showed lipid accumulation (Fig. 1B).

Next, we analyzed adenocarcinomas from P245CC mice treated 
with either AAV-Control (n = 5) or AAV-Δmut-p53 (n = 8) acutely 
after mutant Trp53 deletion (3 days after second injection). Here, we 
also observed extensive lesions of ballooned epithelial cells with lipid 
droplet–like structures shortly after deletion of mutant Trp53 (Fig. 1C). 
Eighty seven percent of tumors examined 3 days after the second AAV-
Δmut-p53 treatment had massive lipid-like structures. We also as-
sessed these lesions for accumulation of 4HNE 3 days after the second 
injection and found that 50% of mice (4/8) were positive for 4HNE 
after mutant Trp53R245W deletion (Fig. 1C). AAV-Control–treated 
tumors (n = 5) were negative for 4HNE staining. Red Oil O staining 
from three tumors confirmed lipid accumulation in these droplet-like 
structures (Fig. 1D). These data suggest that TNBCs from P172CC 
and P245CC mice undergo ferroptosis in vivo upon loss of mu-
tant Trp53.

To determine the human relevance of our findings, analysis of 
The Cancer Genome Atlas (TCGA) data showed that breast cancers 
with missense mutant p53, as compared to p53 truncation, were en-
riched in glutathione metabolism and oxidoreductase activity in-
volving nicotinamide adenine dinucleotide (NAD)/NAD phosphate 
(NADP) implicating glutathione peroxidase 4 (GPX4) (Fig. 1E). 
GPX4 detoxifies lipids at the expense of glutathione and reduced 
form of NADP+. Thus, both murine and patient data indicate that 
p53 missense mutants regulate tumor sensitivity to ferroptosis.

To test if inhibition of ferroptosis rescued the effects of mutant 
p53 dependence in vivo, autochthonous tumors from three mice (one 
P172CC and two P245CC) were treated with AAV-Δmut-p53 (follow-
ing established regimen; fig. S1A) and the ferroptosis inhibitor lip-
roxstatin-1 (given daily starting on the first day of AAV injection; 
Fig. 1F). Liproxstatin-1 is a radical trapping antioxidant and inhibi-
tor of ferroptosis used both in vitro and in vivo to test for ferrop-
totic events (16, 17). Adenocarcinomas treated with AAV-Δmut-p53 
regressed compared to AAV-control treated tumors as previously 
reported (Fig. 1F, left) (15). Tumors treated with AAV-Δmut-p53 
and liproxstatin-1 grew substantially better than those treated with 
AAV-Δmut-p53 alone (Fig. 1F, left). At end point, AAV-Δmut-p53 

tumors treated with liproxstatin-1 grew twice as fast as those treated 
with AAV-Δmut-p53 alone (P172CC and P245CC; Fig. 1F, right). 
Thus, in vivo experiments indicate that deletion of mutant p53 sen-
sitizes cells and tumors to ferroptosis, which is reversed by treat-
ment with liproxistatin-1, an inhibitor of ferroptosis.

Previously, we showed that Trp53 deletion in vivo elevated pST-
ING Ser366 in breast tumors of P172CC and P245CC genotype, indica-
tive of cGAS-STING pathway activation (15). We therefore tested 
whether inhibition of cGAS-STING pathway by mutant p53 was 
dependent on inhibition of ferroptosis. We examined pSTING Ser366 
levels in tumors following mutant Trp53 deletion in the presence or 
absence of liproxstatin-1 and observed elevated pSTING Ser366 lev-
els regardless of the presence or absence of liproxstatin-1, indicating 
that mutant p53 regulates cGAS-STING pathway independent of 
ferroptosis (fig. S1D).

Mutant p53 protects breast adenocarcinomas from 
ferroptosis at GPX4 level
To validate these in vivo findings, we established cell lines from untreated 
breast tumors from P172CC mice (P172CC [610] cells) and P245CC mice 
(P245CC [1128] cells). We then used CRISPR to delete mutant Trp53 in 
cell lines and used Western blots to validate loss of p53 (fig. S2A). The 
clones with mutant Trp53 deletion (PΔCC [610] cells and PΔCC [1128] 
cells) were very sensitive to trypsinization, low cell density seeding, and 
increased acidity in the media requiring frequent changes of media.

To directly assess the role of mutant p53 in ferroptosis, we treated 
P172CC [610] cells and its respective mutant p53-deficient clone 
(PΔCC [610]) with RSL3 [(1S,3R)-RSL3], which induces of ferropto-
sis by inhibiting GPX4 (fig. S1C) (18). Mutant p53-deficient cells 
were more sensitive to RSL3-mediated cell death when compared to 
mutant p53 proficient ones (Fig. 2A, left). Liproxstatin-1 completely 
reversed RSL3-mediated cell death, indicating that the cells lacking 
mutant p53 indeed underwent ferroptosis upon RSL3 treatment 
(Fig. 2A, left). Similarly, the mutant p53–deficient PΔCC [610] cells 
were sensitive to two other inhibitors of GPX4 (ML162 and ML210) 
when compared to mutant p53 proficient ones (Fig. 2A, middle and 
right panels) (18). Liproxstatin-1 also reversed ML162- and ML210-
mediated cell death, indicating that cells were undergoing ferroptosis. 
Next, we tested the sensitivity of P245CC (1128) cells and its respective 
mutant p53-deficient clone PΔCC (1128) to RSL3. Similarly, mutant 
p53R245W-deficient cells were more sensitive to RSL3-mediated 
cell death when compared to mutant p53 proficient ones (Fig. 2B, 
left). Liproxstatin-1 again reversed RSL3-mediated cell death (Fig. 2B, 
left). Comparably, the mutant p53R245W-deficient cells were sensi-
tive to two other inhibitors of GPX4 (ML162 and ML210) when 
compared to mutant p53 proficient ones (Fig. 2B), and liproxstatin-
1 completely reversed cell death. Even at high cell density when cells 
tend to be resistant to ferroptosis, mutant p53-deficient cells [both 
P172CC (610) and P245CC mice (1128)] cells remained sensitive to 
RSL3-mediated cell death when compared to mutant p53-proficient 
cells (Fig. 2C).

Next, to assess the role of mutant p53 acutely after mutant Trp53 
deletion, P172CC and P245CC cells were infected with a doxycycline-
inducible lentiviral vector expressing a sgRNA targeting mutant p53 
(19). Doxycycline-treated cells were notably more susceptible to fer-
roptosis than sham-treated cells (Fig. 2D and fig. S2C). Thus, mul-
tiple lines of evidence suggest that mutant p53 protects cells from 
ferroptosis through GPX4 because mutant p53-deficient clones were 
sensitive to RSL3, ML210, and ML162 but not erastin (an inhibitor of 
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Fig. 1. Mutant p53 protects breast adenocarcinomas from ferroptosis in vivo. (A) Representative hematoxylin and eosin (H&E)– and 4HNE-stained sections of P172CC 
adenocarcinomas treated with AAV-Control (left) or AAV-Δmut-p53 (right) and quantification of lipid droplets in three fields of view per sample from AAV-Control (n = 3) 
5, and 12 days after last AAV injection or AAV-Δmut-p53 (n = 3) 2, 4, and 8 days after last AAV injection. Yellow outline, lipid droplets. H&E shown is from a tumor har-
vested on day 8 after last AAV injection. Image for the 4HNE is from a tumor harvested on day 2 after last AAV injection. Scale bars, 500 μm. (B) Red Oil O staining of a tumor 
treated with AAV-Control and AAV-Δmut-p53 (P172CC mice). Image is from tumor harvested on day 2 after last AAV injection. (C) Representative H&E- and 4HNE-stained 
sections of P245CC adenocarcinomas treated with AAV-Control (left) or AAV-Δmut-p53 (right) and quantification of lipid droplets within the tumor section in three fields 
of view per sample from AAV-Control (n = 5) or AAV-Δmut-p53 (n = 8) at 3 days after second treatment. L, lumen of malignant epithelium; yellow outline, lipid droplets. 
Scale bars, 500 μm. (D) Red Oil O staining of a tumor treated with AAV-Δmut-p53 (P245CC mice). (E) Gene set enrichment analysis (GSEA) of glutathione metabolic pro-
cesses and oxidoreductase activity on Ch_CH donors and NAD_NADP acceptors in breast cancer patients with TP53 missense mutations (n = 214) as compared with pa-
tients with TP53 (n = 110) truncating mutations. (F) Tumor growth rates (mm3/day) at day 3 (left) or end point (right) for adenocarcinomas from P172CC (n = 12) and P245CC 
(n = 6) adenocarcinomas treated with AAV-Control (n = 5), AAV-Δmut-p53 (n = 10), or AAV-Δmut-p53 plus liproxstatin-1 (n = 3). Data are means ± SEM. Significant differ-
ences were evaluated by Student’s t test [(A) and (C)] and one-way analysis of variance (ANOVA) (F). *P < 0.05 and **P < 0.01. TCGA, The Cancer Genome Atlas. RNA-seq, 
RNA sequencing; NES, normalized enrichment score; FDR, false discovery rate.
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system Xc
–, SLC7A11; fig. S2D). These findings were specific to ade-

