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Abstract

Lung cancer is the leading cause of cancer deaths worldwidel. Mutations in the tumour suppressor
gene TP53occur in 50% of lung adenocarcinomas (LUADs) and are linked to poor prognosisi~

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)
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differentiation. Using mice that express oncogenic Krasand null, wild-type or hypermorphic
Trp53alleles 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 7rp53wild-type and 7rp53-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 injury®. These injury response mechanisms have been
characterized in the epithelium of lung alveoli, the delicate sacs that mediate gas exchange
in the mam-malian lung®-10. The alveolar epithelium comprises AT1 cells—thin, quiescent
cells that facilitate gas exchange—and AT2 cells—cuboidal cells that secrete pulmonary
surfactants®11, Following damage to the alveolar epithelium, AT2 cells serve as stem

cells that both self-renew and differentiate to generate AT1 cells®-10. Dysregulation of
homeostasis can lead to chronic inflammatory lung diseases, acute respiratory distress
from viruses such as SARS-CoV-2, and LUAD®12-15_ During LUAD evolution, mutations
in the tumour suppressor gene 7P53substantially derail homeostasis, which results in
malignant progression and poor patient prognosist=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.

p53°354 s a super LUAD suppressor

To understand how p53 suppresses LUAD, we used mice carrying hyper-active, wild-type
or loss-of-function 7rp53alleles (Fig. 1a, Extended Data Fig. 1a,b and Supplementary
Fig. 1). Analyses of 77053734 mice we generated that express p53(F53Q,F54S) (hereafter
referred to p53°3:4), a hyperactive tumour suppressor in pancreatic cancer6, provided an
effective approach to delineate pathways that are fundamental to tumour suppression. We
used genetically engineered mouse models harbouring Cre-inducible oncogenic Krasc2P
and fluorescent reporter alleles ( Kraslox-stop-lox (LSL)—GJZD/+; Rosa26L-SL-tdTomato/L SL-tdTomato
(KT)) and homozygous for each 77p53allele (KT Trp53** (hereafter referred to as KT),
KT, Trp53354/5354 (KFT) and K7, Trp53 " (KPT); Fig. 1a and Extended Data Fig. 1c).
These mouse models develop adenomas irrespective of 77p53 status but readily undergo
malignant progression to adenocarcinomas following 77053 loss17+18, Lung tumours were
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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 reported!’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 p53%3:54 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 features?® (Extended Data Fig. 1f-h). Notably,
the reduced tumour numbers in p53-expressing mice suggested an unappreciated role for
p53 in suppressing LUAD initiation. Next, we used a LUAD model in which KrasG120
expression was induced in AT2 cells, the predominant cell of origin for LUAD®:18.21.22,
Using adenoviral-SPC-Cre (Ad-SPC-Cre) to initiate tumours, we observed that p53°354
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 relative 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 p53°3:24 tumour
suppressor activity was primarily cell-autonomous (Extended Data Fig. 2f—i). These results
underscore the importance of p53 in suppressing LUAD initiation and progression and
establish the enhanced potency of p53°3:54 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 displayed 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 suppression, we identified
p53-dependent genes that were more highly activated in KFT cells than in KT cells (Fig.
1e). Functional annotation of p53°34-hyperactivated genes identified high enrichment

of development and differentiation pathways, including respiratory system development
(Fig. 1f, Extended Data Fig. 3d and Supplementary Table 2). Although p53°3:54 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
Supplementary 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
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specification TFs (for example, bHLH proteins)26 and oncogenic TFs (for example, RUNX
proteins)2” 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 p53°3:54-hyperactivated
genes (Fig. 1k,lI, Extended Data Fig. 3g,j,k and Supplementary Table 5). Together, these
data demonstrate that p53 enforces a chromatin landscape 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). Moreover, 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
p53°3:54 affecting homeostatic alveolar cell proportions or proliferation (Extended Data
Fig. 4c,d). By contrast, 7rp53 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
Tro53 loss confers lineage plasticity 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 AT 1-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 7rp53alleles, acute expression of
wild-type p53 or p53°3:24 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
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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 p53°34 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 expression data from mouse LUADs after
p53 reactivation also revealed strong AT1 cell signature induction3C (Extended Data Fig.
7i). Thus, p53 is sufficient 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 immunoprecipitation (ChlP) assays with
sequencing (ChIP—seq) datasets31:32, Moreover, these p53-bound genes displayed greater
chromatin accessibility 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
gPCR (ChIP—gPCR) confirmed p53 binding at numerous AT1 cell genes in our LUAD cell
lines, which suggested that p53 directly induces AT1 cell identity (Fig. 29).

p53 similarly promoted AT1 cell identity in human LUAD. Analyses of expression data
from multiple lung cancer cohorts, after adjustment for tumour stage and proliferation,
revealed that tumours with intact 7253 exhibited significantly higher AT1 cell marker
expression than 7P53 mutant tumours (Fig. 2h and Extended Data Fig. 8a). Moreover,
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 7P53
cancer cells than in mutant 7253 cancer cells. This result demonstrates that intact 7P53
status is associated 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 7P53-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 instillation2®. This time course captured tumour evolution from normal
AT2 cells to LUAD, with 7rp53 expression largely restricting tumour development to

late adenomas and 77p53 inactivation driving progression to advanced adenocarcinomas?®.
Although 7rp53loss was associated 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 distinct cell clusters2®,
including those resembling normal alveolar cells—expressing AT2 cell markers (clusters

