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p53 governs an AT1 differentiation 
programme in lung cancer suppression

       
Alyssa M. Kaiser1, Alberto Gatto2,7, Kathryn J. Hanson1,3,7, Richard L. Zhao1, Nitin Raj1, 
Michael G. Ozawa2, José A. Seoane4, Kathryn T. Bieging-Rolett1, Mengxiong Wang1,  
Irene Li5, Winston L. Trope6, Douglas Z. Liou6, Joseph B. Shrager6, Sylvia K. Plevritis5, 
Aaron M. Newman5, Capucine Van Rechem2 & Laura D. Attardi1,3 ✉

Lung cancer is the leading cause of cancer deaths worldwide1. Mutations in the tumour 
suppressor gene TP53 occur in 50% of lung adenocarcinomas (LUADs) and are linked 
to poor prognosis1–4, but how p53 suppresses LUAD development remains enigmatic. 
We show here that p53 suppresses LUAD by governing cell state, specifically by 
promoting alveolar type 1 (AT1) differentiation. Using mice that express oncogenic 
Kras and null, wild-type or hypermorphic Trp53 alleles in alveolar type 2 (AT2) cells, we 
observed graded effects of p53 on LUAD initiation and progression. RNA sequencing 
and ATAC sequencing of LUAD cells uncovered a p53-induced AT1 differentiation 
programme during tumour suppression in vivo through direct DNA binding, 
chromatin remodelling and induction of genes characteristic of AT1 cells. Single-cell 
transcriptomics analyses revealed that during LUAD evolution, p53 promotes AT1 
differentiation through action in a transitional cell state analogous to a transient 
intermediary seen during AT2-to-AT1 cell differentiation in alveolar injury repair. 
Notably, p53 inactivation results in the inappropriate persistence of these transitional 
cancer cells accompanied by upregulated growth signalling and divergence from lung 
lineage identity, characteristics associated with LUAD progression. Analysis of Trp53 
wild-type and Trp53-null mice showed that p53 also directs alveolar regeneration after 
injury by regulating AT2 cell self-renewal and promoting transitional cell differentiation 
into AT1 cells. Collectively, these findings illuminate mechanisms of p53-mediated 
LUAD suppression, in which p53 governs alveolar differentiation, and suggest that 
tumour suppression reflects a fundamental role of p53 in orchestrating tissue repair 
after injury.

Multicellular organisms rely on intricate regenerative programmes 
to restore tissue homeostasis in response to injury5. These injury 
response mechanisms have been characterized in the epithelium of 
lung alveoli, the delicate sacs that mediate gas exchange in the mam-
malian lung5–10. The alveolar epithelium comprises AT1 cells—thin, 
quiescent cells that facilitate gas exchange—and AT2 cells—cuboidal 
cells that secrete pulmonary surfactants6,11. Following damage to the 
alveolar epithelium, AT2 cells serve as stem cells that both self-renew 
and differentiate to generate AT1 cells6–10. Dysregulation of homeosta-
sis can lead to chronic inflammatory lung diseases, acute respiratory 
distress from viruses such as SARS-CoV-2, and LUAD6,12–15. During LUAD 
evolution, mutations in the tumour suppressor gene TP53 substantially 
derail homeostasis, which results in malignant progression and poor 
patient prognosis1–4. How p53 restrains LUAD development and whether 
these tumour suppression programmes relate to a more general role 
in governing lung homeostasis, however, remains unknown. Here we 
elucidate a new p53-directed mechanism of LUAD suppression through 

AT1 differentiation, which mirrors a physiological role of p53 in lung 
regeneration after injury.

p5353,54 is a super LUAD suppressor
To understand how p53 suppresses LUAD, we used mice carrying hyper-
active, wild-type or loss-of-function Trp53 alleles (Fig. 1a, Extended 
Data Fig. 1a,b and Supplementary Fig. 1). Analyses of Trp5353,54 mice we 
generated that express p53(F53Q,F54S) (hereafter referred to p5353,54), 
a hyperactive tumour suppressor in pancreatic cancer16, provided an 
effective approach to delineate pathways that are fundamental to 
tumour suppression. We used genetically engineered mouse models 
harbouring Cre-inducible oncogenic KrasG12D and fluorescent reporter 
alleles (Kraslox-stop-lox (LSL)-G12D/+;Rosa26LSL-tdTomato/LSL-tdTomato (KT)) and homozy-
gous for each Trp53 allele (KT;Trp53+/+ (hereafter referred to as KT), 
KT;Trp5353,54/53,54 (KFT) and KT;Trp53 fl/fl (KPT); Fig. 1a and Extended 
Data Fig. 1c). These mouse models develop adenomas irrespective of 
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Trp53 status but readily undergo malignant progression to adenocar-
cinomas following Trp53 loss17,18. Lung tumours were induced through 
Lenti-PGK-Cre instillation and examined 24 weeks later, a time point 
when adenocarcinomas predominate in KPT mice. We observed that 
wild-type p53 suppressed tumour burden, with reduced tumour sizes, 
as previously reported17,19, and decreased tumour numbers (Extended 
Data Fig. 1c–e). Tumour numbers and sizes were further reduced in KFT 
mice compared with KT mice, which demonstrates that p5353,54 is a super 
LUAD suppressor (Extended Data Fig. 1d,e). Histopathological analyses 
confirmed that p53 suppressed tumour progression, as increasing 
p53 activity correlated with a decreasing frequency of histological 
patterns associated with poor prognosis in humans (for example, 
solid) and reduced malignant features20 (Extended Data Fig. 1f–h). 

Notably, the reduced tumour numbers in p53-expressing mice sug-
gested an unappreciated role for p53 in suppressing LUAD initiation. 
Next, we used a LUAD model in which KrasG12D expression was induced 
in AT2 cells, the predominant cell of origin for LUAD6,18,21,22. Using 
adenoviral-SPC-Cre (Ad-SPC-Cre) to initiate tumours, we observed 
that p5353,54 induced a greater reduction in tumour number, size and the 
overall tumour burden than wild-type p53 (Fig. 1b,c and Extended Data 
Fig. 2a,b). Proliferation was significantly reduced in KT tumours rela-
tive to KPT tumours and even more so in KFT tumours across cohorts 
(Extended Data Figs. 1i,j and 2c–e). Notably, a model in which p5353,54 
was expressed only in cancer cells and not stromal cells showed that 
p5353,54 tumour suppressor activity was primarily cell-autonomous 
(Extended Data Fig. 2f–i). These results underscore the importance of 
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Fig. 1 | The p5353,54 super tumour suppressor promotes lung cell identity.  
a, Allelic series of p53 mutants. p5353,54 is a hypermorphic transactivation 
domain 2 (TAD2) mutant allele. DBD, DNA-binding domain; fl, flox; TET, 
tetramerization domain; WT, wild type. b, Schematic of the lung cancer study. 
Histology cohort: KFT (n = 7), KT (n = 8) and KPT (n = 5) mice. RNA-seq cohort: 
KFT (n = 4), KT (n = 3) and KPT (n = 4) mice. ATAC-seq cohorts: (1) KT (n = 4) and 
KPT (n = 4) mice; and (2) KFT (n = 2) and KT (n = 2) mice. c, Lung tumour burden, 
number and size (n = 56, 311 and 617 tumours for KFT, KT and KPT cohorts, 
respectively). Data are the mean ± s.d. d, Principal component (PC) analysis of 
KFT, KT and KPT RNA-seq samples. e, Hyperactivated genes (n = 676) in KFT cells 
relative to KT cells (>1.2 fold change (FC);Methods). f, Top enriched terms in 
p5353,54-hyperactivated genes (Metascape51). g, Gene set enrichment analysis 
(GSEA) of gene ontology (GO) terms comparing KT and KPT cells. ES, enrichment 
score; FDR, false discovery rate; NES, normalized ES. h, Representative 

immunohistochemistry of NKX2-1 staining in 10-week old KFT (n = 3), KT (n = 3) 
and KPT (n = 3) mice. Scale bar, 20 μm. i, Quantification of NKX2-1 staining from 
h in n = 1,500 cells from KFT (n = 3), KT (n = 3) and KPT (n = 3) mice. Red line 
indicates the median. j, Left, differential accessibility versus log2(mean reads 
per region) in KT and KPT cells. Right, top TF motifs enriched in differentially 
accessible regions (log2(FC) > 2). k, Left, Differential accessibility versus 
log2(mean reads per region) in KT and KFT cells. (Right) TF motifs enriched  
in differentially accessible regions. l, Top, Venn diagram defining p5353,54 
hyperaccessible regions (Methods). Bottom, Top terms enriched in genes 
associated with p5353,54 hyperaccessible regions. P values were calculated using 
one-way analysis of variance (ANOVA) with the Kruskal–Wallis test with multiple 
comparisons (two-stage linear step-up procedure of Benjamini, Krieger and 
Yekutieli) (c), GSEA52 (g), or ordinary one-way ANOVA with multiple comparisons 
(Tukey’s multiple comparisons test) (i).



Nature | Vol 619 | 27 July 2023 | 853

p53 in suppressing LUAD initiation and progression and establish the 
enhanced potency of p5353,54 relative to wild-type p53. These mice also 
provide an important tool for deconstructing p53 pathways crucial for 
tumour suppression.

p53 enforces lung epithelial identity
We performed RNA sequencing (RNA-seq) and assay for 
transposase-accessible chromatin with sequencing (ATAC–seq) 
on sorted cancer cells from KFT, KT and KPT mice 10 weeks after 
Ad-SPC-Cre instillation, an early time point in tumour development, 
to reveal primary mechanisms of p53 action (Fig. 1b, Extended Data 
Fig. 3a and Supplementary Fig. 2). Cancer cells of each genotype dis-
played distinct transcriptional profiles, with >5,000 p53-dependent 
differentially expressed genes (Fig. 1d, Extended Data Fig. 3b,c and 
Supplementary Table 1). To pinpoint pathways pivotal for tumour sup-
pression, we identified p53-dependent genes that were more highly 
activated in KFT cells than in KT cells (Fig. 1e). Functional annotation 
of p5353,54-hyperactivated genes identified high enrichment of devel-
opment and differentiation pathways, including respiratory system 
development (Fig. 1f, Extended Data Fig. 3d and Supplementary 
Table 2). Although p5353,54 initially highlighted lung development and 
differentiation signatures, these signatures were also upregulated in 
KT cells relative to KPT cells (Fig. 1g, Extended Data Fig. 3e,f and Sup-
plementary Tables 3 and 4). Immunostaining for NKX2-1, a pan-alveolar 
epithelial factor23–25, revealed increased expression of this marker in 
KT and KFT tumours relative to KPT tumours (Fig. 1h,i). These analyses 
suggest that p53 enforces a lung lineage programme during tumour 
suppression. ATAC-seq analysis of KT and KPT cancer cells revealed a 
global, p53-dependent reorganization of chromatin accessibility, and 
supported the role of p53 in promoting lung lineage fidelity (Fig. 1j, 
Extended Data Fig. 3g–i and Supplementary Table 5). Transcription 
factor (TF)-binding motifs associated with lineage specification TFs 
(for example, bHLH proteins)26 and oncogenic TFs (for example, RUNX 
proteins)27 were enriched in open chromatin regions of KT cells and 
KPT cells, respectively (Fig. 1j). Almost 3,000 regions with increased 
accessibility in KT cells relative to KPT cells were hyper-accessible in KFT 
cells and were associated with genes related to the lung and respiratory 
system, which mirrored our observations with p5353,54-hyperactivated 
genes (Fig. 1k,l, Extended Data Fig. 3g,j,k and Supplementary Table 5). 
Together, these data demonstrate that p53 enforces a chromatin land-
scape and transcriptional programmes reminiscent of normal lung 
cell identity.

p53 promotes AT1-like differentiation
To delineate mechanisms by which p53 enforces lung identity in 
alveolar adenomatous cells, we examined our RNA-seq dataset for 
signatures of AT1 and AT2 cells to determine whether p53 promotes 
a specific differentiation programme. Notably, despite the AT2 cell 
of origin for LUAD, gene expression programmes induced in KT cells 
relative to KPT cells were significantly enriched for AT1 cell signatures 
(Fig. 2a, Extended Data Fig. 4a,b and Supplementary Table 6). Moreo-
ver, upregulation of AT1-associated gene expression programmes was 
greater in KFT cells than in KT cells. This result provides support for 
the importance of this AT1-like programme in tumour suppression 
(Fig. 2a and Extended Data Fig. 4a,b). This upregulation did not result 
from wild-type p53 or p5353,54 affecting homeostatic alveolar cell pro-
portions or proliferation (Extended Data Fig. 4c,d). By contrast, Trp53 
status did not significantly affect the expression of most AT2-related 
signatures (Fig. 2a and Extended Data Fig. 4a). KPT cell expression 
profiles more closely resembled cells divergent from the lung, which 
provides support for the notion that Trp53 loss confers lineage plas-
ticity in LUAD27–29 (Extended Data Fig. 4e). Reinforcing the idea that 
p53 drives AT1 identity in tumours, our epigenomic analyses revealed 

that AT1 gene cis-regulatory elements were increasingly accessible 
with increasing p53 activity (Extended Data Fig. 4f). Investigation of 
how p53 affects AT1 cell identity at the single-cell level by combined 
single-cell RNA-seq (scRNA-seq) and single-cell ATAC–seq (scATAC–
seq; multiomics) analysis showed that KFT tumours had the highest 
proportion of AT1 cancer cells, followed by KT tumours and then KPT 
tumours (Extended Data Fig. 5 and Supplementary Fig. 2). Meanwhile, 
KPT tumours contained more cells with low lung lineage fidelity than 
p53-proficient tumours (Extended Data Fig. 5f,h,i). Accordingly, most 
tumours from KFT mice and KT mice displayed high AT1 cell marker 
protein expression, including AGER, HOPX and PDPN, whereas only 
rare tumours stained for AT1 cell markers in KPT mice (Fig. 2b,c and 
Extended Data Figs. 2j,k and 6a–f, h). By contrast, the AT2 cell marker 
SPC was expressed at similar levels among genotypes (Extended Data 
Fig. 6g,i,j). Of note, most AGER-expressing AT1-like cancer cells in KPT 
LUADs also expressed SPC, whereas few p53-proficient AT1-like cells 
stained for SPC. This result suggests that Trp53-null AT1-like cells exist 
in a more bipotent state (Extended Data Fig. 6k,l).

We next used multiple models of p53 reactivation to determine 
whether p53 directly induces AT1 cell identity. In LUAD cell lines with 
inducible Trp53 alleles, acute expression of wild-type p53 or p5353,54 
was sufficient to induce AT1 cell marker expression and promote a 
thin, elongated morphology reminiscent of AT1 cells (Fig. 2d–f and 
Extended Data Fig. 7a,b). Furthermore, RNA-seq analysis of LUAD cells 
after wild-type p53 expression showed strong induction of AT1 cell, and 
not AT2 cell, signatures (Extended Data Fig. 7c,d and Supplementary 
Fig. 2). Reactivation of either wild-type p53 or p5353,54 in mouse LUADs 
in vivo drove the expression of the AT1 cell marker PDPN (Extended 
Data Fig. 7e–h). Finally, analyses of previously published gene expres-
sion data from mouse LUADs after p53 reactivation also revealed strong 
AT1 cell signature induction30 (Extended Data Fig. 7i). Thus, p53 is suf-
ficient to drive AT1 cell phenotypes, which we proposed was due to 
direct activation of AT1 cell genes by p53. Indeed, p53 binds a significant 
fraction of AT1 cell genes, and not AT2 cell genes, in chromatin immu-
noprecipitation (ChIP) assays with sequencing (ChIP–seq) datasets31,32. 
Moreover, these p53-bound genes displayed greater chromatin acces-
sibility and transcriptional induction in p53-proficient cancer cells 
than in p53-deficient cells (Fig. 2g and Extended Data Figs. 4g and 7j,k). 
ChIP with quantitative qPCR (ChIP–qPCR) confirmed p53 binding at 
numerous AT1 cell genes in our LUAD cell lines, which suggested that 
p53 directly induces AT1 cell identity (Fig. 2g).

p53 similarly promoted AT1 cell identity in human LUAD. Analyses 
of expression data from multiple lung cancer cohorts, after adjust-
ment for tumour stage and proliferation, revealed that tumours with 
intact TP53 exhibited significantly higher AT1 cell marker expression 
than TP53 mutant tumours (Fig. 2h and Extended Data Fig. 8a). Moreo-
ver, immunostaining of EGFR-driven and KRAS-driven human LUADs 
of matched tumour grade revealed higher AT1 cell, and not AT2 cell, 
marker expression in wild-type TP53 cancer cells than in mutant TP53 
cancer cells. This result demonstrates that intact TP53 status is asso-
ciated with AT1-like cell identity in human LUADs (Fig. 2i,j, Extended 
Data Fig. 8b–g and Supplementary Table 7). Finally, expression of p53 
in TP53-null human A549 LUAD cells was sufficient to induce the AT1 
cell marker AGER (Extended Data Fig. 8j,k). Together, these findings 
suggest that p53 drives an AT1-like cell differentiation programme in 
mouse and human LUADs through direct transcriptional activation 
of AT1 cell genes.

p53 is active in multiple populations
To delve further into how p53 regulates cell identity during LUAD 
development, we used previously published scRNA-seq data from 
KT mice and KPT mice 2, 12, 20 and 30 weeks after Ad-SPC-Cre instil-
lation29. This time course captured tumour evolution from normal 
AT2 cells to LUAD, with Trp53 expression largely restricting tumour 
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development to late adenomas and Trp53 inactivation driving progres-
sion to advanced adenocarcinomas29. Although Trp53 loss was associ-
ated with increased cellular heterogeneity, how p53 influences cancer 
cell transcriptional programmes and AT1 cell differentiation were not  
examined.