nocarcinoma cell lines but not to a sarcoma cell line developed from 
the same model (fig. S2E), although both tumor types are equally 
responsive to mutant Trp53 deletion in vivo (15). Thus, in vitro and 
in vivo experiments indicate that deletion of mutant Trp53 sensitiz-
es cells and tumors to ferroptosis, which is reversed by treatment 
with liproxstatin-1, an inhibitor of ferroptosis.

Single-cell analyses of tumor response to mutant 
p53 depletion
To elucidate the mechanism(s) underlying mutant p53–dependent 
regulation of ferroptosis, we performed single-cell RNA sequencing 
(scRNA-seq) of adenocarcinomas from the P245CC cohort 3 days 
after the second treatment (Fig. 3A, samples marked in asterisk), 
with AAV-Control (N = 2) or AAV-Δmut-p53 (N = 5, fig. S3A). At 

this time point, tumors had begun to regress and were positive for 
ferroptosis markers (see Fig. 1C). Uniform manifold approximation 
and projection (UMAP) of labeled cell populations identified 22 
clusters (Fig. 3B). To unbiasedly characterize the cell type in each 
cluster, we analyzed the top significantly enriched genes per cluster 
using gene set enrichment analysis (GSEA). This analysis includes a 
cell-type signature gene set and selected markers defining cell types 
(fig. S3, B and C, and table S1) (20). Clusters 1, 9, 11, and 14 were 
identified as epithelial cells from the primary tumor (table S1). Ex-
pression of epithelial markers, including Epcam, Krt8, Krt18, and 
Krt19, confirmed that these clusters were epithelial cells (Fig. 3C). In 
clusters 1, 11, and 14, the proportion of cells from AAV-Δmut-p53–
injected tumors were lower than those of cells from AAV-Control–
injected tumors, signifying that these clusters were composed of 
cells most sensitive to mutant Trp53 loss (Fig. 3D). The proportion 

Fig. 2. Mutant p53 protects breast adenocarcinomas from ferroptosis through GPX4. (A) Viability of P172CC (610) and its corresponding p53-deleted clone (PΔCC) 
treated with ferroptosis inducers RSL3, ML162, ML210, and ferroptosis inhibitor liproxstatin-1 at the indicated concentrations. Liproxstatin-1 was added 30 min before 
RSL3, ML162, or ML210. Viability was assessed 24 hours after treatment. Dotted line denotes viability of cells treated with sham dimethyl sulfoxide (DMSO). (B) Viability of 
P245CC (1128) and its corresponding p53-deleted clone (PΔCC) treated with RSL3, ML162, ML210, and liproxstatin-1 at the indicated concentrations. Liproxstatin-1 was 
added 30 min before treatment with RSL3, ML162, or ML210. Viability was assessed 24 hours after treatment. Dotted line denotes viability of cells treated with sham 
DMSO. (C) Viability of P172CC (left) and P245CC (right) cell lines and their corresponding p53-knockout clones (PΔCC) treated with RSL3 or sham at high confluency (1 × 104 
cells per well). Viability was assessed 24 hours after treatment. (D) Viability of P172CC (610, left) and p53R245W germline breast tumor cells (391, right) infected with a 
doxycycline-inducible lentivirus expressing sgRNAs targeting Trp53 and treated with sham or doxycycline (1 μg/ml) for 48 hours and subsequently treated with RSL3 for 
24 hours. Significant differences between groups were evaluated by Student’s t test for (A) to (D) *P < 0.5, **P < 0.01, ***P < 0.001, and ****P < 0.0001; n.s., not significant.
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Fig. 3. scRNA-seq analysis of AAV-Δmut-p53 treated TNBCs. (A) Top: Treatment regimen; arrows denote the timing of AAV injections. Bottom: Waterfall plot of percent 
changes in volumes of P245CC adenocarcinomas treated with AAV-Control (n = 5) or AAV-Δmut-p53 (n = 8) at day 6. * denotes samples submitted for scRNA-seq, which 
contained lipid-like structures and/or were 4HNE positive. (B) UMAP of labeled cells pooled and separated by treatment: AAV-Control (n = 2) or AAV-Δmut-p53 (n = 5) at 
day 3 after second AAV treatment. (C) UMAP of cells expressing selected epithelial markers (Epcam, Krt8, Krt18, and Krt19) identified four epithelial clusters. (D) Proportions 
of tumor cells in each of the four clusters by treatment type. Each dot represents one spontaneous tumor. (E) Violin plots of Ftl1 and Fth1 from the scRNA-seq from epithe-
lial clusters (1, 9, 11, 14) showing the expression levels of genes that are enriched in AAV-Δmut-p53–injected tumors when compared to AAV-Control tumors. ***P = 1.041 × 
10−166 (Fth1) and ***P = 1.2755 × 10−60 (Ftl1). (F) Top 4 pathways identified by GSEA in each tumor cell cluster. (G) Heatmap of GSVA scores indicating differentially 
activated pathways in pooled tumor cells grouped by treatment type. * denotes immune-related pathways activated.
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of AAV-Δmut-p53 and AAV-Control cells in cluster 9 did not differ 
significantly (Fig. 3D). Next, we tested whether ferroptosis markers 
were increased upon mutant Trp53 deletion in vivo. Existing studies 
have shown that increased cellular iron levels during ferroptosis in-
duce transcriptional up-regulation of ferritin, a cellular iron storage 
protein composed of two similar polypeptide chains of ferritin light 
chain (Ftl1) and ferritin heavy chain (Fth1) (21). Upon deletion of 
mutant Trp53, Ftl1 and Fth1 levels notably went up in cancer cell 
clusters 1, 9, 11, and 14 (Fig. 3E).

GSEA identified the ROS and estrogen response pathways as the 
top pathways in the mutant p53-dependent tumor cell clusters 1, 11, 
and 14 (Fig. 3F). In addition, the cholesterol pathway was identified 
in clusters 11 and 14. To better understand mutant p53 dependen-
cies, we used gene set variation analysis (GSVA) (22) to identify 
pathways that were differentially expressed between cancer cells 
(clusters 1, 9, 11, and 14) with or without mutant Trp53 deletion. 
This analysis identified oxidative phosphorylation and ROS path-
ways as the top pathways enriched in tumors expressing mutant p53 
(Fig. 3G). Thus, the ROS pathway emerged in both GSEA and GSVA 
analyses (Fig. 3, F and G).