1, 2 and 4) or AT1 cell markers (cluster 3)—and others that emerged in advanced tumours
and diverged from lung identity?9 (clusters 6-12; Extended Data Fig. 9a—d). Clusters 1-5
predominated in KT tumours, whereas all cell states developed in KPT tumours (Fig. 3a and
Extended Data Fig. 9b,c). The emergence of clusters 6-12, which resemble primordial gut
derivatives29, in p53-deficient tumours recalls the gene signatures in our bulk RNA-seq data
following 7rp53inactivation (Extended Data Fig. 4e).
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To understand how p53 restrains LUAD development, we first identified KT cell populations
with active p53 signalling. Early in tumorigenesis, at 2 weeks, we observed some expression
of Trp53along with classical p53 target genes, such as Cadknla, in AT2-like cells, which
indicated an initial role for p53 in this population (Extended Data Fig. 9¢). However, we
observed strong p53 pathway induction across the time course of tumour development in
AT1-like cells (cluster 3), as evidenced by the expression of 7rp53together with both
canonical and AT1-associated p53 target genes, including Pdgfaand 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 7rp53and many classical p53 target genes (Fig. 3b).
Cluster 5 was previously characterized as a high-plasticity, Clan4*, transition-point state that
gives rise to divergent cell states over time and is associated with tumour progression2°.
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 tumours and KPT tumours, which indicated that 77053
expression is dispensable for their formation, they were expanded with 7rp53loss (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 uncovered 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 depending on 7rp53 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 Krassignalling (Fig. 3c—e, Extended Data Fig. 9j,k and Supplementary Table

8). Cluster 5C contained only late KPT cells and was characterized 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 p79°7in clusters
5B and 5C (5B/5C), which provides support for the idea that this state arises with 7rp53
loss, as p19°'Tis upregulated with 77p53 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, Krassignalling was also
induced in cluster 5B/5C cells, as evidenced by phosphorylated ERK staining. This result
provides support for the that notion that growth pathways are increased in these subclusters
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(Fig. 3g and Extended Data Fig. 10e—g). Thus, p53 qualitatively regulates transitional cell
identity, with 7rp53-proficient cells primarily existing in the cluster 5A state and 77053-
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 reconstructed cell trajectories using CytoTRACE34 and
CellRank3®, 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 correlation (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 cells?? led to induction of the AT1 cell marker AGER (Extended Data Fig. 11a
and Supplementary Fig. 2). Meanwhile, 7rp53 deficiency facilitates progression to cluster
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 differentiation

recalls recent studies demonstrating that lung injury triggers AT2-to-AT1 cell differentiation
through a Clan4*Krt&* transitional cell state characterized by activation of various signalling
pathways (for example, NF-xB, HIFa 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 upregulated with 77053 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
AT?2 cell proliferation and transdifferentiation into AT1 cells®” 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: SfpceERTZ: Trp53*/*, Rosa26l-SL-taTomato/LSL-tdTomato (SpcT
mice), SfncceERTZ Trp5353,54/53,54; Rosa26-SL-tdTomato/LSL-tdTomato (SpcFT mice) and
SftpcceERT2. Trns3 fl/ft Rosa26-SL-taTomato/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 mirrors the p53-mediated inhibition of AT2 cell proliferation
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in early-stage lung cancers (Fig. 4b and Extended Data Figs. 2c—e and 11h,i). CLDN4*
transitional cells emerged in all genotypes, but 77053 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). Analyses of p53 ChlP-seq of transitional lung cells after injuryl4 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. 111). Notably, cellular
changes observed in SpcPT mice were associated with substantial tissue damage (Fig. 4e,f
and Supplementary 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 populations previously described in single-cell analyses of
mouse lung injury: AT2; AT2 proliferating; AT2 primed or activated213: transitionall2-14:
and AT1 (Fig. 4g and Extended Data Fig. 12a,b). Pseudotime and CytoTRACE analyses
suggested that AT2 cells generate AT1 cells through transitional 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. 12¢,f), which were
reminiscent of p53 activation in these clusters in LUAD. Furthermore, as in cancer, p53
quantitively regulated alveolar epithelial cell populations. Although all alveolar populations
were found irrespective of 7rp53status, 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 7rp53loss. 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 7rp53
RNA and a p53 transcriptional programme, which indicated that AT1 cell differentiation in
SpcPT mice was enabled by escaping Cre-mediated 77p53deletion, a phenomenon 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
transitions during alveolar repair by driving AT1 cell differentiation, as in LUAD.

Parallels in lung cancer and regeneration

We next assessed how 7rp53loss 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)3940 (Fig. 4j,k and Extended
Data Fig. 12h—k). These results are indicative of lung lineage infidelity reminiscent of that
seen with 7rp53inactivation in transitional cancer cells. To further explore parallels between
injury and cancer, we asked whether transcriptional programmes associated with 7rp53
inactivation in injury were seen with 7rp53loss in LUAD. Indeed, the top genes induced

in SpcPT transitional cells were similarly upregulated in KPT LUAD cells (Extended
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Data Fig. 12I). Additionally, Vim was more highly expressed in transitional cells in KPT
LUADs than in KT LUADs (Extended Data Fig. 12m-0). Conversely, transcriptional
programmes associated with 7rp53loss 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, 77p531oss 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 repurposing 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 function4142,

Discussion

Studies suggesting that canonical p53 functions are dispensable for tumour
suppression!943:44 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 cancer#>-47. Here we discovered that p53 not only constrains plasticity in LUAD

but also induces a highly specific AT1 cell differentiation programme 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 differentiation. Unlike
previous work# 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 accumulation 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 7rp53
loss, is associated with aggressive tumour growth and poor patient survival, whereas in
non-oncogenic contexts, inappropriate persistence of transitional cells is associated with
idiopathic pulmonary fibrosis and lethal COVID-19 pneumonitis12-15.29,

Given the detrimental outcomes associated with 7253 mutation in LUAD, our

findings suggest that there may be promise in differentiation therapy for patients

with LUAD, a strategy being successfully exploited in other cancers such as acute
promyelocytic leukaemia®®. Moreover, methods to induce AT1 cell differentiation are under
development#9:30, Our work suggests that promoting AT1 cell differentiation may mimic
pivotal functions of p53 function in tumour suppression and provide a promising new route
of therapy in patients with LUAD.
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Methods

Any methods, additional references, Nature Portfolio reporting summaries, source data,

extended data, supplementary information, acknowledgements, peer review information;
details of author contributions and competing interests; and statements of data and code

availability are available at https://doi.org/10.1038/s41586-023-06253-8.