Previous analyses of all samples defined 12 transcriptionally dis-
tinct cell clusters29, including those resembling normal alveolar 
cells—expressing AT2 cell markers (clusters 1, 2 and 4) or AT1 cell mark-
ers (cluster 3)—and others that emerged in advanced tumours and 
diverged from lung identity29 (clusters 6–12; Extended Data Fig. 9a–d). 
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10-week-old KFT (n = 4), KT (n = 3) and KPT (n = 3) mice. c, AT1 cell marker 
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KFT (n = 4), KT (n = 3) and KPT (n = 3) mice. Tumours were binned on AT1 cell 
marker positivity of tdT+ cells (Methods). Low, 0–5%; medium, 5–20%; high,  
20–100%. d, Schematic of mouse LUAD cell line experiments. e, AGER 
quantification as a percentage of p53+ (n = 600) cells from p5353,54 (n = 3) and 
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(n = 3) and p53null (n = 3) LUAD cells. g, Top, ChIP–seq31 tracks of p53 at AT1- 
associated genes. Bottom, ChIP–qPCR of p53 at AT1 cell genes in p53WT (n = 2) 
and p53null (n = 2) LUAD cell lines. h, AT1 cell signature expression in TP53WT 
(n = 249) and mutant TP53 (TP53MUT; n = 280) human LUADs (The Cancer 
Genome Atlas (TCGA)-LUAD cohort). Centre line, median; boxes, interquartile 
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Mouse and human alveolar signatures were taken from previously published 
studies12,39,54,55. i, Percentage of cytokeratin+ cancer cells that are AGER+ 
(n = 1,300) in TP53WT (n = 8) and TP53MUT (n = 5) human LUAD samples.  
j, Representative IF images of AGER and cytokeratin (CK) in TP53WT (n = 8) and 
TP53MUT (n = 5) human LUAD samples. Scale bar, 5 μm. Bar graphs are mean ± s.d. 
P values were calculated using GSEA52 (a), ordinary one-way ANOVA with 
Tukey’s multiple comparisons test (e), two-way ANOVA test (h; Methods) or 
two-tailed Student’s t-test (i). Scale bars, 5 μm ( j) or 20 μm (b,f).
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Clusters 1–5 predominated in KT tumours, whereas all cell states devel-
oped in KPT tumours (Fig. 3a and Extended Data Fig. 9b,c). The emer-
gence of clusters 6–12, which resemble primordial gut derivatives29, in 
p53-deficient tumours recalls the gene signatures in our bulk RNA-seq 
data following Trp53 inactivation (Extended Data Fig. 4e).

To understand how p53 restrains LUAD development, we first iden-
tified KT cell populations with active p53 signalling. Early in tumo-
rigenesis, at 2 weeks, we observed some expression of Trp53 along 
with classical p53 target genes, such as Cdkn1a, in AT2-like cells, 
which indicated an initial role for p53 in this population (Extended 
Data Fig. 9e). However, we observed strong p53 pathway induction 
across the time course of tumour development in AT1-like cells (clus-
ter 3), as evidenced by the expression of Trp53 together with both 
canonical and AT1-associated p53 target genes, including Pdgfa and 
Fam174b (Fig. 3b). In support of our discovery that p53 activates an 

AT1-like cell differentiation programme, we observed an expansion of 
cluster 3 AT1-like cells and increased AT1 cell marker expression in KT 
tumours relative to KPT tumours (Extended Data Fig. 9f–g). Notably, 
cluster 5 displayed prominent expression of Trp53 and many classical 
p53 target genes (Fig. 3b). Cluster 5 was previously characterized as a 
high-plasticity, Cldn4+, transition-point state that gives rise to diver-
gent cell states over time and is associated with tumour progression29. 
Why p53 would be activated in this high-plasticity state was puzzling; 
therefore we explored this question further.

p53 acts in transitional cells
To understand the significance of p53 pathway activation in cluster 5 
transitional cells, we examined how p53 quantitatively and qualitatively 
regulates these cells. Although cluster 5 cells were present in both KT 
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tumours and KPT tumours, which indicated that Trp53 expression is 
dispensable for their formation, they were expanded with Trp53 loss 
(Fig. 3a and Extended Data Fig. 9f–g). CLDN4 immunostaining in mouse 
and human LUADs validated that transitional cells were increased in 
p53-deficient tumours relative to p53-proficient tumours (Extended 
Data Figs. 8h,i and 9h,i). Hierarchical clustering of cluster 5 cells uncov-
ered 3 distinct subpopulations: 5A, 5B and 5C (Fig. 3c,d and Extended 
Data Fig. 9j,k). Analysing the cell genotypes and time points within 
each subcluster revealed distinct paths of cluster 5 evolution depend-
ing on Trp53 status (Fig. 3c,d and Extended Data Fig. 9j,k). Cluster 5A 
almost entirely comprised KT cells and was characterized by a p53 
pathway expression signature (Fig. 3c–e, Extended Data Fig. 9j,k and 
Supplementary Table 8). Cluster 5B comprised mostly KPT cells, with 
occasional late (30-week) KT cells, and was distinguished by growth and 
metabolic programmes correlated with tumour progression, including 
Kras signalling (Fig. 3c–e, Extended Data Fig. 9j,k and Supplementary 
Table 8). Cluster 5C contained only late KPT cells and was character-
ized by enhanced cluster 5B expression programmes, which suggested 
that cluster 5C cells arose from cluster 5B cells (Fig. 3c–e and Extended 
Data Fig. 9j,k). We observed induction of p19Arf in clusters 5B and 5C 
(5B/5C), which provides support for the idea that this state arises with 
Trp53 loss, as p19Arf is upregulated with Trp53 inactivation33 (Fig. 3f). 
CLDN4 and p19(ARF) immunostaining revealed that cluster 5B/5C 
cells predominate in KPT tumours, whereas cluster 5B/C cells were 
rare to non-detectable in KT and KFT tumours (Fig. 3g and Extended 
Data Fig. 10a,b). Another cluster 5B/5C marker, HNF4A, selectively 
marked most KPT CLDN4+ cells, but not KT or KFT CLDN4+ cells, and 
was expressed together with p19(ARF) (Fig. 3f,g and Extended Data 
Fig. 10c,d,g). Notably, Kras signalling was also induced in cluster 5B/5C 
cells, as evidenced by phosphorylated ERK staining. This result pro-
vides support for the that notion that growth pathways are increased 
in these subclusters (Fig. 3g and Extended Data Fig. 10e–g). Thus, p53 
qualitatively regulates transitional cell identity, with Trp53-proficient 
cells primarily existing in the cluster 5A state and Trp53-deficient cells 
progressing to 5B and then 5C over time.

p53 activity in transitional cells led us to propose that p53 may 
promote their differentiation into AT1-like cells. To understand the 
evolution of transitional cells in KT and KPT LUADs, we inferred the 
trajectory of cluster 5 cells in relation to cluster 3 (AT1-like) cells 
and cluster 11 (epithelial–mesenchymal transition (EMT)-like) cells, 
an example of an advanced, late tumour state (Fig. 3h). We recon-
structed cell trajectories using CytoTRACE34 and CellRank35, which 
revealed distinct trajectories from cluster 5A cells to cluster 3 AT1 cells  
and from cluster 5B cells to cluster 5C cells to EMT cells (Fig. 3i,j). 
Additional methods to study cell-fate transitions, such as pseudo-
time and tracking copy number alterations, further confirmed these 
trajectories (Extended Data Fig. 10h–k). Moreover, cluster 5A cells 
began to express cluster 3 AT1 cell markers, and gene expression 
programmes in clusters 5A and 3 displayed a strong positive corre-
lation (Extended Data Fig. 10l,m). Thus, p53 activation in cluster 5A 
transitional cells limits their malignant progression and directs cells 
towards an AT1 cell fate, a notion supported by our observation that 
p53 reactivation in sorted LUAD transitional cells29 led to induction of 
the AT1 cell marker AGER (Extended Data Fig. 11a and Supplementary 
Fig. 2). Meanwhile, Trp53 deficiency facilitates progression to clus-
ter 5B/5C, in which cells upregulate growth programmes and begin 
to assume divergent cellular identities, poising them for tumour  
progression.

p53 promotes lung injury repair
Our finding that p53 acts in transitional LUAD cells to direct AT1 cell dif-
ferentiation recalls recent studies demonstrating that lung injury trig-
gers AT2-to-AT1 cell differentiation through a Cldn4+Krt8+ transitional 
cell state characterized by activation of various signalling pathways 

(for example, NF-κB, HIFα and p53)12–14. Reinforcing this similarity, an 
injury-induced transitional cell expression programme was induced in 
LUAD transitional cells (Extended Data Fig. 11b–d) and became upregu-
lated with Trp53 loss in tumours (Extended Data Fig. 9l). We aimed to 
understand whether p53-mediated AT1 cell differentiation during LUAD 
development may reflect a role for p53 in tissue repair. To that end, we 
used a model of alveolar regeneration after injury induced by butylated 
hydroxytoluene (BHT), an agent selected because of known parallels 
to KRAS-driven tumorigenesis. BHT damages AT1 cells, which in turn 
triggers activation of an EGFR–RAS axis in AT2 cells and subsequent 
AT2 cell proliferation and transdifferentiation into AT1 cells6,7 within 
days of treatment36,37.

To deconstruct how p53 governs differentiation after injury, 
we used lineage tracing to analyse AT2 cell progeny 2–4 days after 
BHT treatment in the following mouse models: SftpccreERT2;Trp53+/+; 
Rosa26LSL-tdTomato/LSL-tdTomato (SpcT mice), SftpccreERT2;Trp5353,54/53,54; 
Rosa26LSL-tdTomato/LSL-tdTomato (SpcFT mice) and SftpccreERT2;Trp53 f l/f l; 
Rosa26LSL-tdTomato/LSL-tdTomato (SpcPT mice) (Fig. 4a and Extended Data 
Fig. 11e,f). BHT induced AT2 cell proliferation in mice of all genotypes; 
however, SpcPT AT2 cells were more proliferative than SpcT AT2 cells, 
which in turn were more proliferative than SpcFT AT2 cells. This result 
suggests that p53 dampens AT2 cell proliferation after injury and mir-
rors the p53-mediated inhibition of AT2 cell proliferation in early-stage 
lung cancers (Fig. 4b and Extended Data Figs. 2c–e and 11h,i). CLDN4+ 
transitional cells emerged in all genotypes, but Trp53 loss triggered their 
significant accumulation, as in LUAD (Fig. 4c and Extended Data Fig. 11g). 
Finally, SpcPT mice displayed compromised AT1 cell differentiation 
relative to SpcT mice and SpcFT mice after injury, again reminiscent of 
the role of p53 in cancer (Fig. 4d and Extended Data Fig. 11g,i–k). Analy-
ses of p53 ChIP–seq of transitional lung cells after injury14 revealed p53 
binding to AT1 cell genes, which suggested that p53 directly induces AT1 
cell identity in both regeneration and tumour suppression (Extended 
Data Fig. 11l). Notably, cellular changes observed in SpcPT mice were 
associated with substantial tissue damage (Fig. 4e,f and Supplemen-
tary Table 9). Thus, p53 is crucial for promoting tissue integrity after  
lung injury.

To elucidate how p53 directs alveolar repair, we performed scRNA-seq 
on lungs from SpcT mice and SpcPT mice 4 days after BHT treatment 
(Fig. 4a and Supplementary Fig. 2). We identified five alveolar popula-
tions previously described in single-cell analyses of mouse lung injury: 
AT2; AT2 proliferating; AT2 primed or activated12,13; transitional12–14; and 
AT1 (Fig. 4g and Extended Data Fig. 12a,b). Pseudotime and CytoTRACE 
analyses suggested that AT2 cells generate AT1 cells through transi-
tional cells (Extended Data Fig. 12c,d). We next identified alveolar 
epithelial populations with active p53 signalling in SpcT mice. We 
pinpointed strong expression of canonical and AT1-associated p53 
target genes in transitional cells and AT1 cells (Fig. 4h and Extended 
Data Fig. 12e,f), which were reminiscent of p53 activation in these 
clusters in LUAD. Furthermore, as in cancer, p53 quantitively regu-
lated alveolar epithelial cell populations. Although all alveolar popu-
lations were found irrespective of Trp53 status, transitional cells were 
substantially expanded in SpcPT mice (Fig. 4i). This observation was 
consistent with CLDN4 immunostaining, which showed an increased 
transitional cell population with Trp53 loss. This result reinforces the 
role of p53 in restricting this population (Fig. 4c). We observed a greater 
proportion of AT1 cells in SpcT mice than in SpcPT mice, although this 
expansion was smaller than expected (Fig. 4i). Notably, >40% of SpcPT 
AT1 cells retained expression of Trp53 RNA and a p53 transcriptional 
programme, which indicated that AT1 cell differentiation in SpcPT 
mice was enabled by escaping Cre-mediated Trp53 deletion, a phenom-
enon observed when Cre-mediated deletion of genes is detrimental 
to a particular population38 (Extended Data Fig. 12f,g). Collectively, 
these observations demonstrate that p53 modulates cell state tran-
sitions during alveolar repair by driving AT1 cell differentiation, as  
in LUAD.
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Parallels in lung cancer and regeneration
We next assessed how Trp53 loss qualitatively affects transitional cells 
after injury. SpcPT transitional cells showed upregulation of genes for 

which expression is atypical for lung epithelium, such as Vim (which 
encodes vimentin), and of transcriptional signatures associated 
with divergent cell states (for example, EMT, liver)39,40 (Fig. 4j,k and  
Extended Data Fig. 12h–k). These results are indicative of lung lineage 

AT2
AT2 proliferating
AT2 activated
Transitional
AT1

U
M

A
P

2

UMAP1

SpcT

SpcP
T

0

Analyse
BHT

or vehicle

2 days

Tamoxifen
(5 mg)

–9 days 4 days

Analyse
scRNA-seq

AT2
AT2 proliferating
AT2 activated
Transitional
AT1

SpcPTSpcT

D
A

P
IC

LD
N

4
V

IM
td

T

SpcFT mice
SpcT mice

P = 0.2271

A
G

E
R

+
Td

T+
 c

el
ls

 (%
)

SpcT
0

10

20

30

40

50

SpcP
T

SpcF
T

P < 0.0001
P < 0.0001

C
LD

N
4+

Td
T+

 c
el

ls
 (%

)

5

10

15

20

SpcT

SpcP
T

SpcF
T

P = 0.8665
P = 0.0085
P = 0.0146

0

5

10

15

20

25

B
rd

U
+
S

P
C

+
 c

el
ls

 (%
)

SpcT

SpcP
T

SpcF
T

P = 0.0244
P = 0.0028
P = 0.1632

SpcPT mice

SpcT SpcPTSpcFT

D
A

P
I

C
LD

N
4

td
T

td
T

D
A

P
I

A
G

E
R

td
T

SpcT SpcPTSpcFT

td
T

–0.1

0

0.1

0.2

Intestinal cell

–0.2

0

0.2

0.4

EMT
0

0.2

0.4

0.6

0.8

1.0

Vim

E
xp

re
ss

io
n

0

0.2

0.4

0.6

0.8

Phgr1

SpcT SpcPT

E
xp

re
ss

io
n

P = 0.001 P < 0.0001

P < 0.0001 P < 0.0001

Transitional cells

a

b c d

e f g h

i j k

AT2
proliferating

AT2
activated

Transitional
AT1

AT2
Mdm2
Cdkn1a
Zmat3
Ptpn14
Ccng1

Bax
Bbc3

Phlda3

Pdgfa
Fam174b

Vegfa

Expression
0 2–1 1

0

0.2

0.4

0.6

0.8

In
ju

ry
 s

co
re

SpcT SpcPT

P = 0.0357SpcT SpcPT

H
&

E

C
LD

N
4

V
IM

C
LD

N
4

A
G

E
R

–7 days

C
an

ce
r

In
ju

ry

AT2 Transitional cell AT1

p53

Lineage in�delity,
tumour progression

KRAS(G12D)

p53

p53

Lineage in�delity,
tissue damage

KRAS

EGF

AT1
destruction

p53

p53

l

0

0.5

1.0

C
lu

st
er

 a
b

un
d

an
ce p53

Fig. 4 | p53 participates at multiple steps in alveolar regeneration after 
injury. a, Schematic of the lung injury mouse models. Control cohort: SpcT 
(n = 3) and SpcPT (n = 3) mice. Treatment with BHT for both the 2 day and 4 day 
cohorts: SpcFT (n = 3), SpcT (n = 3) and SpcPT (n = 3) mice. scRNA-seq cohort: 
SpcT (n = 2) and SpcPT (n = 2) mice. b, SPC+ (n = 600) AT2 cells that are BrdU+ in 
SpcFT (n = 3), SpcT (n = 3) and SpcPT (n = 3) mice treated with BHT for 4 days.  
c, Left, representative IF images of CLDN4 and tdT staining of samples from 
SpcFT (n = 3), SpcT (n = 3) and SpcPT (n = 3) mice treated with BHT for 4 days. 
Right, tdT+ (n = 600) cells that are CLDN4+ in the same cohorts. d, Left, 
representative IF images of AGER and tdT in 4-day BHT-treated SpcFT (n = 3), 
SpcT (n = 3) and SpcPT (n = 3) mice. Right, tdT+ (n = 600) cells that are AGER+  
in the same cohorts. Arrowheads indicate examples of AGER+tdT+ cells.  
e, Representative haematoxylin and eosin images of 4-day BHT-treated SpcT 
(n = 3) and SpcPT (n = 5) mice. Scale bar, 20 μm. f, Injury scoring of 4-day 

BHT-treated SpcT (n = 3) and SpcPT (n = 5) mice (Methods). g, Uniform  
manifold approximation and projection (UMAP) plot of tdT+ alveolar epithelial 
(n = 2,445) cells from scRNA-seq. h, p53 target gene expression across SpcT 
cells. i, Cluster frequency by genotype. j, Gene and cellular programme 
expression (Supplementary Table 6) in transitional SpcT (n = 332) and SpcPT 
(n = 189) cells. k, Representative IF images of CLDN4, VIM and tdT in 4-day 
BHT-treated SpcT (n = 3) and SpcPT (n = 3) mice. l, Model of p53 action. Bar 
graphs are mean ± s.d. For the box plots, centre line is the median; box limits, 
the upper and lower quartiles; whiskers, 2.5–97.5 percentile; points, outliers. 
P values were calculated using ordinary one-way ANOVA with Tukey’s multiple 
comparisons test (b–d), two-tailed Student’s t-test (f,j (bottom)) or two-tailed, 
non-parametric Wilcoxon rank sum test ( j, top). Scale bars, Scale bar, 5 μm (k) 
or 20 μm (c,d).