Up-regulated immune signaling pathways [interferon-β (IFNβ), 
tumor necrosis factor, and IFN-γ] were also detected in tumor cells 
with mutant Trp53 deletion (Fig. 3F, asterisks), suggesting changes 
in the TME. Closer inspection of the immune clusters revealed that 
the number of cells in cluster 8 (γδ T cells) increased upon mutant 
Trp53 deletion (fig. S3C). In summary, scRNA-seq data revealed 
that dependence on mutant p53 encompasses both cell-autonomous 
(oxidative stress and ROS) and non–cell-autonomous functions 
(immune pathways).

Mutant p53 regulates Mgst3 and Prdx6 to mitigate oxidative 
stress damage and protect cells against ferroptosis
Ferroptosis is linked to ROS accumulation, lipid peroxidation, and 
the metabolic disruption of iron homeostasis. Therefore, we tested the 
hypothesis that mutant p53 protects cancer cells from ferroptosis by 
disrupting ROS pathway genes. A total of 180 genes were differen-
tially up-regulated [differentially expressed genes (DEGs)] in AAV-
Control when compared to AAV-Δmut-p53 tumor clusters (table S2). 
GSEA analysis of these DEGs showed that tumor cells with mutant 
Trp53 ablation were depleted of several antioxidant genes, which mit-
igate ROS functions, including Junb, Atox1, Gclm, Prdx2, Prdx6, 
Mgst3, and Txn1 (Fig. 4A). To determine whether mutant p53 is in-
volved in transcriptionally regulating these genes, we examined their 
expression in P172CC and P245CC cells and their respective mutant 
Trp53-deleted clones (fig. S2A). Prdx6 and Mgst3 transcript levels 
in PΔCC (610, p53R172H) clones #1 and #2 and PΔCC (1128, 
p53R245W) cells were down-regulated 50 to 70% as compared to mu-
tant p53-expressing cells (Fig. 4B, C). The transcript levels of the other 
ROS transcripts did not differ significantly between groups. Prdx6 
encodes a non-selenium glutathione-dependent peroxidase that com-
pletes regeneration of peroxidized cell membranes following an oxi-
dative event (23, 24), and Mgst3 encodes microsomal glutathione 
S-transferase 3, an enzyme with glutathione-dependent transferase 
and peroxidase activities (25). These two enzymes share many simi-
larities with GPX4, such as their use of glutathione as a cofactor, their 
peroxidase activity toward lipids, and their ability to inhibit ferropto-
sis. Previous studies indicate that knockdown of intracellular Prdx6 in 
multiple tumor cell lines enhances lipid peroxidation and erastin- or 
RSL3-induced ferroptosis (23, 26–28).

Therefore, we assessed the roles of these two enzymes on lipid 
peroxidation, a hallmark of ferroptosis. We used BODIPY C11, a 
fluorescent probe used to index lipid peroxidation in living cells in 
tissue culture. BODIPY C11 staining combined with flow cytomet-
ric analysis showed that cells with silenced Mgst3 or Prdx6 showed a 
notable increase in lipid peroxidation levels, indicating increased 
likelihood to undergo ferroptosis (Fig. 4D and fig. S4A).

Next, we assessed the roles of these two enzymes in preventing 
ferroptosis. Silencing the expression of Mgst3 or Prdx6 (fig. S4B) no-
tably decreased survival of p53 mutant cells treated with RSL3 
(Fig. 4, E and F). The reverse was also true, as Mgst3 or Prdx6 over-
expression (fig. S4C) rescued cells with mutant Trp53 deletion from 
RSL3-induced death (Fig. 4G). Last, p53R245W overexpression in a 
mutant p53-deleted cell line (PΔCC [610]) desensitized these cells to 
RSL3-mediated cell death (fig.  S4, D and E), while silencing of 
Mgst3/Prdx6 in these mutant p53-competent cells resensitized them 
again to RSL3 (fig. S4F). To test the functional significance of Mgst3 
and Prdx6 in vivo, P245CC cells were transfected with short hairpins 
targeting Mgst3 or Prdx6 and injected into the mammary fat pad of 
nude mice. Knockdown of these genes (Fig. 4H) sensitized tumors 
to RSL3 treatment (Fig. 4I and fig. S4G). In summary, mutant Trp53 
deletion sensitized breast adenocarcinomas to ferroptosis through 
two peroxidase enzymes, Mgst3 and Prdx6.

Mutant p53 protects human TNBCs against ferroptosis
To interrogate the translational significance of our findings to hu-
man breast cancers, we silenced mutant p53 in six different human 
breast cancer cell lines with hotspot TP53 missense mutations. Si-
lencing of mutant TP53 decreased levels of MGST3 and PRDX6 
(Fig. 5A) and increased sensitivity to RSL3 in all cell lines tested 
(Fig. 5B and fig. S5A). Next, we used BODIPY C11 to index lipid 
peroxidation in living cells in tissue culture. BODIPY C11 staining 
combined with flow cytometric analysis showed that cells with mu-
tant p53 silencing had an increase in lipid peroxidation (indicating 
increased likelihood to undergo ferroptosis; fig. S5B). We further 
tested in vivo the functional significance of our two anti-ferroptotic 
genes, MGST3 and PRDX6, using MDA-MB-231 cells. Short hairpin 
knockdown of MGST3 (~70% reduction) had minimal effects on tu-
mor establishment and growth; meanwhile, complete knockdown of 
PRDX6 (~98%) impeded tumor establishment when low (0.5 × 106) 
or high (3 × 106) number of cancer cells was implanted in vivo 
(Fig. 5C and fig. S5C).

Similarly, Kaplan-Meier survival analysis showed that the overall 
survival of breast cancer patients with a high expression of the six 
antioxidant genes (ATOX1, GCLM, PRDX2, PRDX6, MGST3, and 
TXN) regulated by mutant p53 (using a threshold of 80%) was sig-
nificantly worse than that of patients with a low threshold of expres-
sion of these genes (using threshold of 20%; Fig. 5D). Thus, analysis 
of human cell lines and patient data also implicate MGST3 and 
PRDX6 as mutant p53 regulators of ferroptosis.