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 Accreditation of Laboratory Animal Care
provides additional accreditation to Stanford University. We did not exceed limits specified
in the Stanford 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 analyses of mouse studies, investigators were blinded to
group allocation.

Mouse LUAD studies

KI’&SLSL _G'ZZD/+,'ROS&25L5L -tdTomato/L SL -tdTomato (KT), KraSLSL—GJZD/+I- Tl’,05353,54/53,54;
Rosa26-SL-tdTomato/L SL-tdTomato (KFT) and KraSLSL-GJZDH; Trp53ﬂ0X/ﬂ0X,' Rosal6LSL-
tdTomato/LSL-tdTomato (K pT) mice (mixed 129/Sv-C57BL/6) were used in the majority

of LUAD experiments. K/‘asLSL'GJZD/+,' Trp53L5L’WT/+,' Rosa 26LSL—thomato/LSL—to’Tomato
(KT; Trp53-SL-WT/*) and KrasLSL-G12D/* - Trp53L-SL-53,54/+ - Rosa 26l-SL-tdTomato/L SL-td Tomato
(KT, Trp53-5L-53.54/%) mice were used to assess the effects of the 77053354 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 7rp53in every cell
(Trp537*). After Ad5-SPC-Cre transduction, AT2 cells became 77053354/ (in KFT-LSL
mice) or 7rp53** (in KT-LSL mice), whereas all other cells remained 770537%. Throughout
the text, Cre-treated 77053 mice are still referred to as 77053 for simplicity, although
these mice were 77p53Y2. Lung tumours were induced as previously described®?. 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 pl of virus particles diluted in sterile PBS was delivered at a dose
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of 9 x 10% plague-forming units. We first tested whether p53°3:>4 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 demonstrating the effect of p53 on tumour progressionl’. 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 lentiviruses 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—uwere therefore all done using Ad-SPC-Cre. For
the Ad5-SPC-Cre studies, 1 x 109 virus particles (Ad5mSPC-Cre from the University of
lowa Viral Vector Core) were diluted in MEM, precipitated with CaCl, 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, incubated 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 A8.2
vectors and Lipofectamine 2000 (ThermoFisher). Virus was collected from supernatant

by ultracentrifugation 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 (Rosa26-SL-1aTomato 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 D7NS8E, 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 Systems 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, ThermoFisher 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 secondary antibodies were used: anti-rat-488 (ThermoFisher,
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AB_2534074); anti-rabbit-FITC (Vector Laboratories, FI-1000-1.5); anti-mouse-FITC
(\Vector Laboratories, FI-2000-1.5); anti-mouse-546 (ThermoFisher, AB_2534089); anti-
rabbit-546 (ThermoFisher, AB_2534093); biotinylated 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 (\ector Laboratories, BA-9500-1.5). For immunohistochemistry
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% H,0,, 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 compatible with the primary antibody (1:1,000, Vector Laboratories).
Slides were then incubated using a Vectastain Elite ABC HRP kit (Vector 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 incubation 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 microscope (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 positivity 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
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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 quantification 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 reactivation
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. 7rp53™! 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
channels 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 histopathological 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 Stanford Hospital, LUAD specimens were immediately embedded in OCT
compound and stored at —80 °C. Samples used in subsequent analyses were chosen to
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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 7P53. Finally,
samples were matched, when possible, for tumour grade and differentiation status between
TP53wild-type and 7P53 mutant samples.

FACS for bulk RNA-seq and ATAC—-seq

RNA-seq

KT, KFT and KPT mice were transduced with Ad5-SPC-Cre and collected 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 pg mI~* 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 um filter. Next, 5 ml of FACS buffer
(10% FBS, 2 mM EDTA and 25 pg ml~! 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,
BiolLegend, 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 pg mI~2 DAPI, filtered through a 40 pm filter and sorted using a Sony
SHB800S cell sorter. Data were analysed using the default Sony SH800S software (v.2.1.5)
and FCS Express (v.7, De Novo Software).

For RNA-seq, 1.5 x 10° FACS-isolated tumour cells were collected, pelleted 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 (lllumina). 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. RNA-seq reads were aligned to the mouse genome (mm10) using
HISAT2 (v.2.0.5, https://github.com/DaehwanKimLab/hisat2), sorted based on genomic
location and indexed using Samtools (v.1.3.1, https://github.com/samtools/samtools), and
counted and mapped to each gene using HTSeg-Count (v.0.6.1, https://github.com/simon-
anders/htseq). DEGs were identified using DESeq?2 with a cutoff of a P-adjusted value

of <0.05 (v.1.24.0, https://github. com/mikelove/DESeq?2). PC analysis was performed
using DESeq2. Unsupervised hierarchical clustering and heatmap visualization of DEGs
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were performed using the ‘pheatmap’ package in R (v.1.0.12, https://github.com/raivokolde/
pheatmap). p5353°4-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 enrichment analysis (ChEA)>’. PANTHER?®® (v.16.0), through the GO
Consortium (https:/geneontology.org), was used for GO term enrichment, and Metascape®?
(v.3.5, https://metascape.org) was used for functional 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 (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
database*0:52, 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 anq are described in Supplementary Table 6.