858 | Nature | Vol 619 | 27 July 2023

Article
infidelity reminiscent of that seen with Trp53 inactivation in transitional 
cancer cells. To further explore parallels between injury and cancer, 
we asked whether transcriptional programmes associated with Trp53 
inactivation in injury were seen with Trp53 loss in LUAD. Indeed, the 
top genes induced in SpcPT transitional cells were similarly upregu-
lated in KPT LUAD cells (Extended Data Fig. 12l). Additionally, Vim was 
more highly expressed in transitional cells in KPT LUADs than in KT 
LUADs (Extended Data Fig. 12m–o). Conversely, transcriptional pro-
grammes associated with Trp53 loss in LUAD, including cluster 5B/5C 
signatures, were induced in SpcPT transitional cells (Extended Data 
Fig. 12h). Thus, p53 promotes lineage fidelity of transitional cells by 
directing their differentiation into AT1 cells in both cancer and injury. 
By contrast, Trp53 loss enables transitional cell expansion and lineage 
infidelity. Collectively, our analyses have uncovered parallels between 
p53 function in LUAD suppression and alveolar injury repair. These 
parallels begin with p53 dampening AT2 cell proliferation in LUAD 
and injury. Then, after AT2 cells progress to transitional cells, p53 
becomes activated and promotes their differentiation into AT1 cells. 
These findings suggest that tumour suppression reflects the repur-
posing of a physiological role of p53 in governing lung regeneration 
(Fig. 4l). Indeed, studies of p53 in simpler eukaryotes, such as planaria 
and salamanders, have shown that p53 regulates stem cell self-renewal 
and differentiation, which suggests that this may be an ancestral p53  
function41,42.

Discussion
Studies suggesting that canonical p53 functions are dispensable for 
tumour suppression19,43,44 have led to renewed investigation of p53 
mechanisms that combat tumorigenesis. The role of p53 in cancer 
cell differentiation has begun to be appreciated, with recent studies 
suggesting that p53 restricts plasticity in pancreatic cancer and in liver 
cancer45–47. Here we discovered that p53 not only constrains plasticity 
in LUAD but also induces a highly specific AT1 cell differentiation pro-
gramme unlike the cancer cell-of-origin. Moreover, acquisition of AT1 
cell identity is associated with direct p53 induction of AT1-associated 
genes. Notably, the ability of p53 to govern cell fate relies on p53 acting 
in a transitional cancer cell state, where it induces AT1 cell differen-
tiation. Unlike previous work14 suggesting that p53 acts by inducing 
transitional cell genes in a bleomycin lung injury model, we show here 
that p53 binds and activates AT1 cell genes. These findings, coupled 
with our observations that p53 reduces transitional cell accumula-
tion in both LUAD and injury repair, clarifies that p53 is dispensable 
for entry into the transitional cell state but is essential for exit from 
this state. The importance of p53 in directing the fate of transitional  
cells is underscored by the deleterious patient outcomes associated 
with their accumulation. Accumulation of LUAD transitional cells, which 
occurs with Trp53 loss, is associated with aggressive tumour growth 
and poor patient survival, whereas in non-oncogenic contexts, inap-
propriate persistence of transitional cells is associated with idiopathic 
pulmonary fibrosis and lethal COVID-19 pneumonitis12–15,29.

Given the detrimental outcomes associated with TP53 mutation 
in LUAD, our findings suggest that there may be promise in differen-
tiation therapy for patients with LUAD, a strategy being successfully 
exploited in other cancers such as acute promyelocytic leukaemia48. 
Moreover, methods to induce AT1 cell differentiation are under 
development49,50. Our work suggests that promoting AT1 cell differ-
entiation may mimic pivotal functions of p53 function in tumour sup-
pression and provide a promising new route of therapy in patients  
with LUAD.
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Methods

Animal studies and ethics
All animal experiments were performed in accordance with the Stanford 
University Administrative Panel on Laboratory Animal Care (protocol 
number 10382) guidelines and regulations. Mice (Mus musculus) were 
maintained at Stanford University’s Comparative Medicine Pavilion 
and Research Animal Facility according to practices prescribed by the 
National Institutes of Health and the Institutional Animal Care and Use 
Committee (IACUC). The Association for Assessment and Accredita-
tion of Laboratory Animal Care provides additional accreditation to 
Stanford University. We did not exceed limits specified in the Stan-
ford IACUC guidelines for tumour monitoring, which state that the 
maximum measurable total tumour burden for multiple masses on any 
one animal should not exceed a combined mean diameter for the sum 
of all masses of 1.70 cm and 10% of the pre-induction body weight of 
the animal. Mice were housed at 22 °C ambient temperature with 40% 
humidity and a 12-h light–dark cycle (7:00–19:00). All experiments 
were performed on 8–10-week-old animals, and all mice used were 
of a 129/Sv-C57BL/6 mixed background. For mouse LUAD and injury 
studies, male and female mice were used in every experimental group 
with the exception of the single-cell multiomics experiment, which had 
two males for the KFT and KPT samples. Otherwise, mice of the same 
genotype were randomized into cohorts. For histological and IF analy-
ses of mouse studies, investigators were blinded to group allocation.

Mouse LUAD studies
KrasLSL-G12D/+;Rosa26LSL-tdTomato/LSL-tdTomato (KT), KrasLSL-G12D/+;Trp5353,54/53,54; 
Rosa26LSL-tdTomato/LSL-tdTomato (KFT) and KrasLSL-G12D/+;Trp53flox/flox; 
Rosa26LSL-tdTomato/LSL-tdTomato (KPT) mice (mixed 129/Sv-C57BL/6) were 
used in the majority of LUAD experiments. KrasLSL-G12D/+;Trp53LSL-WT/+; 
Rosa26LSL-tdTomato/LSL-tdTomato (KT;Trp53LSL-WT/+) and KrasLSL-G12D/+;Trp53LSL-53,54/+; 
Rosa26LSL-tdTomato/LSL-tdTomato (KT;Trp53LSL-53,54/+) mice were used to assess 
the effects of the Trp5353,54 allele specifically in cancer cells, which 
would only be expressed in AT2 cells in the presence of Cre. In this 
study, non-transduced mice expressed one allele of wild-type Trp53 in 
every cell (Trp53−/+). After Ad5-SPC-Cre transduction, AT2 cells became 
Trp5353,54/+ (in KFT-LSL mice) or Trp53+/+ (in KT-LSL mice), whereas all 
other cells remained Trp53−/+. Throughout the text, Cre-treated Trp53fl/fl 
mice are still referred to as Trp53fl/fl for simplicity, although these mice 
were Trp53Δ/Δ. Lung tumours were induced as previously described61. In 
detail, 8–12-week-old male and female mice were anaesthetized by an 
intraperitoneal injection of avertin (2-2-2 tribromoethanol) and given 
a dose of either Lenti-PGK-Cre or Ad5-SPC-Cre intratracheally. Next, 
50 μl of virus particles diluted in sterile PBS was delivered at a dose of 
9 × 104 plaque-forming units. We first tested whether p5353,54 behaved 
as a super tumour suppressor 24 weeks after tumour initiation with 
Lenti-PGK-Cre, a time point when we knew wild-type p53 behaved as a 
potent tumour suppressor based on previous work in the field demon-
strating the effect of p53 on tumour progression17. Next, because there 
was a shift in the LUAD mouse model field towards using AT2-specific 
Cre adenoviruses to initiate tumours, we switched from PGK-Cre len-
tiviruses to the AT2-specific Ad5-SPC-Cre virus, which allowed us to 
specifically initiate cancer in the primary cell of origin of LUAD to better 
mimic human cancer. Our most important experiments—the 10-week 
tumour study and corresponding genomics experiments—were there-
fore all done using Ad-SPC-Cre. For the Ad5-SPC-Cre studies, 1 × 109 
virus particles (Ad5mSPC-Cre from the University of Iowa Viral Vector 
Core) were diluted in MEM, precipitated with CaCl2 and delivered into 
mice after a 20-min incubation. Lungs were collected 10–24 weeks after 
transduction. Lungs were either inflated and fixed with formalin for 24 h 
before paraffin embedding and processing or inflated with 2% low-melt 
agarose, fixed in ice-cold 4% paraformaldehyde (PFA) overnight, incu-
bated with 30% sucrose in PBS overnight and then cryo-embedded in 
optimal cutting temperature compound (OCT).

Production, purification and titration of lentivirus
Lentivirus was produced by transfection of HEK293AH cells (a gift from 
M. Bassik at Stanford) with Lenti-PGK-Cre (a gift from M. Winslow at 
Stanford), VSVG and Δ8.2 vectors and Lipofectamine 2000 (Ther-
moFisher). Virus was collected from supernatant by ultracentrifuga-
tion at 25,000 r.p.m. at 4 °C for 2 h and resuspended in sterile PBS. 
Concentrated lentiviral particles were titred by infecting LSL-tdTomato 
mouse embryonic fibroblasts (Rosa26LSL-tdTomato mice), which determined 
the per cent of tdTomato+ cells by IF and comparing the infectious titre 
to a viral preparation of a known titre.

Immunostaining and microscopy
Haematoxylin and eosin (H&E) staining, immunohistochemistry and IF 
staining were performed on paraffin-embedded and OCT-embedded 
lungs using standard protocols. Immunostaining was performed using 
primary antibodies raised against the following antigens: Ki67 (mouse, 
BD Pharmingen AB_393778, clone B56, 1:200); phospho-histone H3 
(pHH3, CST D7N8E, 1:200); TTF-1 (mouse, Leica NCL-L-TTF-1, clone 
SPT24, 1:100); AGER (goat, R&D Systems AF1145, 1:200; rat, R&D Sys-
tems MAB1179 clone 175410, 1:100); HT1-56 (mouse, Terrace Biotech 
TB29AHT1-56, 1:30); HOPX (rabbit, Proteintech 11419-AP-1, 1:100); SPC 
(proSP-C, rabbit, Sigma-Aldrich AB3786, 1:100); CLDN4 (rabbit, Ther-
moFisher AB_2533262, clone ZMD.306, 1:100; mouse, Santa Cruz Bio-
technology, clone A-12, 1:100); PDPN (Syrian hamster, Developmental 
Studies Hybrdoma Bank, AB_531893, clone 8.1.1, 1:30); pan-cytokeratin 
(mouse, BioLegend, AB_2616960 clone AE-1/AE-3, 1:200; rabbit, 
Abcam, AB_273139, 1:200); vimentin (rabbit, Abcam, AB_45939, 1:100); 
phospho-ERK (rabbit, Cell Signaling Technologies, clone D13.14.4E, 
1:100); HNF4A (mouse, Invitrogen, AB_2532197, clone H1415, 1:100); 
p19(ARF) (rat, Santa Cruz Biotechnology, clone 3-5C-1, 1:100); RFP 
(mouse, Thermo Scientific, AB_10999796, clone RF5R, 1:200); p53 
(rabbit, Leica Biosystems, NCL-L-p53-CM5p, 1:100); and BrdU (mouse, 
BD Pharmingen AB_395993, clone 3D4, 1:50). The following second-
ary antibodies were used: anti-rat-488 (ThermoFisher, AB_2534074); 
anti-rabbit-FITC (Vector Laboratories, Fl-1000-1.5); anti-mouse-FITC 
(Vector Laboratories, Fl-2000-1.5); anti-mouse-546 (ThermoFisher, 
AB_2534089); anti-rabbit-546 (ThermoFisher, AB_2534093); bioti-
nylated anti-mouse (Vector Laboratories, BA-9200-1.5); biotinylated 
anti-rabbit (Vector Laboratories, BA-1000-1.5); anti-Syrian hamster-488 
(Abcam, AB_180063); anti-mouse 647 (ThermoFisher, AB_162542); and 
biotinylated anti-goat (Vector Laboratories, BA-9500-1.5). For immu-
nohistochemistry experiments, paraffin sections were de-paraffinized, 
rehydrated, unmasked in 10 mM sodium citrate buffer with 0.05% 
Tween-20 in a pressure cooker for 10 min, quenched for 20 min in 3% 
H2O2, permeabilized for 10 min in Tris-buffered saline (TBS) with 0.3% 
Triton-X 100, and blocked for 30 min in a solution of TBS, 0.3% Triton-X 
100, 10% serum and 10% BSA. Slides were incubated overnight at 4 °C 
with primary antibody diluted in blocking solution and subsequently 
incubated for 1 h at 37 °C with biotinylated secondary antibody com-
patible with the primary antibody (1:1,000, Vector Laboratories). 
Slides were then incubated using a Vectastain Elite ABC HRP kit (Vec-
tor Laboratories) according to the manufacturer’s instructions. A DAB 
peroxidase kit (Vector Laboratories) was used for staining, and Gill’s 
haematoxylin was used for counterstaining, after which slides were 
dehydrated and mounted with Permount. Slides were washed between 
steps with TBS. A NanoZoomer 2.0-RS slide scanner (Hamamatsu) 
was used for imaging. For IF experiments, slides sectioned on a Leica 
cryostat were air-dried for 10 min and then fixed for 15 min in 4% PFA. 
For sections containing the endogenous tdTomato reporter or being 
stained with the AGER antibody (rat, R&D systems), sections were not 
unmasked using the pressure cooker. For all other IF stains, sections 
were unmasked in the pressure cooker for 10 min. All slides were then 
permeabilized for 10 min in 3% Triton-X 100 in TBS followed by incu-
bation in a solution of TBS, 3% Triton-X 100, 10% serum and 10% BSA 



and then incubated overnight at 4 °C with primary antibody diluted in 
blocking solution. Subsequently, slides were incubated for 1 h at 37 °C 
with Alexa Fluor-conjugated secondary antibody compatible with the 
primary antibody (1:200, Thermo Scientific). Slides were mounted in 
ProLong Gold antifade mountant with DAPI. Slides were washed with 
TBS between steps. Images were acquired with a Leica DM4B micro-
scope (Leica Microsystems) or a DMi8 microscope (Leica Microsystems) 
and analysed using LAS X software (v.5.0.2, Leica Microsystems).

For quantifications throughout the article, tdTomato marks 
lineage-labelled cells in both the LUAD and injury models. For AT1 cell 
marker quantifications shown in Fig. 2c and Extended Data Fig. 6h, we 
binned tumours into three categories (high, medium or low) based 
on the percentage of lineage-marked tdTomato+ cells that stained for 
each given marker (AGER, HOPX and PDPN). Specifically, we graphed 
the per cent positivity for a given marker in 100 tumours in KFT and 
KT mice and 200 tumours in KPT mice across 3–4 mice in 2–3 fields per 
tumour and then defined natural breakpoints for high, medium and low 
staining (Extended Data Fig. 6d). Based on these graphs, high, medium 
and low staining were used to denote that low = 0–5%, medium = 5–20% 
and high = 20–100% of tdTomato+ cancer cells stained strongly for 
the given AT1 cell marker based on the distribution of marker positiv-
ity observed. Examples of such staining are shown in Extended Data 
Fig. 6a. For AT2 cell marker quantification in Extended Data Fig. 6i, 
high refers to staining in at least 70% of tdTomato+ cancer cells within a 
tumour and low refers to staining in less than 70% of cells, again based 
on a graph showing the staining trends in 100 tumours in KFT and KT 
mice and 200 tumours in KPT mice across 3–4 mice in 2–3 fields per 
tumour (Extended Data Fig. 6j). Examples of such staining are shown 
in Extended Data Fig. 6a. For marker quantification in human LUAD 
tissue in Fig. 2i,j and Extended Data Fig. 8c–i, we stained for cancer 
cells using pan-cytokeratin together with AT1 cell, transitional cell or 
AT2 cell markers. We then calculated the percentage of cytokeratin+ 
cells that stained for these alveolar cell markers. For marker quantifica-
tion in mouse LUAD tissue shown in Extended Data Fig. 10b,d,f, tissue 
was stained for combinations of tdTomato, CLDN4 and markers of 
cluster 5B/C. The percentage of CLDN4+ cells staining for cluster 5B/C 
markers was quantified. For marker quantification in Extended Data 
Fig. 9i, we stained tumours for tdTomato and CLDN4 and quantified the 
percentage of tumours that were CLDN4+ or CLDN4–. CLDN4+ tumours 
had at least one tdTomato+CLDN4+ cell, whereas CLDN4– tumours had 
no such cells. For quantification of PDPN staining in p53 in vivo reactiva-
tion experiments in Extended Data Fig. 7g, cytokeratin+ tumours that 
were p53+ were assessed for PDPN+p53+cytokeratin+ cells. Tumours that 
displayed >10% of p53+cytokeratin+ cells also staining for PDPN were 
called as a positive tumour. Trp53null tumours were called positive if 
>10% of cytokeratin+ cells stained for PDPN.