Mutant p53 mitigates oxidative stress and ferroptosis 
through the NRF2-dependent regulation of Mgst3 and Prdx6
Missense p53 mutants exhibit gain-of-function activities by interact-
ing with and altering the activities of other transcription factors (e.g., 
SREBP1/2, ETS2, and VDR) (4). We therefore used the ENRICHR-
TRRUST database to predict transcription factors that regulate mu-
tant p53-specific ROS pathway genes (from Fig. 4A). The top two 
predicted transcription factors were PAX5 and NRF2 (Fig. 6A). 
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Fig. 4. Mutant p53 mitigates oxidative stress and ferroptosis through regulation of two enzymes, Mgst3 and Prdx6. (A) Violin plots of genes from the scRNA-seq 
associated with the ROS pathway from epithelial clusters (1, 9, 11, 14, from Fig. 3C) showing the expression levels of genes that are enriched in AAV-Control or AAV-
Δmut-p53 injected tumors. (B and C) Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis of Mgst3 and Prdx6 in P172CC (B) and P245CC (C) cells 
and their respective Trp53-deleted clones. (D) Flow cytometric analysis of p53R245W (391) cells with or without Mgst3 or Prdx6 silencing at 48 hours and stained with 
C11-BODIPY, a marker of lipid oxidation. Efficiency of mRNA-mediated silencing is shown in fig. S4A. (E and F) Viability of P172CC (E) and P245CC (F) cells after siRNA silenc-
ing of Mgst3 or Prdx6 and treatment with DMSO or RSL3. Viability was assessed 24 hours after treatment. Efficiency of mRNA-mediated silencing shown in fig. S4B. (G) Vi-
ability of PΔCC (1128) cells transduced with lentiviral particles overexpressing (OE) cDNAs for GFP, Mgst3, or Prdx6 and treated with RSL3 (5 μM). Viability was assessed 
24 hours after treatment. Efficiency of lentivirus-mediated overexpression of Mgst3 and Prdx6 is shown in S4C. (H) Levels or Mgst3 or Prdx6 expression in P245CC cells after 
short hairpin RNA targeting Mgst3 of Prdx6, respectively. (I) Tumor growth rates of these cells after injection into nude mice and treatment with RSL3 intratumorally at 
indicated time points (arrows). Data are means ± SEM. Significant differences between groups was evaluated by one-way ANOVA [(B), (D), and (E)] and Student’s t test 
[(C) and (G)] and two-way ANOVA with Dunnett’s multiple comparison (I). *P < 0.5, **P < 0.01, and ****P < 0.0001. GFP, green fluorescent protein.
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PAX5 encodes the B cell lineage–specific activator protein expressed 
exclusively in B lymphocyte lineage and is unlikely to be mitigating 
ferroptosis in breast epithelial cells (29). NRF2 protects against oxi-
dative and electrophilic stress (30). Previously, mutant p53 was shown 
to regulate proteosome-related gene transcription via an NRF2-
dependent mechanism (31, 32). No studies have probed mutant p53/
NRF2 interactions in attenuating ferroptosis. NRF2 regulates genes 
via binding to antioxidant response elements (AREs) (30). All but 
one gene from the identified ROS pathway (Junb; Fig. 4A) have ARE 
binding sites in their promoters. Promoter analysis of 10 kb up-
stream of the start site of all 180 DEGs enriched in mutant p53 can-
cer clusters from scRNA-seq analysis showed that 89% of these genes 
have AREs (Fig. 6B and table S3). Violin plots are shown of top 
DEGs from cancer clusters (1, 9, 11, 14) regulated by mutant p53 
that contain AREs upstream of their promoters and have confirmed 
NRF2 binding via NRF2–chromatin immunoprecipitation studies 
by Malhotra et al. (33) (Fig. 6C). Furthermore, we confirmed that 
deletion of mutant Trp53 R245W also resulted in lower levels of the 
well-known NRF2 target Keap1 (fig. S6A).

Brusatol and luteolin are NRF2 inhibitors (34, 35). NRF2 inhibi-
tion with either brusatol or luteolin reduced Mgst3 and Prdx6 tran-
scripts in both murine and human mutant p53 cells (Fig. 6D and 
fig. S6, B and C). Furthermore, NRF2 knockdown, phenocopied mu-
tant Trp53 deletion, and sensitized cells to RSL3 (Fig. 6E and fig. S6D). 
We next hypothesized that NRF2 and GPX4 inhibition would co-
operate to kill mutant p53 cells. Treatment with NRF2 inhibitor 

brusatol or the GPX4 inhibitor RSL3 alone killed ~50% of cells with 
mutant p53, while combined treatment killed these cells efficiently 
(~98%; Fig. 6F and fig. S6E). We also examined the combined effect 
of brusatol and RSL3 on cell viability of five human breast cancer cells 
with p53 missense mutations. In all tested cells, the combination 
treatment was superior to either treatment alone (Fig. 6G and fig. S6F).

Co-immunoprecipitation experiments with tumor lysates and cell 
lines showed mutant p53R172H and p53R245W interact with NRF2 
(Fig. 6H and fig. S6G). To validate mutant p53 direct interactions 
with NRF2, we generated cells expressing mutant p53R245W-Flag 
and NRF2-His tagged proteins. Purified NRF2-His binds p53R245W-
Flag bound on FlagM2-beads, indicating direct interaction of mutant 
p53 to NRF2 (Fig. 6I). Two negative controls, flag-tagged Pla2g16 
and p53N15fs, did not interact with NRF2. To test if mutant p53 and 
NRF2 are located on the same AREs, we used Cleavage Under Tar-
gets and Release Using Nuclease (CUT&RUN), a chromatin profiling 
strategy in which antibody-binding controls cleavage by micrococcal 
nuclease and releases only antibody-bound protein-DNA complexes. 
Both mutant p53R245W and NRF2 were present at two ARE sites in 
the Prdx6 promoter in P245CC tumor cells but not the respective mu-
tant p53-deleted clone (Fig. 6, J and K).

Published studies indicate that a peptide consisting of human 
p53 amino acids 98 to 128 binds NRF2 (32). Therefore, we generated 
lentiviral constructs to express full-length murine p53R245W or a 
truncated version of p53R245W lacking amino acids 98 to 128 and 
overexpressed these constructs in a P−/−CC tumor cell line (1374) 

Fig. 5. Mutant p53 protects human TNBCs against ferroptosis. (A) RT-qPCR data showing transcript levels of TP53, MGST3, and PRDX6 in listed breast tumor cell lines 
with or without siRNA silencing of mutant TP53. p53 mutations for each cell line are listed. (B) Viability of human patient breast cancer cells from (A) treated with RSL3. 
Viability was assessed 24 hours after treatment. (C) Tumor growth of MDA-MB-231 cells expressing short hairpin targeting MGST3 or PRDX6 in nude animals (N = 4 to 5 per 
group) injected with low (0.5 × 106 at various time points, left) or high (35 × 106 at 42 days, right) cell numbers. (D) Kaplan-Meier overall survival curves for breast cancer 
patients with tumors expressing high levels (80% threshold; 214 patients) or low levels (20% threshold; 214 patients) of our six-gene NRF2 dataset (ATOX1, GCLM, PRDX2, 
PRDX6, MGST3, and TXN) with a log-rank P value of 9.6 × 10−05. These analyses were done using GEPIA2. Data are means ± SEM. Significant differences between groups 
was evaluated by Student’s t test for (A) and (B). *P < 0.5, **P < 0.01, and ***P < 0.001.
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Fig. 6. Mutant p53 inhibits ferroptosis through the NRF2-dependent regulation of Mgst3 and Prdx6. (A) ENRICHR results for the top transcription factors of our 
mutant-p53/oxidative stress 6-gene dataset. (B) One hundred eighty DEGs regulated by mutant p53 in clusters 1, 9, 11, and 14 were examined for AREs. (C) Violin plots of 
seven DEGs from cancer clusters regulated by mutant p53 that contain AREs in their promoters. (D) RT-qPCR analysis for Prdx6 and Mgst3 in P245CC cells treated with 
brusatol for 3 hours. (E) Viability of P245CC cells with or without siRNA silencing of NRF2 and treated with RSL3 (10 μM) or DMSO. (F) Viability of P245CC cells treated with 
RSL3 (5 μM), brusatol (0.5 μM), or both (combo). (G) Cell viability of indicated cells treated with RSL3 (5 μM), brusatol (10 μM for MDA-MB-231 and 1.0 μM for HCC1395), or 
both. (H) Co-immunoprecipitation of mutant p53 and NRF2. IP, immunoprecipitation; IB, immunoblotting. (I) Purified NRF2-His bound p53R245W-Flag but not negative 
controls Pla2g16-Flag or p53N15fs-Flag (first 15 amino acids of p53, followed by a truncation and a frameshift). Membranes were probed with Flag and NRF2 antibodies. 
(J and K) CUT&RUN RT-qPCR for two ARE sequences within the Prdx6 promoter using anti-NRF2 or immunoglobulin G (IgG) (J) or anti-p53 antibodies in P245CC (K). Cells 
with CRISPR knockout of mutant p53 were used as a baseline (K). (L and M) Co-immunoprecipitation of mutant p53 and NRF2 from lysates (L) and viability (M) in P−/−CC 
(1374) cells transduced with indicated lentiviruses. NRF2 pull-down was quantified as ratio of pull-down to input. (N) NFE2L2 (NRF2) dependency of human cancer cell 
lines with missense TP53 (n = 756) or wild type (n = 636). Data are means ± SEM. Significant differences were evaluated by Student’s t test [(E), (J), and (K)] one-way 
ANOVA [(D), (F), (G), and (M)]. **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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from Trp53fl/fl, K14-​Cre, and Rosa26LSL CAS9-P2A-EGFP/+ mice. We 
now show that amino acids 98 to 128 are important for binding 
NRF2 as the ability of mutant p53 to bind NRF2 is diminished upon 
deletion of these sequences (Fig. 6L). In addition, overexpression of 
the mutant p53R245W in three different p53−/−CC cell lines but not 
Δ98-128 p53R245W-rescued cells from RSL3-mediated cell death 
(Fig. 6M and fig. S6, H and I). Last, Mgst3 and Prdx6 transcript lev-
els increased upon mutant p53R245W overexpression but not Δ98-
128 p53R245W overexpression (fig. S6J). In summary, these data 
indicate that amino acids 98 to 128 of the mutant p53R245W are 
critical for the interaction with NRF2. Wild-type p53 also has the 
ability to bind NRF2 upon activation by irradiation (fig. S6K), the 
significance of which is unknown because our tumor cells only ex-
press mutant p53.