ATAC-seq was performed as previously described®4. Two independent ATAC-seq
experiments were performed: one with KT mice and KPT mice and the second with KT
cells and KFT cells. In brief, 5 x 10° cells were sorted and washed 2 times in FACS buffer
without DNase added. Nuclei were then isolated, lysed and incubated with Tn5 transposase
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

2x MasterMix (NEB), after which gPCR 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 tool®® (GREAT, v.4.0.4, https://great.stanford.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
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p53 ChIP and ATAC peaks from transcriptional start sites using standard parameters
(https://great.stanford.edu). PAVIS®® was performed for peak annotation using standard
parameters (version from 02-5-2018, https:/manticore.niehs.nih.gov/pavis2/). Enrichr8-60
(https://maayanlab.cloud/Enrichr) was used to perform ChEAS of p53 in various ChIP
datasets31:32, p535354 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 accessible peaks from
each experiment using the HOMER (v.4.11, https://homer.ucsd.edu/homer/) de novo motif
discovery tool8” with the find-Motifs Genome 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-LUAD?, NCBI Gene
Expression Omnibus (GEO) database identifier GSE13213 (ref. 68) and ArrayExpress
database accession E-MTAB-8615 (ref. 69). The TCGA-LUAD dataset (280 7P53 mutated
and 249 wild type) was downloaded from https://gdc.cancer.gov using the package

TCGA biolinks (https://github.com/BioinformaticsFMRP/TCGAbiolinks, v.2.18) and log,
transformed. GSE13213, which is composed of 38 7253 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
7P53 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 7P53
mutated and wild-type tumours using a two-way ANOVA test in a linear model. To

adjust for the possible contribution of 7P53to 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/packages/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 mlI~1 of collagenase type IV (Sigma-Aldrich), 0.6
U mlI-1 dispase 11 (Sigma-Aldrich) and 25 pg mI~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 um filter followed by a 40 um filter. Next, 5 ml of FACS buffer (10%
FBS, 2 mM EDTA and 25 pg mI~1 DNase in DPBS) was added and tubes were spun for
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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 pg
ml~1 DAPI, filtered through a 40 um 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).

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 Informatics Cluster. FASTQ files were processed
using cellranger-arc count (10x Genomics). This pipeline aligns reads to the mm10 mouse
reference genome and performs barcode error correction, PCR duplicate 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 hucleosome 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 FindVariableFeatures 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 running 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 datasets. The variable used
in the argument group.by.vars was the original 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 “Isi’ reduction was used for the ATAC integration. Joint UMAP visualization of gene
expression and DNA accessibility data was done by using the weighted nearest neighbour
methods (FindMultiModalNeighbors) in Seurat v.4. In brief, the weighted nearest neighbour
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graph was constructed by integrating the Harmony-integrated pca and Harmony-integrated
Isi reductions of the gene expression and chromatin accessibility data. The following
parameters were used: number of PCs = 50 (RNA), 39 (DNA accessibility, 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
analysing the expression and accessibility patterns of lung epithelial markers. 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 Find All Markers function in
Seurat to identify genes and ATAC peaks that were significantly enriched in each cluster in
an unbiased manner. Additionally, the expression, accessibility 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 clusters. Plots
were generated using Seurat (v.4.0.1), Sighac (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 used?®. 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 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 previously defined dimensionality reduction and clustering metadata.
Gene expression levels were displayed using the Seurat data visualization techniques
Feature Plot(), 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 Feature Plot was

used with a blend threshold of 0.1. The top enriched Hallmark gene signatures 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 Find Markers() function was run with default
parameters on cluster 5 split by 7rp53status using log,-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 (log,-transformed TPMs, rescaled across all cells).
Only DEGs with differences greater than 2-fold at 10% FDR were considered (absolute
log,(FC > 1 between KT and KPT cells). The top three subclusters 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 Web GestaltR (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 MSigDB>2 (v.7.4), in which human genes with

a one-to-one orthologue in mouse were mapped to the corresponding mouse homologue.
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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 programme
(logo-transformed TPMs, without rescaling) relative to a set of randomly sampled genes at
comparable expression levels’%: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. Pvalues 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 (log,-transformed TPMs, rescaled across all cells and
averaged over cells in a given cluster). The Pearson correlation coefficient and £ 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 stats models (https://github.com/statsmodels/statsmodels, v.1.12.2).

Cell-fate transitions were analysed in selected tumour subpopulations from the previously
published dataset?®, 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
progression. 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 transition 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 cluster 5A was arbitrarily selected as root.
In both cases, directed transition probabilities were computed in a A-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 sc\Velo, using a connectivity threshold of 0.05. Similar to
AT1 cell markers from a previous study?®, the aggregate expression of transitional cell
markers from another study!? 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 humber
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
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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

SpccreERTZ'- Tfp5353’ 54/53,54; Rosa 26LSL -tdTomato/L SL -thomata’ SpCr‘feERTZI- Tfp53+ ./
+/Rosa 26LSL-m’Tamam/LSL-z‘a’Tomato and SpccreERTZ’- Trp53f/0x/f/0x,' Rosa. 25LSL-z‘dTomaz‘o/LSL-
tTomato 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 mi~2

by heating and sonicating until the solution was clear. BHT was dissolved in corn oil at a
concentration of 9 mg mI~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 mI~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 described’3:74, 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 x (A)
+14 x (B) + 7 x (C) + 7 x (D) + 2(E))/(number of fields x 100). Scoring parameters (A-E)
can be found in Supplementary Table 9, which were adapted from previous studies’3:74.