Analysis of mouse LUAD studies
Paraffin embedded, H&E-stained slides were scanned using a Nano-
Zoomer 2.0-RS slide scanner (Hamamatsu) and scored using NDP.view 2 
(v.U12388-01, Hamamatsu). In brief, all lobes and lesions were outlined 
to quantify tumour number and size. Tumour burden was calculated 
as the percentage of lesion area compared with the entire lobe area 
using ImageJ (v.1.52, https://imagej.nih.gov/ij) and QuPath (v.0.3.2). For 
tumour proliferation quantifications, paraffin-embedded, Ki67-stained 
and pHH3-stained slides were scanned and processed using ImageJ. 
In brief, images were deconvoluted into DAB and haematoxylin chan-
nels and thresholds were set to gate haematoxylin-stained nuclei and 
DAB+ nuclei. The percentage of Ki67+ or pHH3+ was calculated using the 
‘analyze particles’ feature of ImageJ. M.G.O. performed blinded histo-
pathological analysis of tumour patterns based on H&E-stained slides. 
Each mouse was scored on the existence of at least one tumour of a given 
pattern in each mouse. For tumour pleomorphism analyses, tumours 
were assigned a score of 1–3, where 1 indicates that the tumour had little 
pleomorphism and 3 indicates substantial pleomorphism. Mice often 

displayed more than one tumour pattern and level of pleomorphism. 
Mitotic activity was determined by counting the number of mitotic 
figures per high power field in the most advanced nodule in each lung.

Human LUAD sample collection
Clinical samples were approved by the Stanford Institutional Review 
Board in accordance with the Declaration of Helsinki guidelines for the 
ethical conduct of research. All patients involved in the study provided 
written informed consent. Collection and use of human tissues were 
approved and in compliance with data protection regulations regarding 
patient confidentiality (Institutional Review Board protocol number 
15166). Any self-selection bias was not anticipated to affect results. 
Following surgical resection of primary tumours from patients at Stan-
ford Hospital, LUAD specimens were immediately embedded in OCT 
compound and stored at −80 °C. Samples used in subsequent analyses 
were chosen to best match tumour grade and differentiation status. 
No identifiable images of research participants were used in this study. 
For IF experiments of human samples, investigators were blinded to 
group allocation. LUAD samples were chosen based on their histological 
pattern (all LUADs). Furthermore, samples were chosen based on their 
mutational status. All samples chosen had mutations in either EGFR or 
KRAS and were from patients who underwent no previous treatment. 
Five of the samples also had a mutation in TP53. Finally, samples were 
matched, when possible, for tumour grade and differentiation status 
between TP53 wild-type and TP53 mutant samples.

FACS for bulk RNA-seq and ATAC–seq
KT, KFT and KPT mice were transduced with Ad5-SPC-Cre and col-
lected for cell sorting at 10 weeks after transduction. Non-transduced 
lungs were used as a control. In brief, lungs were perfused with 10 ml 
of ice-cold PBS and placed in a sterile dish on ice. Lungs were finely 
minced with sterile scissors and razor blades and resuspended in 6 ml 
digestion medium (RPMI with 2.5 mg of Liberase TL (Sigma-Aldrich) 
and 25 μg ml–1 DNase (Sigma Aldrich)). Lung samples were rotated for 
45 min at 37 °C. Tubes were briefly cooled on ice and then samples were 
passed through a 40 μm filter. Next, 5 ml of FACS buffer (10% FBS, 2 mM 
EDTA and 25 μg ml–1 DNase in DPBS) was added and tubes were spun 
for 5 min at 300g. Cells were resuspended in ACK lysing buffer (Gibco), 
incubated for 1 min on ice and quenched with 8 ml of FACS buffer. Cells 
were washed 2 times with FACS buffer, resuspended with biotinylated 
primary antibodies (CD45, BioLegend, 103104 30-F11; CD31, BioLegend, 
102404 390; F4/80, BioLegend, 123106 BM8; Ter119, BioLegend, 116204 
TER-119; 1:800 in FACS buffer) and incubated for 20 min on ice. After 
washing 2 times, cells were resuspended in streptavidin–APC second-
ary antibody (BioLegend 405207, 1:800) for 20 min on ice. Cells were 
washed 2 times and resuspended in FACS buffer with 1 μg ml–1 DAPI, 
filtered through a 40 μm filter and sorted using a Sony SH800S cell 
sorter. Data were analysed using the default Sony SH800S software 
(v.2.1.5) and FCS Express (v.7, De Novo Software).

RNA-seq
For RNA-seq, 1.5 × 105 FACS-isolated tumour cells were collected, pel-
leted and flash frozen in liquid nitrogen directly after sorting. Once 
all samples were collected, RNA was isolated using a RNeasy Micro kit 
(Qiagen). Quality and concentration of RNA were determined using 
a Bioanalyzer. cDNA libraries were constructed using a Trio RNA-seq 
library preparation kit (NuGEN) from samples with high-quality RNA 
according to the manufacturer’s instructions. Samples were sequenced 
on a HiSeq4000 (Illumina). High-performance computation was per-
formed on the Stanford SCG Informatics Cluster, and subsequent 
bioinformatics analyses were performed in R (v.4.0.3) using various R 
packages unless otherwise noted. RNA-seq reads were aligned to the 
mouse genome (mm10) using HISAT2 (v.2.0.5, https://github.com/Dae-
hwanKimLab/hisat2), sorted based on genomic location and indexed 
using Samtools (v.1.3.1, https://github.com/samtools/samtools), and 

https://imagej.nih.gov/ij
https://github.com/DaehwanKimLab/hisat2
https://github.com/DaehwanKimLab/hisat2
https://github.com/samtools/samtools


Article
counted and mapped to each gene using HTSeq-Count (v.0.6.1, https://
github.com/simon-anders/htseq). DEGs were identified using DESeq2 
with a cutoff of a P-adjusted value of <0.05 (v.1.24.0, https://github.
com/mikelove/DESeq2). PC analysis was performed using DESeq2. 
Unsupervised hierarchical clustering and heatmap visualization of 
DEGs were performed using the ‘pheatmap’ package in R (v.1.0.12, 
https://github.com/raivokolde/pheatmap). p5353,54-hyperactivated 
genes were identified by identifying DEGs activated in KT cells and 
KFT cells compared with KPT cells to obtain p53-dependent genes 
and identifying those activated at least 1.3-times more (1.2-fold) in 
KFT cells relative to KT cells. Enrichr58–60 (v.3.2, https://maayanlab.
cloud/Enrichr) was used to perform GO analyses and ChIP enrich-
ment analysis (ChEA)57. PANTHER56 (v.16.0), through the GO Consor-
tium (https://geneontology.org), was used for GO term enrichment, 
and Metascape51 (v.3.5, https://metascape.org) was used for func-
tional enrichment analysis. In this article, ChEA analysis indicates 
the percentage of genes in a given gene set that are p53 bound in  
the dataset31.

GSEA
GSEA (v.4.0.3, https://github.com/GSEA-MSigDB/gsea-desktop) was 
performed using normalized RNA-seq counts in this study against the 
gene signatures from the MSigDB database40,52, the signatures derived 
herein and published expression signatures. Default parameters were 
used with the following exceptions: permutation type = gene_set; min 
size = 5. Plots were made using the ‘Rtoolbox’ package in R (https://
github.com/PeeperLab/Rtoolbox). Custom gene sets were derived 
from various studies defining AT1 cell signatures12,14,24,39,53–55,62,63 and 
are described in Supplementary Table 6.

ATAC–seq
ATAC–seq was performed as previously described64. Two independ-
ent ATAC–seq experiments were performed: one with KT mice and 
KPT mice and the second with KT cells and KFT cells. In brief, 5 × 105 
cells were sorted and washed 2 times in FACS buffer without DNase 
added. Nuclei were then isolated, lysed and incubated with Tn5 trans-
posase exactly as described. Transposed DNA was then isolated using 
a MinElute Reaction Cleanup kit (Qiagen). Libraries were prepared 
by amplifying DNA for 5 cycles with NEBNext 2× MasterMix (NEB), 
after which qPCR was run on samples to determine the number of 
additional cycles needed. After any additional amplifications were 
performed, libraries were purified using a MinElute Reaction Cleanup 
kit (Qiagen). Samples were sequenced on a HiSeq4000 (Illumina) (KT 
versus KPT experiment) or a NextSeq500 (Illumina) (KT versus KFT 
experiment). High-performance computation was performed on the 
Stanford SCG Informatics Cluster, and subsequent bioinformatics 
analyses were performed in R (v.4.0.3) using various R packages unless 
otherwise noted. ATAC–seq reads were trimmed of adapter sequences 
using Skewer (v.0.2.2, https://github.com/relipmoc/skewer), aligned 
to the mouse genome (mm10) using Bowtie2 (v.2.4.0, https://github.
com/BenLangmead/bowtie2) and sorted based on genomic location 
and indexed using Samtools (v.1.3.1, https://github.com/samtools/
samtools). Peak calling and differential peak analysis were performed 
using the ‘ChrAccR’ package in R (v.0.9.17, https://github.com/Green-
leafLab/ChrAccR) with the sorted BAM file as input using the default 
parameters. The setConfigElement ‘doPeakCalling’ was used with 
‘annotationPeakGroupAgreePerc’ at 1 to generate the conserved peaks 
list. PC analysis was performed using ChrAccR. The genomic regions 
enrichment of annotations tool65 (GREAT, v.4.0.4, https://great.stan-
ford.edu) was used to identify the most highly enriched GO terms of 
genes associated with differentially accessible peaks, the distance of 
peaks from transcriptional start sites and the distance of overlapping 
p53 ChIP and ATAC peaks from transcriptional start sites using standard 
parameters (https://great.stanford.edu). PAVIS66 was performed for 
peak annotation using standard parameters (version from 02-5-2018, 

https://manticore.niehs.nih.gov/pavis2/). Enrichr58–60 (https://maayan-
lab.cloud/Enrichr) was used to perform ChEA57 of p53 in various ChIP 
datasets31,32. p5353,54 hyperaccessible regions were defined as the overlap 
of regions that are more accessible in KT cells compared with KPT cells 
with the regions that are more accessible in KFT cells compared with  
KT cells.

HOMER analyses
TF motif analyses were performed individually on differentially acces-
sible peaks from each experiment using the HOMER (v.4.11, https://
homer.ucsd.edu/homer/) de novo motif discovery tool67 with the find-
MotifsGenome command and the following parameters: size = given; 
masked genome, background regions = all shared, non-differential 
peaks between genotypes.

Human cancer data analysis
Clinical lung cancer datasets used in this study were from TCGA-LUAD1, 
NCBI Gene Expression Omnibus (GEO) database identifier GSE13213 
(ref. 68) and ArrayExpress database accession E-MTAB-8615 (ref. 69). 
The TCGA-LUAD dataset (280 TP53 mutated and 249 wild type) was 
downloaded from https://gdc.cancer.gov using the package TCGAbi-
olinks (https://github.com/BioinformaticsFMRP/TCGAbiolinks, v.2.18) 
and log2 transformed. GSE13213, which is composed of 38 TP53 mutated 
samples and 78 wild-type samples, was downloaded from GEO using 
the GEOquery Bioconductor package (https://github.com/seandavi/
GEOquery, v.2.58). E-MTAB-8615 was downloaded from ArrayExpress 
using the function getAE from the ArrayExpress Bioconductor package 
(https://github.com/arrayexpress, v.1.32). The E-MTAB-8615 dataset is 
composed of 73 TP53 mutated and 34 wild-type samples. Single sample 
signatures were calculated using gene set variation analysis (GSVA) and 
the package GSVA from Bioconductor (https://github.com/rcastelo/
GSVA, v.1.48) using Gaussian kernel (kcdf=“Gaussian”,mx.diff=T). We 
calculated the significant differences between the expression of the 
genes across TP53 mutated and wild-type tumours using a two-way 
ANOVA test in a linear model. To adjust for the possible contribution 
of TP53 to proliferation or stage, we included MKI67 expression in the 
linear model, and when available stage (E-MTAB-8615 did not have stage 
information available). ggpubr (https://cloud.r-project.org/web/pack-
ages/ggpubr/index.html, v.0.6.0) was used for plotting.

Single-cell sorting of lung tumour cells for multiomics 
experiments
KFT, KT and KPT mice were treated with Ad5-SPC-Cre as described 
above. After 10 weeks, lungs were collected and were perfused with 
10 ml of ice-cold PBS and placed in a sterile dish on ice. Lungs were 
minced with sterile scissors and resuspended in 6 ml digestion medium 
(RPMI with 0.083 U ml–1 of collagenase type IV (Sigma-Aldrich), 
0.6 U ml–1 dispase II (Sigma-Aldrich) and 25 μg ml–1 DNase (Sigma 
Aldrich)). Lung samples were rotated for 45 min at 37 °C. Tubes were 
briefly cooled on ice, and then samples were passed through a 70 μm 
filter followed by a 40 μm filter. Next, 5 ml of FACS buffer (10% FBS, 
2 mM EDTA and 25 μg ml–1 DNase in DPBS) was added and tubes were 
spun for 5 min at 300g. Cells were resuspended in ACK lysing buffer 
(Gibco), incubated for 1 min on ice and quenched with 8 ml of FACS 
buffer. Cells were washed 2 times with FACS buffer, resuspended with 
biotinylated primary antibodies (CD45, BioLegend 103104 30-F11; 
CD31, BioLegend 102404 390; F4/80, BioLegend 123106 BM8; Ter119, 
BioLegend 116204 TER-119; 1:800 in FACS buffer) and incubated 
for 20 min on ice. After washing 2 times, cells were resuspended in 
streptavidin–APC secondary antibody (BioLegend 405207, 1:800) 
for 20 min on ice. Cells were washed 2 times and resuspended in 
FACS buffer with 1 μg ml–1 DAPI, filtered through a 40 μm filter and 
sorted using a Sony SH800S cell sorter. Data were analysed using the 
default Sony SH800S software (v.2.1.5) and FCS Express (v.7, De Novo  
Software).
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Droplet-based scATAC and gene expression sequencing
Single-cell suspensions were prepared from mice with lung tumours 
as described above. Nuclei were isolated and libraries were prepared 
using a 10x Genomics Chromium Single Cell Multiome ATAC + Gene 
Expression kit according to the manufacturer’s protocols. An input of 
at least 2,000 nuclei were added to each 10x channel. Libraries were 
sequenced on an Illumina NovaSeq6000.

scATAC and gene expression analysis
Analyses were performed in R (v.4.0.3) using various R packages and 
Python (v.3.6) unless otherwise noted using the Stanford SCG Infor-
matics Cluster. FASTQ files were processed using cellranger-arc count 
(10x Genomics). This pipeline aligns reads to the mm10 mouse ref-
erence genome and performs barcode error correction, PCR dupli-
cate marking, peak calling and ATAC and gene expression molecule 
counting to produce expression and fragment count matrices. The 
gene expression matrices and ATAC fragments were loaded into R 
and processed using Seurat (v.4.0.1, https://github.com/satijalab/
seurat) and Signac (v.1.7.0, https://github.com/timoast/signac) 
for downstream analyses. Cells were filtered to exclude cells that 
had the following parameters: (1) a nucleosome signal greater than 
2; (2) transcription start site enrichment lower than 1; (3) ATAC 
counts of greater than 100,000; (4) RNA counts of greater than 
25,000; (5) ATAC counts of fewer than 500; (6) RNA counts of fewer  
than 100.