To further examine the functional implications of the interaction 
of mutant p53 with NRF2, we probed the DepMap (Cancer Depen-
dency Map) database, which explores interdependencies. Mining the 
DepMap database revealed that NRF2 dependency was substantially 
enriched in human cancer cells lines with a TP53 missense mutation 
compared to cell lines containing wild-type TP53 (Fig. 6N), indicat-
ing that mutant p53/NRF2 interactions are meaningful in cancer cells. 
Cell lines with TP53 truncations also showed dependency on NRF2 as 
compared to wild-type TP53, most likely from expressed truncated 
gene products (fig. S6L). Thus, mutant p53 mitigates ferroptosis 
through the NRF2-dependent regulation of Mgst3 and Prdx6. In con-
clusion, mutant p53 protects breast adenocarcinomas against ferrop-
tosis through interactions with NRF2 (fig. S7).

DISCUSSION
Here, we used a true somatic model of mutant p53 driven breast can-
cer that retains a wild-type p53 stroma and immune system. Tumors 
were driven by initiating hotspot p53 missense mutations, p53R172H 
or p53R245W, corresponding to p53R175H and p53R248W in pa-
tients. One major advantage of our model in comparison to the other 
models is that tumor evolution happens in a TME that retains wild-
type p53. We found that TNBCs depend on mutant p53 for survival 
and that mutant p53 (two different mutants) protects cells from fer-
roptosis. The presence of large lipid droplets detected in hematoxylin 
and eosin (H&E) sections and by Red-Oil O staining, a phenotype 
observed in other ferroptosis studies, was the first indication that 
these cells died by ferroptosis (36). scRNA-seq analyses revealed, in 
an unbiased manner, the functional relevance of removing mutant 
p53 selectively in tumor cells and further implicated ferroptosis. De-
letion of mutant p53 did not initiate apoptosis suggesting that other 
tumor-specific events prevent the cells from dying via apoptosis. 
Two other models also show mutant p53 dependency (lymphoma 
and colon carcinoma) (13, 14). However, in these models, tamoxifen-
driven deletion of mutant Trp53 occurs in tumor cells and cells of the 
TME. The mechanisms for mutant p53 dependencies were not deter-
mined in these models. Last, the mechanism by which p53-null tu-
mors bypass ferroptosis is unknown.

While the role of wild-type p53 in initiating ferroptosis is known, 
p53 hotspot mutants often have GOF activities that oppose wild-type 
functions (8, 37, 38). We uncovered that p53 missense mutations 
protect breast adenocarcinoma in vivo from ferroptosis mechanisti-
cally at the level of GPX4 thru NRF2. These findings are agnostic of 
p53R172H or p53R245W mutation in our murine breast cancer 
model and several additional hotspot TP53 mutations analyzed in 

human breast cancer cell lines. Thus, both structural and contact 
p53 missense mutants, which differ in how they lose DNA binding, 
protect cells from ferroptosis. Similarly, Su and colleagues (39) 
found that p53R172H has GOF properties that protects cells from 
ferroptosis but through abrogation of BTB and CNC homology 1 
(BACH1)-dependent suppression of SLC7A11 in three tumor cell 
lines, a squamous cell carcinoma, a cholangiocarcinoma, and an en-
dometrial carcinoma of the ovary. In contrast, Liu and colleagues 
(40) found that various mutant p53 hotspots do not protect but sen-
sitize tumors to SLC7A11 inhibitors in esophageal cancer cell lines 
in  vitro. Our p53 mutant breast tumors were also sensitive to 
SLC7A11 inhibitors, but tumors with mutant Trp53 deletion were not. 
Instead, they are sensitive to RSL3 implicating intracellular mecha-
nisms of ferroptosis. One additional important factor is that both 
BACH1 and NRF2 can compete for binding to AREs (41). Thus, 
BACH1 and NRF2 eventually target the same pathway and may be 
mutually exclusive events. Thus, context-specific mechanisms exist 
that are mutant and cancer/tissue specific. Additional studies are 
needed to understand these differences.

While the relationship between mutant p53 and oxidative stress 
was previously reported, the mechanisms by which mutant p53 regu-
lated oxidative stress was unknown. Vermeulen et al. (42), using an 
in vivo model of tumor initiation in the intestine, found that p53R172H 
did not confer a benefit to colon stem cells under normal conditions 
but notably increased their fitness in the setting of colitis-associated 
ROS formation. Similarly, in an independent model of esophagus can-
cer, mutant p53 cells outcompeted wild-type cells following exposure 
to oxidative stress caused by low-dose ionizing radiation; however, an-
tioxidant treatment given with low-dose ionizing radiation reversed 
this phenomenon and promoted the proliferation of wild-type cells 
over mutant cells, further confirming that mutant p53 mitigates ROS 
in vivo (43). Our study provides the bridge linking escape from ROS to 
protection from ferroptotic cell death via increasing levels of anti-
ferroptotic enzymes.

Wild-type p53 can activate or inhibit ferroptosis that is context 
dependent (38, 44). We used radiation to stabilize and activate wild-
type p53 (normal cells have undetectable levels of p53) and show 
interactions with NRF2. Approximately 16% of TNBCs have wild-
type TP53 by sequence. Whether this p53 protein is stable in these 
tumors is unknown. Likely, this wild-type p53 is not functional as a 
tumor suppressor, perhaps through interactions with other proteins 
such as Mdm2, an E3 ligase that degrades p53, which is often over-
expressed in breast cancers (45). Thus, although tumor cells may 
have wild-type p53, it may not be available to interact with NRF2. 
Meanwhile, mutant p53 protein is a very stable protein in cancer 
cells and can interact with other transcription factors such as NRF2 
(15). Cancer cells whereby wild-type p53 activates p21 undergo cell 
cycle arrest and these cells are protected from ferroptosis by p21 
(44). Regardless of being protected from ferroptosis, arrested cancer 
cells do not proliferate and thus do not contribute directly to tumor 
progression. Depletion of mutant Trp53 in our tumor cells does not 
cause cell cycle arrest but induces cell death via ferroptosis, two very 
different outcomes.