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 SfpcceERT2 Trp53** - Rosa26<0et (Brainbow 2.1)7°. 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 mlI~1 of collagenase type IV (Sigma-Aldrich), 0.6

U mlI~1 dispase 11 (Sigma-Aldrich) and 25 pg mI~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 um filter followed by a 40 uM filter. Next, 5 ml of FACS buffer (10%
FBS, 2 mM EDTA and 25 pg mI~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 time,
cells were resuspended in streptavidin—APC secondary antibody (BioLegend 405207, 1:800)
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for 20 min on ice. Cells were washed 2 times and resuspended in FACS buffer with 1 pg
ml~1 DAPI, filtered through a 40 um 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 Informatics 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 Find Variable Features 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 neighbour graph and identifying clusters of cells by a shared nearest
neighbour 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 Find All Markers. 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 parameters 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.

LUAD cell generation

KrasLAZ/+, TrpS3LSL-WT/LSL-WT mice or KrasLAZ/+, Tho53L SL-mut/L SL-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
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for epithelial cancer cells (EPCAM-PE (rat, BioLegend G8.9, 1.0 ug per 1 million cells))
using a FAC Symphony S6 cell sorter (BD Biosciences) and analysed using FlowJo (v.9)
and FACSDiva (v.6.0). Cells were subsequently cultured in DMEM with 10% FBS. In
experiments, cell lines were infected in culture with either Ad-Empty, as a p53 null control
(denoted 7rp53"/H, or Ad-Cre to reactivate either wild-type p53 or p53°3:54,

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) supplemented 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 lowa Viral Vector Core) or cell lines
were transduced with Ad5-CMV-Empty (University of lowa Viral Vector Core) to remain
Trp53"/ 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 (o)cDNA3.1)
or pcDNA3.1-3XHA- TP53 that contains amino-terminal HA tagged full-length human
p53 using Lipofectamine 3000 by following the manufacturer’s protocols. 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 7753 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 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. The RNA-seq analysis pipeline is the same as described
above.

LUAD cell line FACS

KrastA2/*: Trp53LSL-WTLSL-WT | JAD cells were collected, washed with PBS and then
incubated with TIGIT-BV421 (mouse, BioLegend 1G9, 0.25 pg per 1 million cells) and
EPCAM-PE (rat, BioLegend G8.9, 1.0 ug 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 pum 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).
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KrastA2/*, Trp53-SL-WT/LSL-WT | UAD cells were seeded at 2.5 x 108 cells (for Ad-Empty)
or 5 x 10° 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
concentration of 0.125 M. After washing with cold 1x PBS, cells were collected by scraping
in lysis buffer (5 mM PIPES pH 8.0, 85 mM KCI 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 antibody (CM5, Leica
Novocastra) was coupled to ChlP-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 NacCl), 3 times with high-salt wash buffer (0.1% SDS, 1% Triton X-100, 2

mM EDTA, 20 mM Tris-HCI at pH 8.1, and 500 mM NacCl) 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/+, Tip53L SL-WT/frt, Rosa26creER mice and KrasFSF-G12D/

+ Trp53L SL-53,54/frt, Rosa26°¢ER mice were infected with 109 Ad5-CMV-Flpo virus
intratracheally (University of lowa Viral Vector core, VVC-U of lowa-530-sa) to activate
the oncogenic KrasCZ2P allele and delete 77p53in cancer cells. The subsequent cancer cells
formed are effectively 7rp53™! owing to the presence of the LSL cassette on the remaining
Trp53allele, whereas uninfected cells in the mouse remain heterozygous for 77053 After
16 weeks, each mouse was treated with 100 pl of 5 mg mI~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 TP53knockout cells were generated using the pX330-based plasmid pX458 (gift
from F. Zhang, Addgene plasmid 48138) expressing Cas9, GFP and sgRNA targeting
human 7P53. A549 cells were transfected with three pX458 7P53 plasmids expressing
three distinct sgRNAs targeting 7P53. Two days after transfection, the GFP* population was
sorted by FACS and clonally expanded. Individual cell clones were screened for p53 loss by
immunoblotting.
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Western blotting

RT—-gPCR

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 membranes (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 (Vector 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).

TRIzol reagent (Invitrogen) was used for RNA preparation, and reverse transcription was
performed with MMLYV reverse transcriptase (Invitrogen). gqPCR 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), 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 studies 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-gPCR assays, all of which had two biological replicates.
Additionally, experiments 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 z-tests were
two-tailed. All statistical 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 Portfolio Reporting
Summary linked to this article.
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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 p53-5L-wp53LSL-wt (= 3) and
p53LSLB354/LSL5354 (1= 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-qgPCR of a panel of p53 target genes in p53-5L-7/
PSSLSL-WE (1= 3) and p53LSL5354/LSL53,54 (1 = 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 K7 (n=5) mice. Scale bar, 100 um. (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), K7 (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 KF7 (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 um. ( j) Percentage Ki67-positive
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nuclei in (7= 20) tumors in 24-week KFT (n=4) and KT (7= 4) mice. All data are mean
+ s.d. Pvalues 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 isdependent upon its expression in
AT2cells.