Gene expression matrices were processed by normalizing the data, 
scaling the normalized expression matrix and performing FindVari-
ableFeatures to identify the top 2,000 genes with the highest variance 
and expression using SCTransform in Seurat. DNA accessibility data 
were processed by finding the most frequently observed features, 
computing the term-frequency inverse-document frequency and run-
ning singular value decomposition. We then integrated our datasets 
using Harmony (v.1.0, https://portals.broadinstitute.org/harmony). 
Harmony was performed on both the gene expression and ATAC data-
sets. The variable used in the argument group.by.vars was the origi-
nal sample identity, and the parameters used were block.size=0.05, 
max.iter.harmony=10, max.iter.cluster=20, epsilon.cluster=1e-05, 
epsilon.harmony=1e-04. The ‘pca’ reduction was used for the gene 
expression integration and the ‘lsi’ reduction was used for the ATAC 
integration. Joint UMAP visualization of gene expression and DNA 
accessibility data was done by using the weighted nearest neigh-
bour methods (FindMultiModalNeighbors) in Seurat v.4. In brief, the 
weighted nearest neighbour graph was constructed by integrating 
the Harmony-integrated pca and Harmony-integrated lsi reductions 
of the gene expression and chromatin accessibility data. The follow-
ing parameters were used: number of PCs = 50 (RNA), 39 (DNA acces-
sibility, excludes first dimension), resolution = 1.0, k.nn = 20. Cancer 
cells were identified through analyses of genes and peak annotation 
of markers of each cluster using FindAllMarkers in addition to analys-
ing the expression and accessibility patterns of lung epithelial mark-
ers. Cancer cells were subsetted, and the subsetted gene expression 
and DNA accessibility matrices were processed again as described 
above. A final joint UMAP was created using the weighted nearest 
neighbours method as described above. The following parameters 
were used: number of PCs = 50 (RNA), 39 (DNA accessibility, excludes 
first dimension), resolution = 0.4, k.nn = 20. Cancer cell clusters 
were identified using the FindAllMarkers function in Seurat to iden-
tify genes and ATAC peaks that were significantly enriched in each 
cluster in an unbiased manner. Additionally, the expression, acces-
sibility and gene activity (computed from chromatin accessibility) of 
classical AT2, AT1 and transitional cell signatures and markers were 
assessed across the clusters to determine the identities of the clus-
ters. Plots were generated using Seurat (v.4.0.1), Signac (v.1.7.0) and  
ggplot2 ( v. 3. 4. 2).

scRNA-seq analysis of a previously published dataset
A previously published scRNA-sequencing dataset of KT, KPT and T 
mice (GEO identifier GSE152607) was used29. Analyses were performed 
in R (v.4.0.3) using various R packages and Python (v.3.6) unless oth-
erwise noted using the Stanford SCG Informatics Cluster. The gene 
expression matrices and clustering metadata were loaded into the 
R package Seurat (v.4.0.1, https://github.com/satijalab/seurat) for 
downstream analyses. t-SNE plots were reproduced using the previ-
ously defined dimensionality reduction and clustering metadata. Gene 
expression levels were displayed using the Seurat data visualization 
techniques FeaturePlot(), DotPlot() and DoHeatmap(). For heatmaps, 
the log-transformed transcripts per million (TPM) were rescaled and 
centred across all cells. For the visualization of direct overlap of the 
expression of two genes, the ‘blend’ feature of FeaturePlot was used 
with a blend threshold of 0.1. The top enriched Hallmark gene signa-
tures from MSigDB in cluster 5 markers was performed using the full 
list of genes in supplementary table 1 from ref. 29 and Enrichr (https://
maayanlab.cloud/Enrichr). To identify DEGs in cluster 5 between KT 
and KPT samples, the FindMarkers() function was run with default 
parameters on cluster 5 split by Trp53 status using log2-transformed 
TPM values. Cluster 5 subpopulations were identified by hierarchical 
clustering using Ward’s method, based on the relative expression of 
DEGs in cluster 5 (log2-transformed TPMs, rescaled across all cells). Only 
DEGs with differences greater than 2-fold at 10% FDR were considered 
(absolute log2(FC > 1 between KT and KPT cells). The top three subclus-
ters were designated as 5A, 5B and 5C based on the relative proportion 
of cells from tumours at earlier (KT < 30 weeks) or later stages (KPT, 
30 weeks) of LUAD progression. The main expression programmes, 
including DEGs involved in p53, metabolism, glycolysis and cellular 
growth, were characterized by functional annotation with WebGestaltR 
(https://webgestalt.org, v.0.4.4). The top ten enriched gene sets were 
identified for each DEG cluster by over-representation analysis using 
the GO Biological Process non-redundant collection or custom gene 
sets with Hallmark signatures from MSigDB52 (v.7.4), in which human 
genes with a one-to-one orthologue in mouse were mapped to the 
corresponding mouse homologue. To compare expression trends at 
consecutive stages of LUAD progression, we computed an aggregate 
score measuring the average expression of all genes in each DEG pro-
gramme (log2-transformed TPMs, without rescaling) relative to a set of 
randomly sampled genes at comparable expression levels70,71. The same 
approach was used to evaluate the aggregate expression of cluster 3 
markers in each cluster 5 subpopulation, using the full list of genes in 
supplementary table 1 from ref. 29. P values were determined using 
the Mann–Whitney U-test. The expression trend of genes in all DEG 
programmes were further compared between cluster 3 and cluster 5 
subpopulations by evaluating the correlation between their mean 
expression levels in each cluster (log2-transformed TPMs, rescaled 
across all cells and averaged over cells in a given cluster). The Pearson 
correlation coefficient and P values were computed using SciPy (https://
github.com/scipy/scipy, v.1.6.3), the regression line and 95% confidence 
interval were estimated using seaborn (https://github.com/mwaskom/
seaborn, v.0.11.1) and statsmodels (https://github.com/statsmodels/
statsmodels, v.1.12.2).

Cell-fate transitions were analysed in selected tumour subpopula-
tions from the previously published dataset29, including all cells from 
transitional subclusters (5A, 5B and 5C), AT1-like cells (cluster 3) and 
cells undergoing EMT (cluster 11) at every stage of LUAD progres-
sion. Dimensionality reduction was performed by PC analysis, after 
re-scaling normalized counts across cells from the selected clusters 
and considering the top 5,000 highly variable genes. Cell–cell transi-
tion probabilities were estimated using CellRank (v.1.5.0) with two 
complementary approaches: one based on differentiation potential, 
using the CytoTRACE kernel, and one based on diffusion pseudotime, 
using the pseudotime kernel. For pseudotime calculations, one cell in 
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cluster 5A was arbitrarily selected as root. In both cases, directed transi-
tion probabilities were computed in a k-nearest neighbour (kNN) graph 
comprising, for each cell, the top 20 neighbours in the first 30 PCs, 
using a hard threshold scheme with default parameters for generating 
the transition matrix. scVelo (v.0.2.4) was used for visualizing cell-fate 
trajectories along the first two PCs, after computing the transition 
matrix projections in PC space. Connectivities among cell clusters, 
computed by partition-based graph abstraction considering the top 
20 nearest neighbours, were similarly visualized with scVelo, using a 
connectivity threshold of 0.05. Similar to AT1 cell markers from a previ-
ous study29, the aggregate expression of transitional cell markers from 
another study12 was computed across the selected clusters, using the 
full list of Krt8+ ADI marker genes in supplementary data 3 from ref. 12. 
Furthermore, for all clusters, the percentage of marker genes showing 
a significant upregulation relative to the original AT2 cluster (cluster 1) 
was determined by Wilcoxon rank-sum test. Only markers showing an 
upregulation of at least two-fold, at 5% FDR, were considered. Copy 
number alterations were identified by running inferCNV (v.1.2.1) on the 
raw counts matrix for the selected tumour subpopulations (subclusters 
analysis with default parameters). To compare the accumulation of 
copy number alterations over time, and across subpopulations, the 
percentage of cells harbouring one or more deletions or duplications, 
as predicted using the inferCNV 6-state HMM model, was computed 
for each cell cluster or at each time point for both KT and KPT samples. 
All analyses were carried out with Python using Scanpy (v.1.7.1), Cell-
Rank (v.1.5.0), scVelo (v.0.2.4), pandas (v.1.2.4), NumPy (v.1.20.3), SciPy 
(v.1.6.3) and fastcluster (v.1.2.4). Plots were generated using matplotlib 
(v.3.4.2) or seaborn (v.0.11.1). R packages were imported into Python 
using rpy2 (v.3.4.4). Plots were generated using matplotlib (https://
github.com/matplotlib/matplotlib, v.3.4.2) or seaborn (https://github.
com/mwaskom/seaborn, v.0.11.1).

BHT lineage tracing model
SP C creERT2;Trp5 3 5 3, 5 4/5 3, 5 4;Ros a26 LSL-tdTomat o/LSL-tdTomat o,  SPC creERT2; 
Trp53+/+;Rosa26LSL-tdTomato/LSL-tdTomato and SPCcreERT2;Trp53flox/flox; 
Rosa26LSL-tdTomato/LSL-tdTomato mice were used in lineage tracing experiments 
in a model of BHT injury36,37,72. Tamoxifen was dissolved in corn oil with 
2% ethanol at a concentration of 50 mg ml–1 by heating and sonicating 
until the solution was clear. BHT was dissolved in corn oil at a concen-
tration of 9 mg ml–1 by gentle heating and vortexing. Male and female 
mice (8–10 weeks old) were treated on three consecutive days with 
5 mg of tamoxifen by oral gavage. One week after the final dose, BHT 
(450 mg kg–1) or corn oil (vehicle) was intraperitoneally injected into the 
mice. At either 47 or 95 h after injection, BrdU dissolved at 10 mg ml–1 in 
PBS was intraperitoneally injected into mice at a concentration of 1 mg 
per 10 g of body weight. After 1 h, lungs were inflated with 2% low-melt 
agarose, fixed in ice-cold 4% PFA overnight, incubated with 30% sucrose 
in PBS overnight and then cryo-embedded in OCT.

Lung injury scoring
Lung injury scoring was done as previously described73,74. In brief, SpcT 
and SpcPT mice were treated with BHT for 4 days as described above. 
After 4 days, lungs were perfused with ice-cold PBS, inflated with 2% 
low-melt agarose and fixed in formalin (3.7% formaldehyde in PBS) for 
24 h and removed for paraffin embedding. Slices were stained with 
H&E quantified by a pathologist (M.G.O.) blinded to the genotypes 
of the mice. The final injury score was calculated from 20 total fields 
per mouse using the equation: (20 × (A) + 14 × (B) + 7 × (C) + 7 × (D) +  
2(E))/(number of fields × 100). Scoring parameters (A–E) can be 
found in Supplementary Table 9, which were adapted from previous  
studies73,74.

Single-cell sorting of BHT lineage tracing model
SpcT and SpcPT mice were treated as described above. Owing to 
mouse colony limitations, one SpcT mouse was SftpccreERT2;Trp53+/+; 

Rosa26Confetti (Brainbow 2.1)75. However, RFP is only expressed after Cre 
treatment, as in SpcT mice, and only red RFP+ cells were sorted from 
this mouse in an identical manner as the replicate SpcT mouse. At 96 h 
after BHT treatment, lungs were collected and perfused with 10 ml of 
ice-cold PBS and placed in a sterile dish on ice. Lungs were minced with 
sterile scissors and resuspended in 6 ml digestion medium (RPMI with 
0.083 U ml–1 of collagenase type IV (Sigma-Aldrich), 0.6 U ml–1 dispase II 
(Sigma-Aldrich) and 25 μg ml–1 DNase (Sigma Aldrich)). Lung samples 
were rotated for 30 min at 37 °C. Tubes were briefly cooled on ice and 
then samples were passed through a 70 μm filter followed by a 40 μM 
filter. Next, 5 ml of FACS buffer (10% FBS, 2 mM EDTA and 25 μg ml–1 
DNase in DPBS) was added and tubes were spun for 5 min at 300g. Cells 
were resuspended in ACK lysing buffer (Gibco), incubated for 1 min on 
ice and quenched with 8 ml of FACS buffer. Cells were washed 2 times 
with FACS buffer, resuspended with biotinylated primary antibod-
ies (CD45, BioLegend 103104 30-F11; CD31, BioLegend 102404 390; 
F4/80, BioLegend 123106 BM8; Ter119, BioLegend 116204 TER-119; 
1:800 in FACS buffer) and incubated for 20 min on ice. After washing 2 
time, cells were resuspended in streptavidin–APC secondary antibody 
(BioLegend 405207, 1:800) for 20 min on ice. Cells were washed 2 times 
and resuspended in FACS buffer with 1 μg ml–1 DAPI, filtered through 
a 40 μm filter and sorted using a Sony SH800S cell sorter. Data were 
analysed using the default Sony SH800S software and FCS Express 
(v.7, De Novo Software).

Droplet-based scRNA-seq
Single-cell suspensions were prepared from mice treated with BHT as 
described above. Libraries were prepared using a 10x Genomics Single 
Cell 3′ Library v.3.1 kit according to the manufacturer’s protocols. An 
input of 10,000 cells were added to each 10x channel. Libraries were 
sequenced on an Illumina NovaSeq6000.

scRNA-seq analysis
Analyses were performed in R (v.4.0.3) using various R packages and 
Python (v.3.6) unless otherwise noted using the Stanford SCG Infor-
matics Cluster. FASTQ files were processed using cellranger count (10x 
genomics). This pipeline aligns reads to the mm10 mouse reference 
genome and performs barcode error correction, PCR duplicate marking, 
barcode counting and unique molecular identifier counting to produce 
expression count matrices. The gene expression matrices were loaded 
into R and processed using Seurat (v.4.0.1, https://github.com/satijalab/
seurat) for downstream analyses. Cells were filtered to exclude cells 
that had the following parameters: (1) fewer than 200 genes expressed;  
(2) over 7,000 genes expressed; and (3) over 25% mitochondrial reads. 
Genes were further filtered to eliminate those expressed in fewer than 
two cells. Gene expression matrices were processed by normalizing the 
data, performing FindVariableFeatures to identify the top 2,000 genes 
with the highest variance and expression, and centring and scaling the 
normalized expression matrix. PC analysis was run to identify major axes 
of variation. Clustering was performed by constructing a nearest neigh-
bour graph and identifying clusters of cells by a shared nearest neigh-
bour modularity optimization-based clustering algorithm (Seurat v.4).  
Clustering was visualized by UMAP dimensionality reduction. The  
following parameters were used: number of PCs = 30, k.param = 5,  
resolution = 0.75. Alveolar cells were identified through analysis of gene 
markers of each cluster using FindAllMarkers. Lineage-traced alveolar 
cells were subsetted, and the subsetted gene expression matrices were 
processed again as described above. Cells were filtered to have tdTomato 
expression of greater than or equal to 0.5. The following clustering para-
meters were used: number of PCs = 20, k.param = 30, resolution = 0.40. 
Differential expression analysis between genotypes was performed using 
a Wilcoxon rank sum test. Plots were generated using Seurat (v.4.0.1) and 
ggplot2 (v.3.4.2). Monocle 3 (v.1.0.0) was used to perform pseudotime 
analysis, and CytoTRACE34 (beta version, https://cytotrace.stanford.edu) 
was used to perform differentiation potential analysis.
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LUAD cell generation
KrasLA2/+;Trp53LSL-WT/LSL-WT mice or KrasLA2/+;Trp53LSL-mut/LSL-mut mice76 were 
used to generate the LUAD cell lines. In brief, mice aged 11 weeks were 
killed and tumours were microdissected from the lungs. Tumours 
were dissociated using collagenase–dispase and DNase for 2 h at 37 °C. 
Cells were grown in N5 medium for at least 3 days. Once cells began 
to proliferate, cells were sorted based on EPCAM positivity to select 
for epithelial cancer cells (EPCAM-PE (rat, BioLegend G8.9, 1.0 μg per 
1 million cells)) using a FACSymphony S6 cell sorter (BD Biosciences) 
and analysed using FlowJo (v.9) and FACSDiva (v.6.0). Cells were subse-
quently cultured in DMEM with 10% FBS. In experiments, cell lines were 
infected in culture with either Ad-Empty, as a p53 null control (denoted 
Trp53null), or Ad-Cre to reactivate either wild-type p53 or p5353,54.

Cell culture, adenoviral treatment and transfection
LUAD cell lines (generated in-house), A549 cells (from American Tissue 
Culture Collection) and HEK293AH cells (from M. Bassik at Stanford) 
were maintained in Dulbecco’s Modified Eagle medium (Gibco) sup-
plemented with 10% FCS and incubated at 37 °C in a carbon dioxide 
incubator. No commonly misidentified cell lines were used in this study. 
The cell lines were not authenticated. These cell lines were routinely 
tested for mycoplasma contamination and were always negative. To 
reactivate p53, LUAD cell lines were transduced with Ad5-CMV-Cre 
(University of Iowa Viral Vector Core) or cell lines were transduced 
with Ad5-CMV-Empty (University of Iowa Viral Vector Core) to remain 
Trp53null. Cell lines were infected at a multiplicity of infection of 100. 
Cells were collected for IF, western blotting and qPCR with reverse 
transcription (RT–qPCR) between 24 and 96 h after infection. A549 cells 
were transfected with either an empty vector (pcDNA3.1) or pcDNA3.1-
3XHA-TP53 that contains amino-terminal HA tagged full-length human 
p53 using Lipofectamine 3000 by following the manufacturer’s proto-
cols. At 48 h after transfection, cells were fixed in 4% PFA for subsequent 
immunostaining. For experiments with TIGIT+ sorted LUAD cells, cells 
were sorted and transduced with Ad-Empty (to keep the cells Trp53null) 
or with Ad-Cre to reactivate p53. Samples were collected 1 and 3 days 
after adenoviral treatment.

LUAD cell line RNA-seq
For RNA-seq, LUAD cells were collected, pelleted and flash frozen in 
liquid nitrogen. Once all samples were collected, RNA was isolated 
for sequencing on a HiSeq4000 (Illumina). High-performance com-
putation was performed on the Stanford SCG Informatics Cluster, 
and subsequent bioinformatics analyses were performed in R (v.4.0.3) 
using various R packages unless otherwise noted. The RNA-seq analysis 
pipeline is the same as described above.

LUAD cell line FACS
KrasLA2/+;Trp53LSL-WT/LSL-WT LUAD cells were collected, washed with PBS and 
then incubated with TIGIT-BV421 (mouse, BioLegend 1G9, 0.25 μg per 
1 million cells) and EPCAM-PE (rat, BioLegend G8.9, 1.0 μg per 1 million 
cells) for 15 min on ice. Cells were washed 2 times with PBS for 5 min at 
1,000 r.p.m. in a tabletop centrifuge. Cells were resuspended in FACS 
buffer (PBS and 2% FBS) and filtered through a 40 μm filter. TIGIT+ 
epithelial cells were sorted using a FACSymphony S6 cell sorter (BD 
Biosciences) and analysed using FlowJo (v.9) and FACSDiva (v.6.0).