Two independent GOF mechanisms attributed to mutant p53 in 
breast cancer, ferroptosis (this study) and the mevalonate pathway 
(8), are interconnected. GPX4 and ferroptosis suppressor protein 1 
(FSP1) are two enzymes that act in parallel to inhibit ferroptosis. 
FSP1 targets coenzyme Q10 in the cell membrane and converts it to 
ubiquinol, a reduced form that protects cells against ferroptosis. 
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Coenzyme Q10, the substrate for FSP1, is the end product of the 
mevalonate pathway (46). Isopentenyl pyrophosphate, another by-
product of the mevalonate pathway, contributes to the insertion of 
selenocysteine into the catalytic center of GPX4, a process impor-
tant for GPX4 function (47). In summary, mutant p53 works on two 
fronts to halt breast cancer cells from undergoing ferroptosis. In the 
age of precision medicine, the dependency of breast cancers to mu-
tant p53 via dampening ferroptosis offer additional opportunities 
for treating breast cancers with missense mutant p53.

MATERIALS AND METHODS
Mice
As previously described, Trp53flox/flox (48), Trp53wm-R172H (49), K14-
cre (01XF1, NCI Repository), and Rosa26LSL CAS9-P2A-EGFP/ + (024857, 
the Jackson Laboratories) (50) mice were bred and crossed in MD 
Anderson’s Genetically Engineered Mouse Facility to generate P172CC 
and P245CC mice (15). All mice were bred and maintained in a 
mixed background (FVB, C57Bl/6, and BALB/c), and only female 
mice with mammary tumors were examined in the study. All mice 
were monitored daily. Animals with signs of physical distress or 
with large breast tumor volumes were euthanized. Tumor diameter 
was measured with calipers. At end point after euthanizing the 
mouse, we noticed that some of these spontaneous breast tumors 
invaginate internally (not visible), and true measurement was pos-
sible only on euthanasia upon dissection. Tumor volume was esti-
mates using the formula (length × width2) × π/8. All animal studies 
and procedures were approved by MD Anderson’s Institutional Ani-
mal Care and Use Committee. Genotyping was carried out as de-
scribed previously (49). Primer sequences are given in table S4. The 
rate of tumor growth was calculated using the formula (Veuth − V0)/
(Teuth − T0), where Veuth and Teuth are the tumor volume and treat-
ment days, respectively, at the time of euthanasia; V0 is the tumor 
volume at the start of treatment; and T0 = 0.

Animal treatment
Once primary breast tumors reached approximately 0.8 cm in diam-
eter, AAV virus particles (5 × 109 genome copies) suspended in 50 μl 
of sterile phosphate-buffered saline (PBS) were injected intratumor-
ally. Tumors were injected with AAV on days 0, 3, and 8. For the 
liproxstatin-1 rescue experiment, animals were intraperitoneally 
injected with liproxstatin-1 (25 mg/kg; 17730, Cayman Chemicals) 
daily for 2 weeks. Liproxstatin-1 injections started on the same day 
as AAV injections.

To determine the functional significance of Mgst3 and Prdx6, 
P245CC (1128) cells expressing shRNA targeting Mgst3, Prdx6, or 
empty vector were grown in nude animals. A total of 5 × 105 cancer 
cells suspended in 30 μl of PBS were injected into the mammary fat 
pad. Once tumors reached approximately 6 to 7 mm in diameter, all 
tumors were injected intratumorally with RSL3 (100 mg/kg; 19288, 
Cayman Chemicals), on days 0, 6, and 12. Tumor growth was moni-
tored with caliper measurements of the length and width of the tu-
mor. To determine the functional significance of MGST3 and PRDX6, 
human cell line MDA-MB-231 expressing shRNA targeting MGST3, 
PRDX6, or empty vector were grown in nude animals. MDA-MB-231 
(5 × 105 or 3 × 106) was suspended in 30 or 50 μl of PBS, respec-
tively, and was injected into the mammary fat pad. Tumor growth 
was monitored with caliper measurements of the length and width 
of the tumor.

Cloning and virus production
Two sgRNAs targeting p53 that had been validated in vivo were 
used in this study (50, 51). As previously described, sgRNA 1 was 
inserted into an AAV plasmid ready for sgRNA cloning (PX552; 
RRID: Addgene_60958 deposited by F. Zhang in Addgene) (15). 
The same was done for sgRNA 2. Subsequently, polymerase chain 
reaction (PCR) amplification of the U6 promoter–driven sgRNA 2 
was subcloned into the vector containing sgRNA 1, so that each 
AAV plasmid had two sgRNAs. Two nontargeting sgRNAs were 
similarly cloned and used as controls. The sequences of the guides 
are given in table S2. Plasmids were confirmed by Sanger sequenc-
ing. High-titer and pure AAV8 viruses were generated by the Gene 
Vector Core at Baylor College of Medicine. Virus was titered using 
real-time quantitative PCR (qPCR). Each tumor was injected with 
5 ×  109 total genome copies. High-titer AAV8-EF1-tdTomato-
WPRE-hGH (AAV-tdTomato; 2.6 × 1013 genome copies/ml) was 
purchased from Gene Vector Core.

The flag-tagged R245W and p53N15fs (cDNA deletion by Sac I 
digestion and relegation to change the reading frame of p53) were 
cloned into pBABE-IRES-EGFP-puro retrovirus vector. pLV-CMV-
hismNrf2-T2A-EGFP-Puro was purchased from VectorBuilder, and 
pBABE-flag-Pla2g16 was previously published from our group (9). 
Plasmids were confirmed by Sanger sequencing.

The Mgst3 and Prdx6 cDNAs were purchased from Addgene 
(Origene, MR201107 and MR202605), and each cDNA was cloned 
into a pLVX-IRES-EGFP lentiviral vector (Addgene, 128652) via 
Eco RI/Xba I sites by replacing green fluorescent protein (GFP) in 
the lentivirus backbone. Plasmids were confirmed by Sanger se-
quencing. Doxycycline-inducible sgRNA lentiviral vectors targeting 
p53 at exons 4 and 5 and control vectors, deposited by Marco Her-
aldo’s laboratory (19), were used to conditionally delete mutant p53 
(Addgene, 70183, 85534, and 85535). The sequence of mutant p53 
R245W cDNA lacking amino acids 98 to 128 were synthesized by 
TwistBioscience. p53 cDNA from pLV-CMV-Trp53R245W-EF1A-
EGFP:T2A:Puro plasmid purchased from VectorBuilder was cleaved 
out by enzymes Bam H1 and Sal 1 and replaced by the synthesized 
Δ98-128 p53R245W. Plasmids were confirmed by Sanger sequencing.

Lentiviral-overexpressing plasmids were packaged into lentiviral 
particles and infected into breast tumor cell lines. Stably integrated 
overexpressing plasmids were selected by adding puromycin (2 μg/ml; 
Invitrogen) to culture media for 3 days. These pools of selected cells 
were used for experiments.

Cell lines
Primary murine breast cancer cell lines (P172CC and P245CC) were 
generated by mincing breast tumors into 1-mm3 fragments, which 
were subjected to trypsinization for 20 min at 37°C and then cultured 
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented 
with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. 
P53R245W (391) is an adenocarcinoma breast cancer cell originat-
ing from a germline Trp53-wm245 animal. Cells were passaged no 
more than 12 to 20 times before the completion of the experiments. 
Human breast cancer cell Hs587T, HCC38 (RRID:CVCL_1267), and 
HCC1395 (RRID:CVCL_1249) were purchased from American Type 
Culture Collection (ATCC) before performing the experiments. The 
other human breast tumor cells lines were purchased from MD 
Anderson’s Cytogenetics and Cell Authentication Core and verified 
by DNA fingerprinting. All cells were cultured in DMEM supple-
mented with 10% FBS and 1% penicillin/streptomycin. All cell lines 
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were routinely confirmed by PCR to be negative for mycoplasma. 
CRISPR knockout clones were established by treating P172CC or P245CC 
parental cells with AAV-mut-p53 for 48 hours and subsequently 
seeding one cell per well in a 96-well plate. The clones were validated 
with Western blotting.