(a) Schematic for the 10-week AT2 cell-of-origin tumor study. (b) Representative
histological H&E images of lungs from 10-week KF7 (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 um; bottom, 50 um. (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 pm. (d) Percentage Ki67-positive nuclei in (7= 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: K7;p53-5L-53.54/* (KFT-L.SL) (n
= 8) and KT7;p53-5L-WI* (KT-L SL) (n= 8) mice. The results of this study demonstrate that
p5393:54 expression in AT2 cells results in enhanced tumor suppression. (g) Quantification
of lung tumor burden, number, and size (n=83 and 213 tumors for KF7-LSL and K7-LSL
cohorts, respectively). (h) Representative Ki67 IHC in tumors from KF7-LSL (n=4) and
KT-LSL (n=4) mice. Scale bar, 50 um. (i) Percentage Ki67-positive nuclei in (7= 20)
tumors from KFT-LSL (n=4) and K7-LSL (n=4) mice. (j) Representative IF of HOPX or
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PDPN and tdTomato (tdT) in KFT-LSL (n= 3) mice and K7-LSL (n=3) mice. Scale bar, 20
um. (k) HOPX and PDPN quantification in (7= 50 [KF7-LSL] and 100 [ K7-LSL]) tumors
in KFT-LSL (n=3) mice and K7-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. Pvalues 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).
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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 (KFTand K7) and
p53-deficient (KPT) cells. DEGs identified in the analysis of KF7vs. KPT cells and KT
vs. KPT cells are shown. (d) Significantly enriched gene ontology (GO) biological process
terms in p53°324 hyperactivated genes, identified by PANTHER®S. () GO term analysis by
PANTHER®S of genes upregulated in K7 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 K7 (n=4) vs. KPT
(n=4) ATAC-sequencing samples. (i) Peak annotation of differentially accessible regions

in KTvs. 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 KFTvs. KT ATAC-sequencing experiment.
Pvalues were calculated by GSEA2 (f).
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Extended Data Fig. 4 |. p5353'54 and wild-type p53 activate AT 1 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 p553545354 (= 3), p53** (n=3), and p537~ (n=3) mice

(no oncogenic Kras). (d) Proliferating (BrdU+) cells as a ratio of all alveolar epithelial cells
(NKX2—-1+) (1= 600) at homeostasis in p533°545354 (n=3), p53** (n=3), and p537~ (n
= 3) mice (no oncogenic Kras). (€) 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 (x 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).
(9) Counts per million (CPM) indicating AT1 gene expression in K7 (n=3) and KPT
(n=4) RNA-sequencing samples. All data are mean + s.d. P values were calculated by
GSEAS52 (g, b, €), 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) (9).
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Extended Data Fig. 5 |. Single-cell analyses show that p53 promotes AT 1 cancer cell formation.
(a) Uniform Manifold Approximation and Projection (UMAP) plot of single-cell multiome

(scRNA and scATAC) profiles of cancer cells (7= 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
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tracks showing chromatin accessibility at Sfipc (AT2 gene), Ager (AT1 gene), and Clan4
(transitional cell gene) in all cells split by clusters. (g) 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. () 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 promotesan AT 1 differentiation program in LUAD. )
(a) Representative IF of tdTomato (tdT) and AGERNigh/medium/low - {opxhigh/medium/low ang

spchigh/low ymors. Scale bar, 20 pm. (b) Uncropped images from Fig. 2b of AGER and
tdTomato in 10-week KF7 (n=4), KT (n=3), and KPT (n= 3) mice. Scale bar, 200 pm.

(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 um. (d) Percentage tdTomato+ cancer cells
positive for AGER in individual (n= 100 [KFT1], 100 [K7], 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 um. (f) Representative IF
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of PDPN and tdTomato in 10-week KFT (n=4), KT (n=3), and KPT (n= 3) mice. Scale
bars, 20 um. (g) Representative IF of SPC and tdTomato in 10-week KF7 (n=4), KT (n=
3), and KPT (n=3) mice. Scale bar, 20 um. (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 [KPTT]) 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 (7= 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 um. (I) Quantification of SPC-positivity of
AGER+ cancer cells (7= 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).
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Extended Data Fig. 7 |. p53 directly promotes AT 1 identity in vitro and in vivo.
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(a) PDPN quantification as a percentage of p53+ (/7= 600) cells from p53354 (n=3)

and p53% (n=3) LUAD cell lines or as a percent of DAPI+ (7= 600) cells in p53"/
(n=3) LUAD cell lines. (b) Representative IF of PDPN and p53 from p53354 (n=

3), p53% (n=3), and p53"' (n=3) LUAD lines. Scale bar, 20 pm. (c) GSEA shows
enrichment of AT1 cell signatures (Supplementary Table 6) in p53* LUAD cells. NES > 0
indicates the signature is enriched in p53* cells. *Indicates gene set is significantly enriched
(P=<0.05). (d) GSEA shows enrichment of alveolar signatures in specific genotypes. ()
Schematic for /n vivo p53 restoration experiments. (f) Representative IF of PDPN and p53
from p53p354-restored (= 3) and p53*-restored (7= 3) mice. Scale bar, 20 um. (g)

PDPN quantification as a percentage of p53+CYTOKERATIN (CK)+ tumors (n7= 150) from
53354 restored (7= 3) and p53*-restored (7= 3) mice or as a percent of CK+ tumors (17
= 150) from p53"! (n = 3) mice. (h) Representative IF of PDPN, p53, and CK in tumors
from p55°354-restored (1= 3), p53*¥-restored (1= 3), and p53"! (n=3) mice. Scale bar,
20 um. (i) GSEA shows p53 restoration induces AT1-associated gene expression profiles
(Supplementary Table 6). Gene expression data3® comprised p53™/ (n= 8) and p53restored
(n=10) lung tumor samples. NES > 0 indicates signature enrichment in p53e0red ce|ls,
*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 genes3! in each signature. (k) ChIP-seq3! tracks show p53 binding at AT1-associated
genes. All data are mean + s.d. Pvalues were calculated by ordinary one-way ANOVA
with Tukey’s multiple comparisons test (a, g), by GSEA%2 (c, d, i), and ChIP enrichment
analysis®” ().
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Extended Data Fig. 8 |. p53 promotes AT 1-like identity in human LUAD.
(a) (Left) AT1 marker expression in human (left) 72537 (n=249) and 7P53MUT (n= 280)