ChIP–qPCR
KrasLA2/+;Trp53LSL-WT/LSL-WT LUAD cells were seeded at 2.5 × 106 cells (for 
Ad-Empty) or 5 × 106 cells (for Ad-Cre) per 10 cm dish and transduced 
with the indicated adenovirus. After 48 h, cells were crosslinked at room 
temperature by treatment with DMEM with 1% formaldehyde, and the 
reaction was quenched by the addition of glycine to a final concentra-
tion of 0.125 M. After washing with cold 1× PBS, cells were collected by 
scraping in lysis buffer (5 mM PIPES pH 8.0, 85 mM KCl and 0.5% NP-40) 

and pelleted. Cell pellets were processed by passage through a 21-gauge 
needle 20 times. Lysates were pelleted and resuspended in RIPA buffer. 
Sonication was performed in a Bioruptor sonicator (Diagenode) to 
shear chromatin to a size range of around 200–700 bp. Anti-p53 anti-
body (CM5, Leica Novocastra) was coupled to ChIP-grade protein A/G 
magnetic beads (Thermo Scientific) overnight. After saving 10% for 
an input sample, samples were immunoprecipitated for 1 h at room 
temperature and 1 h at 4 °C, and washes were performed 2 times with 
low-salt wash buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM 
Tris-HCl at pH 8.1 and 150 mM NaCl), 3 times with high-salt wash buffer 
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl at pH 8.1, and 
500 mM NaCl) and 4 times with LiCl wash buffer (0.25 M LiCl, 1% IGEPAL 
CA630, 1% deoxycholic acid sodium salt, 1 mM EDTA and 10 mM Tris 
at pH 8.1). Input was reverse crosslinked by treatment with ProK and 
RNase A and incubation at 65 °C. All samples were purified using a PCR 
Purification kit (Qiagen). Chromatin-immunoprecipitated DNA was 
quantified by qPCR using SYBR Green (SA-Biosciences) and a 7900HT 
Fast Real-Time PCR machine (Applied Biosystems).

p53 reactivation experiments in mouse LUAD in vivo
KrasFSF-G12D/+;Trp53LSL-WT/frt;Rosa26creER mice and KrasFSF-G12D/+;Trp53LSL-53,54/frt; 
Rosa26creER mice were infected with 109 Ad5-CMV-Flpo virus intratra-
cheally (University of Iowa Viral Vector core, VVC-U of Iowa-530-sa) to 
activate the oncogenic KrasG12D allele and delete Trp53 in cancer cells. 
The subsequent cancer cells formed are effectively Trp53null owing to 
the presence of the LSL cassette on the remaining Trp53 allele, whereas 
uninfected cells in the mouse remain heterozygous for Trp53. After 
16 weeks, each mouse was treated with 100 μl of 5 mg ml–1 tamoxifen 
dissolved in corn oil each day for 3 days by oral gavage. The tamoxifen 
treatments were repeated after a week. Mice were killed and lungs were 
collected 2 weeks after the first dose of tamoxifen treatment.

Construction of A549 TP53 knockout cell lines
A549 TP53 knockout cells were generated using the pX330-based plas-
mid pX458 (gift from F. Zhang, Addgene plasmid 48138) expressing 
Cas9, GFP and sgRNA targeting human TP53. A549 cells were trans-
fected with three pX458 TP53 plasmids expressing three distinct  
sgRNAs targeting TP53. Two days after transfection, the GFP+ popula-
tion was sorted by FACS and clonally expanded. Individual cell clones 
were screened for p53 loss by immunoblotting.

Western blotting
Western blots were performed according to standard protocols. In 
brief, cells were lysed in NP-40 lysis buffer (ThermoFisher), extracts 
were run on SDS–PAGE gels and gels were transferred to PVDF mem-
branes (Immobilon, Millipore). Membranes were blocked with 5% milk 
and probed with antibodies directed against p53 (CM5, 1:1000 Leica 
Novocastra) or GAPDH (1:20,000, Fitzgerald, clone 6C5), followed by 
anti-mouse or anti-rabbit HRP-conjugated secondary antibodies (Vec-
tor Laboratories). Blots were developed with ECL Prime (Amersham) 
and imaged using a ChemiDoc XRS+ (Bio-Rad). Gels were analysed 
using Image Lab (Bio-Rad, v.3.0).

RT–qPCR
TRIzol reagent (Invitrogen) was used for RNA preparation, and reverse 
transcription was performed with MMLV reverse transcriptase (Invit-
rogen). qPCR was performed in triplicate using gene-specific primers 
and SYBR Green (Life Technologies) in a 7900HT Fast Real-Time PCR 
machine (Applied Biosystems). Changes in transcript abundance were 
calculated using the standard curve method.

Statistical analysis
Data analysis and statistical tests were performed using GraphPad Prism 
software (v.9.0.1). Pearson correlation coefficient and related P values 
were computed using SciPy (https://github.com/scipy/scipy, v.1.6.3),  

https://github.com/scipy/scipy
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the regression line and 95% confidence interval were estimated 
using seaborn (https://github.com/mwaskom/seaborn, v.0.11.1) and 
statsmodels (https://github.com/statsmodels/statsmodels, v.1.12.2). 
No statistical methods were used to predetermine sample sizes, and 
sample sizes were chosen on the basis of previously published stud-
ies in the field. All experiments were performed using at least three 
biological replicates, with the exception of the KT and KFT ATAC–seq 
experiment, the single-cell multiomics analysis and the ChIP–qPCR 
assays, all of which had two biological replicates. Additionally, experi-
ments on TIGIT+ transitional LUAD cells were performed once as the 
results were replicated across both the day 1 and day 3 time points, and 
the phenotypes were stable and supported by the data from our in vivo 
models. All measurements were taken on discrete samples. All attempts 
at replication were successful. Student’s t-tests were two-tailed. All sta-
tistical tests are denoted in the figure legends, and data are presented 
as the mean ± s.d. unless otherwise noted.

Availability of materials
All unique biological materials are available from the corresponding 
author upon reasonable request.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Data from in vivo LUAD RNA-seq, in vivo LUAD ATAC–seq, in vitro LUAD 
cell line RNA-seq, in vivo single-cell multiomics (RNA-seq and ATAC–
seq) and in vivo lung injury scRNA-seq experiments are available from 
the GEO under the accession number GSE231681. The mouse LUAD 
microarray data have been previously published30 and are available 
at the GEO (GSE23875). The mouse p53 ChIP–seq datasets in mouse 
embryonic fibroblasts, mouse embryonic stem cells and mouse transi-
tional cells after bleomycin injury have been previously published14,31,32 
and are available at the GEO (GSE46240, GSE26361 and GSE141635, 
respectively). The mouse LUAD scRNA-seq data have been previously 
published29 and available at the GEO (GSE152607). Expression data for 
the human TGCA-LUAD cohort1 are available through the NCI GDC Data 
Portal (https://portal.gdc.cancer.gov/projects/TCGA-LUAD). Expres-
sion data for the human GSE13213 LUAD cohort68 is available at the GEO 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse13213). 
Expression data for the human E-MTAB-8516 LUSC cohort69 is avail-
able at ArrayExpress (https://www.ebi.ac.uk/biostudies/arrayexpress/
studies/E-MTAB-8615?query=E-MTAB-8615). The MSigDB database 
(https://gsea-msigdb.org/gsea/msigdb/)40 was used to perform GSEA52 
analyses. All other data supporting the findings of this study are in 
the article, supplementary information or are available from the cor-
responding author upon reasonable request. Source data are provided 
with this paper.
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Extended Data Fig. 1 | p5353,54 suppresses late-stage lung adenocarcinoma 
better than wild-type p53. (a) Representative Western blot for p53 and GAPDH 
in p53LSL-wt/p53LSL-wt (n = 3) and p53LSL-53,54/LSL-53,54 (n = 3) LUAD cell lines infected with 
adenoviral (Ad)-Empty or Ad-Cre for 48 h. Samples were run on the same gel. 
For gel source data, see Supplementary Figure 1. LSL, lox-stop-lox. (b) RT-qPCR 
of a panel of p53 target genes in p53LSL-wt/p53LSL-wt (n = 3) and p53LSL-53,54/LSL-53,54 (n = 3) 
cell lines infected with Ad-Empty or Ad-Cre for 48 h. (c) Schematic for the 
24-week lung cancer study. Histology cohort: KFT (n = 6), KT (n = 5), and KPT 
(n = 5) mice. (d) Representative histological H&E images of 24-week lungs from 
KFT (n = 6) and KT (n = 5) mice. Scale bar, 100 μm. (e) Quantification of 24-week 
lung tumor burden, number, and size (n = 112, 268 and 1,429 tumors for KFT,  
KT, and KPT cohorts, respectively). (f) Histopathological analysis of tumor 
patterns in 24-week KFT (n = 8), KT (n = 8), and KPT (n = 5) mice. Chart displays 

the percentage of mice that displayed tumors of a given pattern. NE, 
neuroendocrine; AAH, atypical adenomatous hyperplasia. (g) Histopathological 
analysis of tumor pleomorphism (see Methods) in 24-week KFT (n = 8), KT 
(n = 8), and KPT (n = 5) mice. The chart displays the percentage of mice that 
displayed tumors of a given score. (h) Histopathological analysis of mitotic 
activity in the most advanced lesion in 24-week KFT (n = 8), KT (n = 8), and KPT 
(n = 5) mice. HPF, high powered field. (i) Representative Ki67 IHC in tumors 
from 24-week KFT (n = 4) and KT (n = 4) mice. Scale bar, 50 μm. ( j) Percentage 
Ki67-positive nuclei in (n = 20) tumors in 24-week KFT (n = 4) and KT (n = 4) mice. 
All data are mean ± s.d. P values were calculated by two-tailed Student’s t-test (b, j) 
and Kruskal-Wallis test with multiple comparisons (two-stage linear step-up 
procedure of Benjamini, Krieger, and Yekutieli) (e, h).
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Extended Data Fig. 2 | p5353,54-mediated tumor suppression is dependent 
upon its expression in AT2 cells. (a) Schematic for the 10-week AT2 cell-of- 
origin tumor study. (b) Representative histological H&E images of lungs from 
10-week KFT (n = 8), KT (n = 8), and KPT (n = 5) mice. Images below are a higher 
magnification view of the image above. Scale bars: top, 5 mm; middle, 500 μm; 
bottom, 50 μm. (c) Representative Ki67 and phosphohistone H3 (pHH3) IHC in 
tumors from 10-week KFT (n = 4), KT (n = 4), and KPT (n = 4) mice. Scale bar,  
50 μm. (d) Percentage Ki67-positive nuclei in (n = 20) tumors in 10-week KFT 
(n = 4), KT (n = 4), and KPT (n = 4) mice. (e) Percentage pHH3-positive nuclei in 
(n = 20) tumors in 10-week KFT (n = 4), KT (n = 4), and KPT (n = 4) mice.  
(f) Schematic for the 10-week cancer cell autonomy study. Histology cohort: 
KT;p53LSL-53,54/+ (KFT-LSL) (n = 8) and KT;p53LSL-wt/+ (KT-LSL) (n = 8) mice. The results 
of this study demonstrate that p5353,54 expression in AT2 cells results in 

enhanced tumor suppression. (g) Quantification of lung tumor burden, 
number, and size (n = 83 and 213 tumors for KFT-LSL and KT-LSL cohorts, 
respectively). (h) Representative Ki67 IHC in tumors from KFT-LSL (n = 4) and 
KT-LSL (n = 4) mice. Scale bar, 50 μm. (i) Percentage Ki67-positive nuclei in 
(n = 20) tumors from KFT-LSL (n = 4) and KT-LSL (n = 4) mice. ( j) Representative 
IF of HOPX or PDPN and tdTomato (tdT) in KFT-LSL (n = 3) mice and KT-LSL (n = 3) 
mice. Scale bar, 20 μm. (k) HOPX and PDPN quantification in (n = 50 [KFT-LSL] 
and 100 [KT-LSL]) tumors in KFT-LSL (n = 3) mice and KT-LSL (n = 3) mice 
(see Methods). Tumors were binned based on the percentage AT1 marker 
positivity of tdTomato+ cells. Low = 0–5%, medium = 5–20%, high = 20–100%. 
All data are mean ± s.d. P values were calculated by ordinary one-way ANOVA 
with Tukey’s multiple comparisons test (d-e), two-tailed Mann Whitney U test (g), 
and two-tailed Student’s t-test (i).



Extended Data Fig. 3 | p5353,54 and wild-type p53 induce transcriptional and 
epigenetic profiles distinct from p53-deficient programs. (a) FACS-sorting 
and library preparation schematic (see Methods). RIN, RNA integrity number. 
(b) Unsupervised hierarchical clustering of RNA-sequencing samples from KFT 
(n = 4), KT (n = 3), and KPT (n = 4) mice. (c) Heatmap of the 5,065 differentially 
expressed genes (DEGs, P-adjusted ≤ 0.05) between p53-proficient (KFT and 
KT) and p53-deficient (KPT) cells. DEGs identified in the analysis of KFT vs. KPT 
cells and KT vs. KPT cells are shown. (d) Significantly enriched gene ontology 
(GO) biological process terms in p5353,54 hyperactivated genes, identified by 
PANTHER56. (e) GO term analysis by PANTHER56 of genes upregulated in KT or 

KPT cells. (f) GSEA shows enrichment of the indicated GO biological process 
term in KT cells relative to KPT cells. NES, normalized enrichment score.  
(g) Percentage of all called peaks that are differentially accessible in the 
ATAC-sequencing experiments. (h) Principal component analysis of the KT 
(n = 4) vs. KPT (n = 4) ATAC-sequencing samples. (i) Peak annotation of 
differentially accessible regions in KT vs. KPT ATAC-sequencing experiment. 
UTR, untranslated region. ( j) Principal component analysis of the KFT (n = 2) vs. 
KT (n = 2) ATAC-sequencing samples. (k) Peak annotation of differentially 
accessible regions in KFT vs. KT ATAC-sequencing experiment. P values were 
calculated by GSEA52 (f).
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Extended Data Fig. 4 | p5353,54 and wild-type p53 activate AT1 cell 
transcriptional and epigenetic programs. (a) Expanded version of GSEA 
shown in Fig. 2a of alveolar epithelial cell signatures (Supplementary Table 6). 
Normalized enrichment score (NES) > 0 indicates the signature is enriched in 
KFT or KT cells relative to KPT cells. *Indicates gene sets significantly enriched 
(P ≤ 0.05). (b) GSEA shows enrichment of the indicated AT1 signatures in 
specific genotypes. (c) AT1 cells (HOPX+) as a ratio of all alveolar epithelial cells 
(NKX2-1+) (n = 600) at homeostasis in p5353,54/53,54 (n = 3), p53+/+ (n = 3), and p53−/− 
(n = 3) mice (no oncogenic Kras). (d) Proliferating (BrdU+) cells as a ratio of all 
alveolar epithelial cells (NKX2-1+) (n = 600) at homeostasis in p5353,54/53,54 (n = 3), 
p53+/+ (n = 3), and p53−/− (n = 3) mice (no oncogenic Kras). (e) GSEA shows 
enrichment of non-alveolar cell signatures (Supplementary Table 6) in KPT 

cells. NES < 0 indicates the signature is enriched in KPT cells. *Indicates gene 
sets significantly enriched (P ≤ 0.05). (f) (Top) Plot from Fig. 1j showing 
differentially accessible regions (P-adjusted ≤ 0.05) at AT1-associated gene 
promoters (± 1kb from the transcription start site, Angelidis_Mouse_AT1 
signature, denoted by red/blue dots). (Bottom) Plot from Fig. 1k showing 
differentially accessible regions (P-adjusted ≤ 0.05) at AT1-associated gene 
promoters (Angelidis_Mouse_AT1 signature). (g) Counts per million (CPM) 
indicating AT1 gene expression in KT (n = 3) and KPT (n = 4) RNA-sequencing 
samples. All data are mean ± s.d. P values were calculated by GSEA52 (a, b, e), 
ordinary one-way ANOVA with Tukey’s multiple comparisons test (c, d) and 
using the DESeq2 R package (two-tailed Wald test adjusted for multiple testing 
using the procedure of Benjamini and Hochberg) (g).