Red Oil O stain
Red Oil O staining was performed by MD Anderson’s Department 
of Veterinary Medicine and Surgery’s histology laboratory using a 
Red Oil O staining kit (ORK-1-IFU, ScyTek Laboratories) kit ac-
cording to the manufacturer’s instructions.

In vitro experiments
Cells (1 × 104) were seeded in a 96-well plate. The next day, the cells 
were treated with the indicated agents RSL3 (#19288, Cayman 
Chemicals), erastin (#17754s, Cayman Chemicals), ML210 (#S0788; 
SelleckChem), ML162 (#S4452; SelleckChem), and liproxstatin-1 
(#7699, SelleckChem) for 24 hours, and cell viability was assessed 
with an MTT [3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium 
bromide] colorimetric assay. For the combination of liproxstatin-1 
and ferroptosis activators, liproxstatin-1 was added 30 min before 
the activators. For the combination of brusatol and RSL3 experi-
ments, brusatol was added 3 hours before adding RSL3. For reverse 
transcription qPCR (RT-qPCR) experiments, cells seeded 24 hours 
before treatment with brusatol for 3 hours or luteolin (S2320, Sell-
eckChem) for 24 hours with varying concentrations as indicated in 
figure legends.

Lipid ROS measurement
Cells (5 × 105) were plated in six-well plates and treated the next day 
with RSL3 (19288, Cayman Chemicals) or dimethyl sulfoxide for 
3 hours. The cells were then incubated with 1.5 μM C11-BODIPY 
581/591 (Thermo Fisher Scientific) for 20 to 30 min at 37°C. For 
C11-BODIPY 581/591 staining, the signals from both nonoxidized 
C11 [phycoerythrin (PE) channel] and oxidized C11 [fluorescein 
isothiocyanate (FITC) channel] were measured. The ratio of the 
mean fluorescence intensity of FITC to that of PE was calculated for 
each sample.

Short interfering RNA and lentivirus shRNA-mediated 
gene silencing
The short interfering RNAs (siRNAs) used in this study were murine 
Trp53 (MilliporeSigma, SASI_00310137), human TP53 (Dharmacon, 
ON-TARGETplus siRNA L-003329-00-0005), murine Nfe2l2 
(Dharmacon, D040766-01-0005 and D040766-03-0005), murine Mgst3 
(MilliporeSigma, SASI_00129357 and SASI_00129358), murine Prdx6 
(MilliporeSigma, SASI_ 00136163 and SASI_ 00136164), and MISSION 
siRNA Universal Negative Control (MilliporeSigma). Cells (4 × 105) 
were seeded in a six-well plate. siRNA (20 μM) and Lipofectamine 
RNAiMAX transfection reagent (Thermo Fisher Scientific) were 
mixed according to the manufacturer’s instructions and added to 
250 μl of serum-free medium for 15 min. The transfection mixture 
was then combined with 1 ml of fresh culture medium and added to 
the cells. Twenty-four hours later, cells were trypsinized and plated 
in a 6-cm dish, so that the cell confluence remains less than 70% when 
cells are harvested for RT-qPCR. Gene silencing relative to control 
was measured 48 hours after transfection by RT-qPCR. shRNA glyc-
erol stocks that contained pGIPZ-GFP expressing shRNA against 
mouse Mgst3 and Prdx6 as well as human MGST3 and PRDX6 were 

obtained from the MDACC Functional Genomic Core (see table S2). 
Lentiviral shRNA plasmids were packaged into lentiviral particles 
and infected into murine and human cell lines. Stably integrated 
shRNAs were selected by adding puromycin (2 to 3 μg/ml; Invitrogen) 
to culture medium for 2 days.

Cut and run chromatin profiling
The CUT&RUN Assay Kit from Cell Signaling Technology (86652) 
was used according to manufacturer’s instructions. For each reaction, 
150,000 cells P245CC were used. A 1 μg of NRF2 [Cell Signaling Tech-
nology, catalog no. 12721 (also 12721S and 12721T), RRID:AB_2715528] 
or rabbit immunoglobulin G (IgG) were (Cell Signaling Technology, 
catalog no. 2729, RRID:AB_1031062) were used per each reaction. 
CM5 rabbit anti-p53 (2 μl; CM5, Leica Biosystems) was used in cells 
with mutant p53 (P245CC,1128) or in isogenic mut-p53 CRISPR KO 
(P245CC,1128) cells. To determine whether NRF2 and mut-p53 bind 
two independent ARE sites in the Prdx6 promoter, lysates were probed 
via RT-qPCR with primers specific for each ARE site. The RT-qPCR 
primer sequences are listed in table S2.

Immunoprecipitation and immunoblotting
For immunoprecipitation, cells were lysed with a nondenaturing 
buffer [50 mM tris HCl (pH 7.4), 150 mM NaCl, 1% NP-40, and 
2 mM EDTA containing protease and phosphatase inhibitors (Santa 
Cruz Biotechnology)]. Immunoprecipitations with 2 μl of rabbit 
anti-p53 (CM5, Leica Biosystems) or rabbit IgG (Cell Signaling 
Technology) primary antibodies and 1 mg of total protein lysates 
were performed overnight at 4°C. Cells used for immunoprecipita-
tion were pretreated with 5 μM MG132 (C2211, MilliporeSigma) 
overnight. The next morning, the lysates were incubated with 20 μl of 
Protein A Dynabeads (10001, Thermo Fisher Scientific) for 3 hours 
at 4°C. The beads were subsequently washed four times and heated 
to 95°C for 5 min in 35 μl of sample buffer. For immunoblotting, 
equal amounts of protein from each sample were subjected to SDS–
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 
ImmunBlot polyvinylidene difluoride membranes (Bio-Rad). The 
following antibodies were used: anti-NRF2 [Cell Signaling Technol-
ogy, catalog no. 12721 (also 12721S, 12721 T), RRID:AB_2715528], 
anti-p53 (for mouse samples; Leica Biosystems, catalog no. NCL-
p53-CM5p, RRID:AB_563933), anti-p53 (for human samples; FL-
393, Santa Cruz Biotechnology), anti–glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) [Cell Signaling Technology, catalog no. 
2118 (also 2118 L), RRID:AB_561053], anti-vinculin (MilliporeSigma, 
catalog no. V9131, RRID:AB_477629), VeriBlot–horseradish per-
oxidase (Abcam, catalog no. ab131366, RRID:AB_2892718), and 
anti–β-actin (MilliporeSigma catalog no. A2228, RRID:AB_476697). 
The flag-tagged p53 R245W, p53N15fs, and Pla2g16 were transfect-
ed into 293T cells. The cell pellets were briefly sonicated in PBS buf-
fer with protease inhibitor cocktail (MilliporeSigma, 11697498001), 
and the supernatants were incubated with Anti-FlagM2 affinity gel 
(Millipore, A2220) for 60 min, and washed three times. pLV-CMV-
hismNrf2-T2AEGFP-Puro plasmid was purchased from Vector-
Builder (Chicago, IL) and transfected in 293T cells. To test binding 
of p53 proteins with NRF2 in vitro, cell lysates containing his-tag 
mouse NRF2 were purified by HisPur Ni-NTA resin (88221, Ther-
mo Fisher Scientific) according to the manufacturer’s instructions 
and then added to Anti-FlagM2 affinity gel bound pp53R245W, 
p53N15fs, or Pla2g16 proteins and incubated for 1 hour with 10 μM 
Z-VAD-FMK (Selleckchem, S7023). The mixtures were washed three 
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times, and then Western blots were performed using NRF2 antibody 
(Thermo Fisher Scientific, catalog no. PA5-27882, RRID:AB_2545358) 
and Flag-tag (Invitrogen, MA1-142) antibodies.