LUADs (TCGA), (middle) 7P53%T (n=78) and TP53MUT (n=38) LUADs (GSE13213),
and (right) 7P53"7 (n= 34) and TP53YUT (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 (n7=3) normal human lung samples. Scale bar, 50 pm. (c)
Representative IF of HT1-56 and CYTOKERATIN (CK, cancer cells) in 7P53%7 (n=8)
and 7P53YUT (n=5) human LUADs. Scale bar, 5 um. (d) Percentage of CK+ (7= 1,300)
cells positive for HT1-56 in 7P53W7 (n=8) and TP53YUT (n=5) human LUADs. ()
Representative IF of SPC and CK in 7P53WT (n=5) and TP53"UT (n=5) human LUADs.
Scale bar, 5 um. (f) Percentage of CK+ (7= 1,000) cells positive for SPC in 7P53W7 (n=5)
and 7P53MUT (n=5) human LUADs. (g) Representative IF of AGER, HT1-56, and CK in
TP53T (n=8) and TP53MUT (n=5) human LUADs. Scale bar, 20 ym. (h) Representative
IF of CLDN4 and CK in 7P53W7 (n=5) and 7TP53MUT (n=5) human LUADs. Scale bar,

5 um. (i) Percentage CK+ (7= 1,000) cells positive for CLDN4+ in 7P53%7 (n=5) and
7P53MUT (5= 5) human LUADS. ( j) Representative IF of AGER and p53 in 7P53%mockout
(KO) A549 cells transfected with an empty vector or a P53 expression vector (7= 3). Scale
bar, 20 um. (k) AGER quantification as a percentage of p53+ (/7= 300) cells in (7= 3) A549
lines transfected with P53 or as a percentage of DAPI+ (7= 300) cells in (7= 3) A549 lines
transfected with empty vector. All bar graphs are mean + s.d. Pvalues were calculated by
two-way ANOVA test (a, see Methods) and two-tailed Student’s t-test (d, f, i, k).
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Extended Data Fig. 9 |. p53isactivated in transitional and AT 1-like cells.
(a) t-distributed stochastic neighbor embedding (tSNE) plot of (7= 3,891) cells?® across

all clusters across all genotypes (K7 [n=1,071], KPT [n=2,614], and normal AT2 [ 7,
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 dataset?® 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 (Sfipc and Sfipad), 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 (7, K7, and KPT). (g) Relative proportions of
cluster 3 and 5 cells in K7Tand KPTtumors. (h) Representative IF of CLDN4 and tdTomato
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in 10-week KFT (n=4), KT (n=3), and KPT (n= 3) mice. Scale bars, 50 um (top)

& 20 um (bottom). (i) Quantification of CLDN4+ (n =100 [KFT], 100 [K7], 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. (I) GSEA shows enrichment of an injury-induced
transitional cell signature (Supplementary Table 6) in KPT mice. Pvalues were calculated
by GSEA>2 (1).

DAPI/CLDN4/
p19°°"/HNF4A CLDN4 p19 HNF4A

W ARF+
ARF-

N B O
o o O

% of CLDN4+ cells
o

100:
DAPI/CLDN4/
p19°°°/pERK ~ CLDN4 p19

h =11 KPT=5A KT m5C KPT=5B KPT Modified expresslon
@3 KPT o3 KT @5B KT o5AKT 0.4m—m1.6

o

Q.

S o

Observations (cells)
1

o
il

% of CLDN4+ cells
NS g

o
I
3

*g&b‘(g« Chromosome 3 X(

Y

-

W pERK+ All cells KPT
pPERK-

»1007- 4

3 80 53

+ @ 5E"7 -8
3 60 850 =
340

% 20 | L]

[9)
£ Weeks UV nad fl,.(v@ ’b(,)vzg; %h,g;bo N
‘3\{3 KT__KPT.

Tumor progress progression

+1.0

Pseudotime |, &/, .
o / Mean DEG expression by cell cluster e p53 e metabolic e growth
I
J }/"( 5 p=+0.31 . p=-0.15 p=-0.33
(6% 4 . p=37e-20 p = 1.4e-05 p=13e-23

Cluster 3
AT1-like

0.0
05
Start =™ End 16
eXP'eSSW" score_, - 1.0 00 +1.0 +20 10 00 +1.0 +20 1.0 00 +1.0 +20
Ry Cluster 5A Cluster 5B Cluster 5C
5A Ao
2o
58 Slo
28le
sc| <@ glg
o

Extended Data Fig. 10 |. p53 restrictstransitional cancer cell formation and promotestheir
differentiation into AT 1-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 pm. (b) Quantification of
p19ARF staining in (7= 100 [KFT], 100 [K7], and 200 [KPT7]) CLDN4+ cancer cells in
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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 um. (d) Quantification of HNF4A staining in (7= 100 [KFT], 100
[KT], and 200 [KPT]) CLDN4+ cancer cells in 10-week KFT (n=4), KT (n=3), and
KPT (n=3) mice. (¢) Expanded view from Fig. 3g of phosphorylated-ERK (pERK) and
CLDN4 in tumors from 10-week KF7 (n=4), KT (n=3), and KPT (n=3) mice. Scale
bars, 20 um. (f) Quantification of pERK staining in (n= 100 [KFT], 100 [K7], and 200
[KPT]) CLDN4+ cancer cells in 10-week KFT (n=4), KT (n=3), and KPT (n= 3) mice.
(9) Representative IF of CLDN4, p19ARF HNF4A, and pERK in tumors from 10-week KPT
(n=3) mice. Scale bar, 20 pm. (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.
() Scatter plots displaying the expression trend of programs identified in Fig. 3d. (m)
Expression of cluster 3 markers2? 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) () and two-tailed Mann Whitney U test (m).
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Extended Data Fig. 11 |. p53 promotes AT 1 differentiation after lunginjury.
(a) (Left) Representative IF of AGER and p53 in p53-SL-WYLSL-WEransitional (TIGIT+)29