Extended Data Fig. 5 | Single-cell analyses show that p53 promotes AT1 
cancer cell formation. (a) Uniform Manifold Approximation and Projection 
(UMAP) plot of single-cell multiome (scRNA and scATAC) profiles of cancer 
cells (n = 6,929) collected from 10-week KFT (n = 2), KT (n = 2), and KPT (n = 2) 
mice. (b) Dot plot showing the RNA expression of alveolar epithelial cell 
signatures (Supplementary Table 6, AT1 and AT2 signatures are derived from 
the Mouse Cell Atlas) and markers in all cells across clusters. Sig = signature, 
Trans. sig. = transitional cell signature. (c) Dot plot showing the computed gene 
activity from ATAC data of alveolar epithelial cell signatures (Supplementary 
Table 6, AT1 and AT2 signatures are derived from the Mouse Cell Atlas) and 
markers in all cells across clusters. (d) Heatmap showing expression of AT2 and 

AT1 markers (log-transformed transcripts per million rescaled across all cells) 
in all cells. (e) Feature plots show the RNA expression/computed gene activity 
of (top) AT2 cell signatures and markers and (bottom) AT1 cell signatures and 
markers in all cells (Supplementary Table 6, AT1 and AT2 signatures are derived 
from Mouse Cell Atlas). (f) Feature plot shows the RNA expression of GO lung 
differentiation term genes (Supplementary Table 6) in all cells. (g) ATAC- 
sequencing tracks showing chromatin accessibility at Sftpc (AT2 gene),  
Ager (AT1 gene), and Cldn4 (transitional cell gene) in all cells split by clusters.  
(h) UMAP plot from (a) split by KFT (n = 1,200), KT (n = 4,318), and KPT (n = 1,411) 
cells. (i) Relative proportions of all clusters split by genotype. ( j) Relative 
proportions of AT1-like cancer cells in each genotype. KFT was set to 1.0.
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Extended Data Fig. 6 | p53 promotes an AT1 differentiation program in 
LUAD. (a) Representative IF of tdTomato (tdT) and AGERhigh/medium/low,  
HOPXhigh/medium/low, and SPChigh/low tumors. Scale bar, 20 μm. (b) Uncropped 
images from Fig. 2b of AGER and tdTomato in 10-week KFT (n = 4), KT (n = 3), and 
KPT (n = 3) mice. Scale bar, 200 μm. (c) Expanded view of images from Fig. 2b  
of AGER and tdTomato in 10-week KFT (n = 4), KT (n = 3), and KPT (n = 3) mice. 
Scale bars, 20 μm. (d) Percentage tdTomato+ cancer cells positive for AGER in 
individual (n = 100 [KFT ], 100 [KT ], and 200 [KPT ]) tumors in KFT (n = 4), KT 
(n = 3), and KPT (n = 3) mice. Red lines; break points for high, medium, and low 
staining. (e) Expanded view of images from Fig. 2b of HOPX and tdTomato  
in 10-week KFT (n = 4), KT (n = 3), and KPT (n = 3) mice. Scale bars, 20 μm.  
(f) Representative IF of PDPN and tdTomato in 10-week KFT (n = 4), KT (n = 3), and 
KPT (n = 3) mice. Scale bars, 20 μm. (g) Representative IF of SPC and tdTomato 
in 10-week KFT (n = 4), KT (n = 3), and KPT (n = 3) mice. Scale bar, 20 μm. (h) PDPN 
quantification in (n = 100 [KFT ], 100 [KT ], and 200 [KPT ]) tumors in KFT (n = 4), 
KT (n = 3), and KPT (n = 3) mice (see Methods). The graph shows the percentage 

of tumors that are classified as AT1 marker high, medium, and low. Low = 0–5%, 
medium = 5–20%, high = 20–100%. (i) SPC quantification in (n = 100 [KFT ],  
100 [KT ], and 200 [KPT ]) tumors in 10-week KFT (n = 4), KT (n = 3), and KPT 
(n = 3) mice (see Methods). The graph shows the percentage of tumors that 
 are classified as AT2 marker high and low. Low = 0–70%, high = 70–100%.  
( j) Percentage tdTomato+ cancer cells positive for SPC in individual (n = 100 
[KFT ], 100 [KT ], and 200 [KPT ]) tumors in KFT (n = 4), KT (n = 3), and KPT (n = 3) 
mice. Red lines; break points for high and low staining. (k) Representative IF of 
AGER, SPC, and tdTomato in 10-week KFT (n = 3), KT (n = 3), and KPT (n = 3) mice. 
Arrowheads indicate AGER+ cells in KPT mice that co-stain with SPC. Scale bar, 
10 μm. (l) Quantification of SPC-positivity of AGER+ cancer cells (n = 150) in 
10-week KFT (n = 3), KT (n = 3), and KPT (n = 3) mice. The percentage of 
AGER+tdTomato+ cells that co-stained with SPC were quantified. All data are 
mean ± s.d. P values were calculated by ordinary one-way ANOVA with Tukey’s 
multiple comparisons test (d, j).



Extended Data Fig. 7 | p53 directly promotes AT1 identity in vitro and 
in vivo. (a) PDPN quantification as a percentage of p53+ (n = 600) cells from 
p5353,54 (n = 3) and p53wt (n = 3) LUAD cell lines or as a percent of DAPI+ (n = 600) 
cells in p53null (n = 3) LUAD cell lines. (b) Representative IF of PDPN and p53  
from p5353,54 (n = 3), p53wt (n = 3), and p53null (n = 3) LUAD lines. Scale bar, 20 μm. 
(c) GSEA shows enrichment of AT1 cell signatures (Supplementary Table 6) in 
p53wt LUAD cells. NES > 0 indicates the signature is enriched in p53wt cells. 
*Indicates gene set is significantly enriched (P ≤ 0.05). (d) GSEA shows 
enrichment of alveolar signatures in specific genotypes. (e) Schematic for 
in vivo p53 restoration experiments. (f) Representative IF of PDPN and p53  
from p5353,54-restored (n = 3) and p53wt-restored (n = 3) mice. Scale bar, 20 μm.  
(g) PDPN quantification as a percentage of p53+CYTOKERATIN (CK)+ tumors 
(n = 150) from p5353,54-restored (n = 3) and p53wt-restored (n = 3) mice or as a 

percent of CK+ tumors (n = 150) from p53null (n = 3) mice. (h) Representative  
IF of PDPN, p53, and CK in tumors from p5353,54-restored (n = 3), p53wt-restored 
(n = 3), and p53null (n = 3) mice. Scale bar, 20 μm. (i) GSEA shows p53 restoration 
induces AT1-associated gene expression profiles (Supplementary Table 6). 
Gene expression data30 comprised p53null (n = 8) and p53restored (n = 10) lung 
tumor samples. NES > 0 indicates signature enrichment in p53restored cells. 
*Indicates gene sets significantly enriched (P ≤ 0.05). ( j) Percentage of genes in 
each AT1 signature that fulfill the stated conditions. The P values indicate the 
enrichment of p53 bound genes31 in each signature. (k) ChIP-seq31 tracks show 
p53 binding at AT1-associated genes. All data are mean ± s.d. P values were 
calculated by ordinary one-way ANOVA with Tukey’s multiple comparisons test 
(a, g), by GSEA52 (c, d, i), and ChIP enrichment analysis57 ( j).



Article

Extended Data Fig. 8 | p53 promotes AT1-like identity in human LUAD.  
(a) (Left) AT1 marker expression in human (left) TP53WT (n = 249) and TP53MUT 
(n = 280) LUADs (TCGA), (middle) TP53WT (n = 78) and TP53MUT (n = 38) LUADs 
(GSE13213), and (right) TP53WT (n = 34) and TP53MUT (n = 73) lung squamous cell 
carcinomas (LUSC, E-MTAB-8615). Center line, median; boxes, interquartile 
range (IQR); whiskers, 25% quantile – 1.5*IQR & 75% quantile + 1.5*IQR; points, 
outliers. (b) Representative IF of AGER, HT1-56, and SPC in (n = 3) normal  
human lung samples. Scale bar, 50 μm. (c) Representative IF of HT1-56 and 
CYTOKERATIN (CK, cancer cells) in TP53WT (n = 8) and TP53MUT (n = 5) human 
LUADs. Scale bar, 5 μm. (d) Percentage of CK+ (n = 1,300) cells positive for HT1-
56 in TP53WT (n = 8) and TP53MUT (n = 5) human LUADs. (e) Representative IF of 
SPC and CK in TP53WT (n = 5) and TP53MUT (n = 5) human LUADs. Scale bar, 5 μm. 

(f) Percentage of CK+ (n = 1,000) cells positive for SPC in TP53WT (n = 5) and 
TP53MUT (n = 5) human LUADs. (g) Representative IF of AGER, HT1-56, and  
CK in TP53WT (n = 8) and TP53MUT (n = 5) human LUADs. Scale bar, 20 μm.  
(h) Representative IF of CLDN4 and CK in TP53WT (n = 5) and TP53MUT (n = 5) 
human LUADs. Scale bar, 5 μm. (i) Percentage CK+ (n = 1,000) cells positive for 
CLDN4+ in TP53WT (n = 5) and TP53MUT (n = 5) human LUADs. ( j) Representative IF 
of AGER and p53 in TP53knockout (KO) A549 cells transfected with an empty vector or 
a P53 expression vector (n = 3). Scale bar, 20 μm. (k) AGER quantification as a 
percentage of p53+ (n = 300) cells in (n = 3) A549 lines transfected with P53 or as 
a percentage of DAPI+ (n = 300) cells in (n = 3) A549 lines transfected with 
empty vector. All bar graphs are mean ± s.d. P values were calculated by 
two-way ANOVA test (a, see Methods) and two-tailed Student’s t-test (d, f, i, k).

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE13213
http://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-8615/


Extended Data Fig. 9 | p53 is activated in transitional and AT1-like cells. 
 (a) t-distributed stochastic neighbor embedding (tSNE) plot of (n = 3,891) 
cells29 across all clusters across all genotypes (KT [n = 1,071], KPT [n = 2,614], and 
normal AT2 [T, n = 206] cells) and all timepoints. (b) t-SNE plots of cancer cells 
split by both genotype and timepoint. (c) Proportion of cells in each cluster 
split by genotype and timepoint. (d) Heatmap showing expression of AT2, 
transitional (cluster 5), and AT1 cell markers (log-transformed TPMs rescaled 
across all cells) in all cells in (a). (e) (left) t-SNE plot of 2-week KT cells from the 
scRNA-sequencing dataset29 color-coded by cluster shows the predominance 
of clusters 1 and 2, which resemble AT2 cells. (Right) Feature plots showing the 
expression of AT2 markers (Sftpc and Sftpd), p53, and a panel of p53 target 
genes in 2-week KT cells. (f) Dot plot showing the expression of transitional 

(cluster 5) and AT1 cell markers in all cells in (a) split by genotype (T, KT, and 
KPT). (g) Relative proportions of cluster 3 and 5 cells in KT and KPT tumors.  
(h) Representative IF of CLDN4 and tdTomato in 10-week KFT (n = 4), KT (n = 3), 
and KPT (n = 3) mice. Scale bars, 50 μm (top) & 20 μm (bottom). (i) Quantification 
of CLDN4+ (n = 100 [KFT ], 100 [KT ], and 200 [KPT ]) tumors (see Methods) in 
10-week and 24-week KFT (n = 4), KT (n = 3), and KPT (n = 3) mice. Data are  
mean ± s.d. ( j) t-SNE plots split by genotype shown in Fig. 3a with the cluster  
5 sub-clusters color-coded. (k) Relative composition of subclusters 5A, 5B,  
and 5C split by genotype and timepoint. (l) GSEA shows enrichment of an 
injury-induced transitional cell signature (Supplementary Table 6) in KPT mice. 
P values were calculated by GSEA52 (l).
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Extended Data Fig. 10 | p53 restricts transitional cancer cell formation and 
promotes their differentiation into AT1-like cells. (a) Expanded view from 
Fig. 3g of p19ARF, CLDN4 and tdTomato in tumors from 10-week KFT (n = 4), KT 
(n = 3), and KPT (n = 3) mice. Scale bars, 20 μm. (b) Quantification of p19ARF 
staining in (n = 100 [KFT ], 100 [KT ], and 200 [KPT ]) CLDN4+ cancer cells in 
10-week KFT (n = 4), KT (n = 3), and KPT (n = 3) mice. (c) Expanded view from 
Fig. 3g of HNF4A and CLDN4 in tumors from 10-week KFT (n = 4), KT (n = 3), and 
KPT (n = 3) mice. Scale bars, 20 μm. (d) Quantification of HNF4A staining in 
(n = 100 [KFT ], 100 [KT ], and 200 [KPT ]) CLDN4+ cancer cells in 10-week KFT 
(n = 4), KT (n = 3), and KPT (n = 3) mice. (e) Expanded view from Fig. 3g of 
phosphorylated-ERK (pERK) and CLDN4 in tumors from 10-week KFT (n = 4),  
KT (n = 3), and KPT (n = 3) mice. Scale bars, 20 μm. (f) Quantification of pERK 

staining in (n = 100 [KFT ], 100 [KT ], and 200 [KPT ]) CLDN4+ cancer cells in 
10-week KFT (n = 4), KT (n = 3), and KPT (n = 3) mice. (g) Representative IF of 
CLDN4, p19ARF, HNF4A, and pERK in tumors from 10-week KPT (n = 3) mice. Scale 
bar, 20 μm. (h) Copy number variations (CNVs) (red, amplifications; blue, 
deletions) inferred from the scRNA-sequencing data. (i) (Left) Frequency of 
CNVs across tumor progression or (right) across clusters. ( j) Partition based 
graph abstraction of indicated clusters. (k) Cell-cell transitions estimated by 
CellRank based on pseudotime. (l) Scatter plots displaying the expression 
trend of programs identified in Fig. 3d. (m) Expression of cluster 3 markers29 in 
cluster 5 cells. Center line is the median with the upper and lower quartiles 
shown. Bar graphs are mean ± s.d. P values were calculated by two-tailed 
Pearson correlation test (df  =  851) (l) and two-tailed Mann Whitney U test (m).



Extended Data Fig. 11 | p53 promotes AT1 differentiation after lung injury. 
(a) (Left) Representative IF of AGER and p53 in p53LSL-wt/LSL-wt transitional 
(TIGIT+)29 LUAD cells 1 and 3 days after Ad-Empty (p53null) or Ad-Cre (p53wt) 
treatment. Scale bar, 20 μm. (Right) AGER quantification as a percent of DAPI+ 
(n = 200) p53null cells or p53+ (n = 200) p53wt cells 1 (top) and 3 (bottom) days 
post-adenoviral treatment. (b) Plot from Fig. 3h depicting an expression score 
of transitional cell markers12. (c) Transitional cell marker12 induction across 
cancer clusters. (d) Enriched gene sets in cluster 5 markers29 identified by 
Enrichr58–60. (e) (Left) tdTomato+ (n = 600) cells that are SPC+ in control SpcT 
(n = 3) and SpcPT (n = 3) mice. (Right) SPC+ (n = 600) cells that are tdTomato+ in 
the same cohort. (f) Representative IF of SPC and tdTomato in control SpcT 
(n = 3) and SpcPT (n = 3) mice. Scale bar, 20 μm. (g) Expanded view of Fig. 4c, d  
of AGER/tdTomato or CLDN4/tdTomato in 4-day BHT-treated SpcFT (n = 3), 

SpcT (n = 3), and SpcPT (n = 3) mice. Scale bar, 20 μm. (h) Representative IF of 
BrdU and SPC in 4-day BHT-treated SpcFT (n = 3), SpcT (n = 3), and SpcPT (n = 3) 
mice. Scale bar, 20 μm. (i) tdTomato+ (n = 600) cells that are (left) AGER+, 
(left-middle) CLDN4+, or (right-middle) SPC+ in 2-day BHT-treated SpcT (n = 3) 
and SpcPT (n = 3) mice. (Right) Proliferating (BrdU+) SPC+ (n = 600) cells in the 
same cohort. ( j) tdTomato+ (n = 600) cells that are SPC+ in 4-day BHT-treated 
SpcFT (n = 3), SpcT (n = 3), and SpcPT (n = 3) mice. (k) Representative IF of SPC 
and tdTomato in 4-day BHT-treated SpcFT (n = 3), SpcT (n = 3), and SpcPT (n = 3) 
mice. Scale bar, 20 μm. (l) ChIP-sequencing14 tracks of p53 binding at AT1 genes 
in transitional cells after injury. Data are mean ± s.d. P values were calculated by 
two-tailed Student’s t-test (e, i) and ordinary one-way ANOVA with Tukey’s 
multiple comparisons test ( j).
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Extended Data Fig. 12 | See next page for caption.



Extended Data Fig. 12 | p53 promotes alveolar lineage fidelity during lung 
injury repair. (a) Expression of the top 100 markers (by P-adjusted value) for 
each cluster. (Right) Representative genes. (b) Expression of indicated marker/
signatures (Supplementary Table 6) across clusters. (c) UMAP from Fig. 4g 
colored by pseudotime. (d) UMAP from Fig. 4g colored by CytoTRACE score.  
(e) p53 pathway signature expression (Supplementary Table 6) across clusters. 
(f) (Left) UMAP from Fig. 4g split by genotype. (Middle) p53 expression across 
clusters. (Right) p53 pathway signature expression (Supplementary Table 6). 
(g) Overlap of p53 and p53 target gene expression from (f). (h) (Top-left) 
Expression of Dclk1 or (right, bottom) liver and LUAD cluster (cluster 5B/C, 10, 
11, or 12) programs (Supplementary Table 6) in SpcT (n = 332) and SpcPT (n = 189) 
transitional cells from BHT injury scRNA-sequencing data. (i) Top enriched 
Hallmark gene sets58–60 in genes upregulated in SpcPT compared to SpcT 

transitional cells. ( j) CLDN4+tdTomato+ (n = 100) cells that are VIMENTIN-
positive in 4-day BHT-treated SpcT (n = 3) and SpcPT (n = 3) mice. (k) Expanded 
view from Fig. 4k of CLDN4, VIMENTIN, and tdTomato in 4-day BHT-treated 
SpcT (n = 3) and SpcPT (n = 3) mice. Scale bar, 20 μm. (l) SpcPT transitional cell 
signature (Supplementary Table 6) expression in scRNA-sequencing data29 
from KT (n = 1,071) and KPT (n = 2,614) LUAD cells. (m) Representative IF of 
CLDN4 and VIMENTIN in tumors from 10-week KT (n = 3) and KPT (n = 3) mice. 
Scale bar, 5 μm. (n) Expanded view of (m). Scale bar, 20 μm. (o) CLDN4-positive 
(n = 100) tumor cells that are VIMENTIN-positive in 10-week KT (n = 3) and KPT 
(n = 3) mice. Bar graphs are mean ± s.d. Box plots: center line, median; box 
limits, upper/lower quartiles; whiskers, 2.5–97.5 percentile; points, outliers.  
P values were calculated by two-tailed non-parametric Wilcoxon rank sum test 
(h, bar graph) and two-tailed Student’s t-test (h [box plots], j, l, o).
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection FACS was performed on a SH800s cell sorter (Sony) or a FACSymphony s6 cell sorter (BD Biosciences). Histology slides were scanned with a 
Nanozoomer 2.0-RS slide scanner (Hamamatsu). Fluorescence images were collected on a DM4B (Leica) or DMi8 (Leica) microscope. Western 
blots were imaged on a ChemiDoc XRS+ (BioRad). RT-qPCR data was collected on a 7900T Fast Real-Time PCR machine (Applied Biosystems).