Histopathology and immunohistochemistry
As previously described, tissues harvested from mice were fixed in 
10% neutral buffered formalin saline and embedded in paraffin (15). 
Tissues were processed, embedded in paraffin, cut into 5-μm sec-
tions, and subjected to H&E staining in MD Anderson’s Department 
of Veterinary Medicine and Surgery’s histology laboratory. Immu-
nohistochemistry was performed using standard methods with ci-
trate buffer for 30 min of antigen retrieval. Slides were stained with 
antibodies against cleaved caspase-3 [Cell Signaling Technology, 
catalog no. 9664 (also 9664P), RRID:AB_2070042] and 4HNE (Abcam, 
catalog no. ab46545, RRID:AB_722490). Visualization was performed 
using biotinylated secondary antibody kits (VECTASTAIN ABC and 
DAB kits, Vector Laboratories), with hematoxylin as the counterstain.

Immunofluorescence
As previously described, paraffin-embedded tumor sections were 
deparaffinized and rehydrated, and antigen retrieval was performed 
in tris-EDTA (pH 9.0). Slides were blocked in PBS containing 3% 
fish gelatin (VWR) for 20 min (15). Tissue sections were incubated 
with an anti-p53 antibody (Leica Biosystems, catalog no. NCL-p53-
CM5p, RRID:AB_563933; 1:200) and pSTING Ser366 (1:100; 19781S, 
Cell Signaling Technology) overnight at 4°C and then incubated 
with a secondary antibody labeled with anti-rabbit Alexa Fluor 555 
(Thermo Fisher Scientific, catalog no. A-21428, RRID:AB_2535849, 
1:600). The sections were counterstained with 4′,6-diamidino-2-
phenylindole (Thermo Fisher Scientific). Images were acquired us-
ing a Nikon 80i upright widefield fluorescence microscope with 
NIS-Elements imaging software.

RNA extraction
As previously described, flash-frozen tissue was pulverized, and total 
RNA was prepared using TRIzol reagent (Invitrogen) and purified us-
ing the RNeasy mini kit (QIAGEN) (15). Briefly, the homogenized tis-
sues were incubated with 500 μl of TRIzol at room temperature for 
5 min. Chloroform was then added to the tissue/TRIzol mixture 
(chloroform:TRIzol, 1:5 in volume) and mixed by vortex mixing. The 
chloroform/tissue/TRIzol mixture was incubated at room temperature 
for 3 min and then centrifuged at 12,000g for 30 min at 4°C. The upper 
phase was transferred to a new tube; 1.5 volumes of 100% ethanol were 
added to the upper phase, and this combination was mixed thoroughly 
by inverting the tube several times and then loaded into the RNeasy 
spin column (QIAGEN) as per the manufacturer’s protocol.

RT-qPCR
RNA was purified as described above. cDNA was synthesized using the 
iScript Reverse Transcription Supermix Kit (Bio-Rad). Quantitative 
PCR was performed with CFX96 (Bio-Rad), and data were analyzed 
using CFX Maestro Software (Bio-Rad). mRNA levels were calculated 
using the ΔCt method and normalized to those of large ribosomal pro-
tein (RPLP0). Results are expressed as fold changes relative to the con-
trols. The RT-qPCR primer sequences are listed in table S2.

Statistical analysis
All data are presented as means ± SEM. GraphPad Prism 9.0 was 
used to perform all statistical analyses. Statistical significance was 

evaluated with the Student’s t test or analysis of variance (ANOVA) 
as appropriate. P < 0.05 was considered significant. A log-rank Mantel-
Cox test was used to compare survival curves.

scRNA-seq and analysis
Fresh murine breast tumors were dissociated into single cells as de-
scribed previously (52). A mixture of all cells from the breast tumors 
(including TME, 1 × 104) were subjected to scRNA-seq with the 
Chromium Controller system (10x Genomics) at MD Anderson’s 
Cancer Prevention and Research Institute of Texas (CPRIT) SINGLE 
CORE. Libraries were sequenced with the Illumina NovaSeq 6000 
system at MD Anderson’s Advanced Technology Genomics Core.

We sequenced 5000 to 10,000 cells per sample; the mean reads 
per cell ranged from 37,000 to 124,000, and the median number of 
genes per cell was >1200. Raw scRNA-seq data were preprocessed, 
demultiplexed, and aligned to a mouse reference genome (GRCm38) 
using 10x Genomics Cellranger DNA (RRID:SCR_023221). Cells 
with <200 genes or >6000 genes [likely doublets or multiplets as 
predicted by Scrublet (RRID:SCR_018098)] and cells with >30% of 
the read counts derived from the mitochondrial genome were re-
moved (53). The batch effect was corrected by Harmony algorithm 
in Seurat v4 (54, 55). Raw unique molecular identifier counts were 
log-normalized and used for principal components analysis. Seurat 
v4 was applied to the normalized gene-cell matrix to identify highly 
variable genes for unsupervised cell clustering (55). For visualiza-
tion, the dimensionality was further reduced using the UMAP 
method (56).

To define the major cell type and state of each single cell, we 
identified the DEGs for each cell cluster and used the top most sig-
nificant DEGs to annotate each cluster with GSEA. We identified 
DEGs for cell subpopulations of interest using Seurat, and DEGs 
were filtered to select significant DEGs [log2 fold change >1.0 
or <−1.0 and false discovery rate (FDR) q value < 0.05] between 
two conditions. For pathway analysis, the curated gene sets (includ-
ing the Hallmark, GO, KEGG, and REACTOME gene sets) were 
downloaded from the Molecular Signature Database. Single-sample 
GSVA (GSVA, RRID:SCR_021058) was applied, and pathway scores 
for each cell type were calculated using the GSVA software package 
(22). GSVA is a GSEA method that estimates variation of pathway 
activity over a sample population in an unsupervised manner. GSEA 
was performed to identify significantly enriched signaling pathways 
(FDR q value < 0.01) between two conditions (20). MEME Motif 
Aligment & Search Tool was used to search promoters (10 kb up-
stream of starting site) of 180 DEGs enriched in epithelial cluster (1, 
9, 11, 14) in mutant p53 on (AAV-Control) when compared to can-
cer cells from AAV-Δmut-p53 for NRF2-binding sites (ARE sites) 
(57). An E value of 10 was used to score the hits. NRF2 motif Matrix 
ID MA0150.2 from JASPAR2022 was used to scan promoters.

DepMap analysis
We filtered the OmicsSomaticMutations.csv to only return cell lines 
with missense mutations in TP53, truncations, or wild-type TP53. 
Wild-type TP53 was defined as any sample without any kind of muta-
tion in the TP53 gene. Next, we used the CRISPRGeneDependency.csv 
file from DeepMap to select the gene dependency on results based on 
NFE2L2 gene stratified by TP53 status. We performed a Wilcoxon 
signed rank test to compare gene dependency for NFE2L2 comparing 
missense mutation in TP53 versus wild type. Results were visualized by 
creating boxplots of the gene dependencies.
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Analysis of invasive breast carcinomas in TCGA
FASTQ files for breast samples in TCGA were aligned to a mouse ref-
erence genome (GRCh38) by STAR (RRID:SCR_005622) to generate 
RNA-seq BAM files (58). STAR was used to summarize aligned reads 
at the gene level to generate the raw count data, which were processed 
and normalized with DESeq2 (RRID:SCR_015687) software (58, 59). 
Samples with TP53 missense mutations and samples with truncating 
mutations were subjected to GSEA (RRID:SCR_003199). We evalu-
ated gene sets (including the Hallmark, GO, KEGG, and REACTOME 
gene sets) from the Molecular Signature Database to identify signifi-
cantly enriched gene sets and pathways. Gene Expression Profiling 
Interactive Analysis (GEPIA2, RRID:SCR_018294) was used to per-
form the survival analysis based on gene signature (60).

Supplementary Materials
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Figs. S1 to S7
Legends for tables S1 to S4
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