Data analysis All bioinformatics analyses were performed using previously published and publicly available packages and software. R (version 4 0.3) and 
Python (version 3.6) were used for data analysis of sequencing experiments. RNA-seq data was analyzed and visualized using HISAT2 (version 
2 0.5), Samtools (version 1.3.1), HTSeq-Count (version 1.24.0), DESeq2 (version 1.24.0),  pheatmap (version 1.0.12), and Rtoolbox (version 
1.4). ATAC-seq data was analyzed using Skewer (version 0.2.2), Bowtie2 (version 2.4.0), Samtools (version 1.3.1), and ChrAccR (version 0.9.17). 
For gene set, gene ontology, transcription factor, and peak annotation analyses were performed using GSEA (version 4.0.3), Enrichr (version 
3.2), PANTHER (version 16.0), Metascape (version 3.5), ChEA (version ChEA3), GREAT (version 4.0.4), PAVIS (version from 02-05-2018), and 
HOMER (version 4.11). scRNA-sequencing and scATAC-sequencing analyses were done using Seurat (version 4.0.1), Signac (version 1.7.0), 
Scanpy (version 1.7.1), Harmony (version 1.0), pandas (version 1.2.4), NumPy (version 1.20.3), SciPy (version 1.6.3), CellRank (version 1.5.0), 
scVelo (version 0.2.4), InferCNV(version 1.2.1), Monocle 3 (version 1.0.0), CytoTRACE (beta version), and fastcluster (version 1.2.4). Human 
LUAD data was analyzed with TCGAbiolinks (version 2.18), GEOquery (version 2.58), ArrayExpress (version 1.32), and GSVA (version 1.48). 
Plots were generated using Seurat (version 4.0.1), Signac (version 1.7.0), ggplot2 (version 3.4.2), matplotlib (version 3.4.2), ggpubr (version 
0.6.0), and seaborn (version 0.11.1). Statistical analyses was performed with GraphPad Prism (version 9.0.1). FACS data was analyzed using 
various software (Sony SH800s software version 2.1.5, FlowJo version 9, BD FACSDiva version 6.0, FCS Express version 7). Histology slides were 
quantified using NDP.view2 (version U12388-01), ImageJ (version 1.52), and QuPath (version 0.3.2). Fluorescence images were analyzed with 
ImageJ (version 1.52) and LAS X (Leica, version 5.0.2). Western blots were analyzed with Image Lab (BioRad, version 3.0). 

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Data from in vivo LUAD RNA-sequencing, in vivo LUAD ATAC-sequencing, in vitro LUAD cell line RNA-sequencing, in vivo single-cell multiomics (RNA- and ATAC-
sequencing, and in vivo lung injury single-cell RNA-sequencing experiments are available from the Gene Expression Omnibus under the accession number 
GSE231681 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE231681). The mouse LUAD microarray data were previously published and are available 
through GEO (GEO: GSE23875, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23875). The mouse p53 ChIP-seq datasets in mouse embryonic fibroblasts, 
mouse embryonic stem cells, and mouse transitional cells after bleomycin injury were previously published and are available through GEO (GEO: GSE46240 [https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE46240], GEO: GSE26361 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE26361], and GEO: GSE141635 
[https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE141635], respectively). The mouse LUAD scRNA-seq data were published and available through GEO 
(GEO: GSE152607, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE152607). Expression data for the human TGCA LUAD cohort is available through the 
NCI GDC Data Portal (https://portal.gdc.cancer.gov/projects/TCGA-LUAD). Expression data for the human GSE13213 LUAD cohort is available through GEO (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gse13213). Expression data for the human E-MTAB-8516 LUSC cohort is available through ArrayExpress (https://
www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-8615?query=E-MTAB-8615). The MSigDB database (https://gsea-msigdb.org/gsea/msigdb/) was used to 
perform GSEA analyses. All other data supporting the findings of this study in the Article, Supplementary Information, Source Data, or are available from the 
corresponding author upon reasonable request. 

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Information on the sex and gender of human participants in LUAD sample collection was not collected. This was done in 
order to protect patient confidentiality.

Reporting on race, ethnicity, or 
other socially relevant 
groupings

Information on the race, ethnicity, or other socially relevant groupings of human participants in LUAD sample collection was 
not collected.

Population characteristics LUAD samples used in this study were chosen based on their histological pattern (all lung adenocarcinomas). Furthermore, 
samples were chosen based on their mutational status. All samples chosen have mutations in either the EGFR or KRAS genes, 
and all underwent no prior treatment. For TP53 mutant samples, the mutational status of TP53 was also considered. Finally, 
samples were matched when possible for tumor grade and differentiation status between TP53 wild-type and TP53 mutant 
samples.

Recruitment Participants were recruited at the Stanford Hospital. Patients were required to have a diagnosis of lung adenocarcinoma 
requiring surgical resection of the primary tumor. Any self-selection bias was not anticipated to impact results.

Ethics oversight The Stanford Institutional Review Board (IRB protocol no. 15166) approved the study protocol.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No statistical methods were used to predetermine sample size. Sample sizes were chosen based on previously published studies in the field. 
For tumor studies, we followed precedent from studies such as Winslow et al., PMID 21471965 and Sutherland et al., PMID 24586047. For 
injury experiments, we followed precedent from studies such as Kobayashi et al., PMID 32661339 and Nabhan et al., PMID 29420258. For in 
vitro studies, sample sizes are similar to those generally employed and similar to published work from our lab such as Bieging-Rolett et al., 
PMID 33157015.

Data exclusions No data were excluded.

Replication All experiments were performed on at least 3 biological replicates with the exception of the KT vs. KFT ATAC-seq experiment, the single cell 
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Replication multiomics experiments, and ChIP-qPCR experiments, which had 2 biological replicates per genotype. Additionally, experiments with TIGIT+ 
transitional LUAD cells were performed once. The results were not repeated due to the observation that the results were replicated across  
both the 1 and 3 day time point experiments, and the phenotypes were robust and supported by data from in vivo models. All attempts at 
replication were successful.

Randomization For mouse LUAD and injury studies, male and female mice were used in every experimental group with the exception of the single-cell 
multiome experiment, which had 2 males for the KFT and KPT samples as female mice were not available. Results from this experiment are 
validated by our bulk RNA- and ATAC-sequencing data and immunofluorescence experiments which all contained male and female mice. 
Otherwise, mice of the same genotype were allocated randomly.

Blinding For histological and immunofluorescence analyses of mouse and human tumor and injury studies, investigators were blinded to group 
allocation. Blinding did not occur for the analysis of sequencing experiments as it imperative to know the genotype to perform the analyses. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology
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Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used KI67 (BD Pharmigen, AB_393778 clone B56), phospho-HH3 (CST D7N8E), TTF-1/NKX2-1 (Leica NCL-L-TTF-1, clone SPT24), AGER (R&D 

Systems, AF1145), HT1-56 (Terrace Biotech, TB29AHT1-56), AGER (R&D Systems, clone 175410, MAB1179), HOPX 
(Proteintech, 11419-AP-1), SPC (Sigma-Aldrich, AB3786), CLDN4 (ThermoFisher, AB_2533262, clone ZMD.306; SCBT clone A-12), 
PDPN (DSHB AB_531893 clone 8.1.1), pan-CYTOKERATIN (BioLegend AB_2616960 clone AE-1/AE-3; Abcam AB_273139), VIMENTIN 
(Abcam AB_45939), phospho-ERK (CST clone D14.13.4E), HNF4A (Invitrogen AB_2532197 clone H1415), p19ARF (SCBT clone 3-5C-1), 
RFP (Thermo Fisher AB_10999796 clone RF5R)), p53 (Leica CM5), BRDU (BD Pharmigen, AB_395993, clone 3D4), CD45 (BioLegend, 
103104 30-F11), CD31 (BioLegend, 102404 390), F4/80 (BioLegend 123106 BM8), and TER119 (BioLegend 11604 TER-119), 
Streptavidin-APC (BioLegend 405207), anti-Rat-488 (ThermoFisher, AB_2534074), anti-Rabbit-FITC (Vector Laboratories, Fl-1000-1.5), 
anti-Mouse-FITC (Vector Laboratories, Fl-2000-1.5), anti-Mouse-546 (ThermoFisher, AB_2534089), anti-Rabbit-546 (ThermoFisher, 
AB_2534093), anti-Syrian Hamster 488 (Abcam AB_180063), anti-mouse 647 (Thermo Fisher AB_162542), biotinylated anti-Mouse 
(Vector Laboratories, BA-9200-1.5), biotinylated anti-Rabbit (Vector Laboratories, BA-1000-1.5), and biotinylated anti-Goat (Vector 
Laboratories, BA-9500-1.5). TIGIT-BV421 (BioLegend, clone 1G9, AB_2872307), EPCAM-PE (BioLegend G8.8, AB_1134176), GAPDH 
(Fitzgerald, clone 6C5, 10RG109A).

Validation The following antibodies were validated for immunodetection of mouse protein by the manufacturer: KI67 (BD Pharmigen, 
AB_393778 clone B56), phospho-HH3 (CST D7N8E), AGER (R&D Systems, AF1145), HT1-56 (Terrace Biotech,TB29AHT1-56), AGER 
(R&D Systems, MAB1179), HOPX (Proteintech, 11419-AP-1), SPC (Sigma-Aldrich, AB3786), CLDN4 (ThermoFisher, AB_2533262, clone 
ZMD.306), BRDU (BD Pharmigen, AB_395993, clone 3D4), GAPDH (Fitzgerald, clone 6C5, 10RG109A), EPCAM-PE (BioLegend G8.8, 
AB_1134176), CD45 (BioLegend, 103104 30-F11), CD31 (BioLegend, 102404 390), F4/80 (BioLegend 123106 BM8), TER119 
(BioLegend 11604 TER-119), VIMENTIN (Abcam AB_45939), phospho-ERK (CST clone D14.13.4E), p19ARF (SCBT clone 3-5C-1), p53 
(Leica, CM5) TTF-1/NKX2-1 (Leica NCL-L-TTF-1, clone SPT24), AGER (R&D Systems, AF1145), HT1-56 (Terrace Biotech, TB29AHT1-56), 
AGER (R&D Systems, MAB1179), HOPX (Proteintech, 11419-AP-1), SPC (Sigma-Aldrich, AB3786), CLDN4 (ThermoFisher, AB_2533262, 
clone ZMD.306; SCBT clone A-12), PDPN(DSHB AB_531893 clone 8.1.1), pan-CYTOKERATIN (BioLegend AB_2616960 clone AE-1/AE-3; 
Abcam AB_273139), HNF4A (Invitrogen AB_2532197 clone H1415), RFP (Thermo Fisher AB_10999796 clone RF5R), 
BrdU( AB_395993, clone 3D4) were additionally validated through staining mouse and human lungs and observing expected co-
localization with other markers and/or observing expected staining patterns (e.g. nuclear). TIGIT-BV421 was validated for sorting 
transitional LUAD cells by Marjanovic et al PMID 32707077.

Eukaryotic cell lines
Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Mouse lung adenocarcinoma lines were generated from primary mouse lung adenocarcinomas. LSL-tdTomato mouse 
embryonic fibroblasts were generated from E13.5 embryos from containing the LSL-tdTomato allele at the Rosa26 locus. All 
of these primary cell lines are male. A549 cells were purchased from ATCC. HEK293AH cells were a generous gift from Dr. 
Michael Bassik at Stanford University.
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Authentication None of the cell lines were authenticated.

Mycoplasma contamination All cell lines were routinely tested for mycoplasma and all lines tested negative.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in this study.

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals For tumor and injury studies: Mus musculus, 129/Sv-C57BL/6 mixed background male and female mice were used. All studies were 
initiated in 8- to 10-week old mice.

Wild animals This study did not involve wild animals.

Reporting on sex For mouse LUAD and injury studies, male and female mice used in every experimental group with the exception of the single-cell 
multiome experiment, which had 2 males for the KFT and KPT genotypes as female mice were not available. Results from this 
experiment are validated by our bulk RNA- and ATAC-sequencing data and immunofluorescence experiments which all contained 
male and female mice. Mouse cohorts in every experiment were, when possible, split as close to evenly between male and female 
mice. The numbers of male and female mice used in tumor and injury studies are included in the source data. For the 24 week tumor 
study: 3 male KFT, 3 female KFT, 3 male KT, 2 female KT, 3 male KPT, 2 male KPT mice. For the 24 week histopathological analysis: 5 
male KT, 3 female KT, 5 male KFT, 3 female KFT, 2 male KPT, 3 female KPT mice. For 10 week LSL tumor study: 4 male LSL-KT, 4 
female LSL-KT, 3 male LSL-KFT, 5 female LSL-KFT mice. For 10 week histology cohort: 4 KT male, 4 KT female, 3 male KFT, 4 female 
KFT, 3 male KPT, 2 female KPT mice. For multiomics experiment: 1 KT male, 1 KT female, 2 KFT male, 2 KPT male mice. For in vivo p53 
restoration experiments: 2 male p53 null, 1 female p53 null, 1 male p53 wild-type restored, 2 female p53 wild-type restored, 2 male 
p53 53,54 restored, 1 female p53 53,54 restored mice. For bulk RNA-seq experiment: 1 KT male, 2 KT female, 2 KFT male, 2 KFT 
female, 2 KPT male, 2 KPT female mice. For ATAC-seq experiment 1: 2 KT male, 2 KT female, 2 KPT male, 2 KPT female mice. For 
ATAC-seq experiment 2: 1 KT male, 1 KT female, 1 KFT male, 1 KFT female mouse. For BHT control cohort: 2 male SpcT, 1 female 
SpcT, 2 male SpcPT, 1 female SpcPT mice. For 2 day BHT cohort: 1 male SpcT, 2 female SpcT, 2 male SpcPT, 1 female SpcPT. For 4 day 
BHT cohort: 1 male SpcFT, 2 female SpcFT, 2 male SpcT, 1 female SpcT, 2 male SpcPT, 1 female SpcPT mice. For scRNA-seq injury 
experiment: 1 SpcT male, 1 SpcT female, 1 SpcPT male, 1 SpcPT female mouse. Sex of mice for LUAD scRNA-seq experiment are 
described in Marjanovic et al., PMID 32707077. The LUAD cell lines used in reactivation experiments were all derived from male 
mice, but the findings from these experiments are supported by independent reactivation studies involving both male and female 
mice. No sex based analyses were included in the manuscript because no differences were observed between male and female mice. 
All immunofluorescence experiments were performed on at least one male and one female mouse when possible. 

Field-collected samples This study did not involve field-collected samples.

Ethics oversight All animal experiments were in accordance with Stanford University APLAC (Administrative Panel on Laboratory Care, protocol 
#10382) and according to practices prescribed by the NIH and the Institutional Animal Care and Use Committee (IACUC). The 
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC) provides additional accreditation to Stanford 
University.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation For samples sorted from lung tissue, mouse lungs were digested into a single cell suspension, washed with PBS, and stained 
with antibodies according to standard procedures. For samples sorted from cell lines, cells were collected,washed with PBS, 
and stained with antibodies according to standard procedures. All cells were resuspended in FACS buffer and filtered through 
40 um filters before sorting according to standard procedures.

Instrument BD FACSymphony S6 sorter and Sony SH800s sorter were used to sort cells.

Software FACS data was analyzed using various software (Sony SH800s software version 2.1.5, FlowJo version 9, BD FACSDiva version 
6.0, FCS Express version 7). 



5

nature portfolio  |  reporting sum
m

ary
April 2023

Cell population abundance The cell population abundance of interest ranged from ~0.5% to 80% of input cells

Gating strategy In experiments sorting cells for RNA- and ATAC-sequencing, all cells were gated by FSC area vs. BSC area, and singlets were 
gated by FSC area vs. FSC width. DAPI was used as a live/dead stain. DAPI-negative cells were gated , and resulting Tomato-
positive lineage-negative (CD45, CD31, Ter119, F4/80) cells were sorted. In experiments sorting LUAD cell lines, all cells were 
gated by FSC area vs. SSC area followed by singlet collection by SSC area vs. SSC height. Singlets were further isolated by FSC 
area vs. FSC height. For generation of LUAD cell lines, EPCAM-positive cells were sorted. For isolation of transitional LUAD 
cells, dual EPCAM-positive TIGIT-positive cells were sorted.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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