LUAD cells 1 and 3 days after Ad-Empty (053! or Ad-Cre (p53%) treatment. Scale

bar, 20 um. (Right) AGER quantification as a percent of DAPI+ (7= 200) p53™/ cells or
p53+ (1= 200) p53* cells 1 (top) and 3 (bottom) days post-adenoviral treatment. (b) Plot
from Fig. 3h depicting an expression score of transitional cell markers!2. (c) Transitional
cell marker2 induction across cancer clusters. (d) Enriched gene sets in cluster 5 markers2?
identified by Enrichr>8-60, (e) (Left) tdTomato+ (/7= 600) cells that are SPC+ in control
SpcT (n=3) and SpcPT (n= 3) mice. (Right) SPC+ (7= 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 um. (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 um. (h) Representative IF of BrdU and SPC in 4-day BHT-treated
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SpcFT (n=3), SpcT (n=3), and SpcPT (n= 3) mice. Scale bar, 20 um. (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. () tdTomato+ (7= 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 um. (I) ChIP-sequencing tracks of p53 binding at AT1 genes in
transitional cells after injury. Data are mean + s.d. Pvalues were calculated by two-tailed
Student’s t-test (e, i) and ordinary one-way ANOVA with Tukey’s multiple comparisons test

(J)-

a b
Cldn4 TGFB signature EMT signature
N o o
Q o . [N
K g o < ¥\
= y = A = 4
> ¢ =} il 4 =1
Expression UMAP1  Expression UMAP1 Expression  UMAP1
—
1i13 0.1 05 0.1 04
c Pseudotime d CytoTRACE e p53 pathway
j g 8] 8
t Sfn . £ ‘
: E E: Wy = s
Phidat = = .4 S D)
é /
£ Vi
| —— i doti UMAP1 Differentiat
& «% > o~ EXEVESSIOH psw ime Lewsse:en l.a'\\ﬂoonre UMAP1 Xpression UMAP1
Y‘\\QQ y;b@ _\,\\oo v 202 0 10 0103
& & S
@\\ K
§ < . SpeT SpcPT
10|
p53 target genes b
. o p53 - SpcT & SpeT & Y Qz'zs 4
% 2 By L .. ¢ § é & p53.sig
= = 2 = . A
5 5 e 5 4 &
3
"
Exprﬁion UMAP1  Expression UMAP1 ™~ o
13 0103 2 .
53 - SpcPT p53 target genes
N N B2 N SpePT . <
< < <
= = = g
=] = =] »
al e 3
£ 7 . &
Q °
o
UMAP{  Exeression UMAP1  Expression UMAP1 4
1 3 0.103
h Transitional cells i i DAPI/?‘. DN4/ 1
Dek1 Liver VIMAdT Injury sig. in LUAD
1.0-P=0.0037 5 P<0.0001 MSigDB Hallmark: . 4000-P <0.0001
! : SpcPT transitional cell genes E\i4o e
§ 084 0.1 § Interferon alpha ful 8
2 0.64 response 24 [
2 0.0 H Interferon gamma 3
& 044 1= o reSponse z 20
024 -0.14 Epithelial me‘s?Pé:Feg%ar{ ﬁ
0.0 02 KRAS signaling up é 10
= = KT = KPT

0 2 4 6
Cluster 5B/5C ~ Cluster 10 -log,(p-value)
0.2-P=0.0001 0.2 P=0.003 o

5014 T 0.1 -
4 DAPI/VIM/
E o9 CLDN4 CLDN4
0T L 4

X

i

&
AN

o

Cancer cells

AN
B GQ(’Q

DAPIVIM/
CLDN4

LUAD
60-P = 0.002

-0.2
Cluster 11 Cluster 12
P <0.0001 1.0qP <0.0001

S o
Oo—a

VIM+/CLDN4+ (%)
- N 8 & 0

0.4
02{ . T 051 0
_ i- & ,
007 %L' T o00{l 0
02/ : &

s SpcT m= SpcPT

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
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6) across clusters. (¢) 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 p53and 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 sets®®-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 Spc7 (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 pm. (l) SpcPT
transitional cell signature (Supplementary Table 6) expression in sScRNA-sequencing data?®
from K7 (n=1,071) and KPT (n=2,614) LUAD cells. (m) Representative IF of CLDN4
and VIMENTIN in tumors from 10-week K7 (n=3) and KPT (n= 3) mice. Scale bar, 5 pm.
(n) Expanded view of (m). Scale bar, 20 um. (0) CLDN4-positive (7= 100) tumor cells that
are VIMENTIN-positive in 10-week K7 (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. Pvalues 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, I, 0).
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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 sScCRNA-seq experiments are available from the GEO under the accession number
GSE231681. The mouse LUAD microarray data have been previously published3? and

are available at the GEO (GSE23875). The mouse p53 ChlP-seq datasets in mouse
embryonic fibroblasts, mouse embryonic stem cells and mouse transitional cells after
bleomycin injury have been previously published4:31:32 and are available at the GEO
(GSE46240, GSE26361 and GSE141635, respectively). The mouse LUAD scRNA-seq data
have been previously published?? and available at the GEO (GSE152607). Expression

data for the human TGCA-LUAD cohort! are available through the NCI GDC Data

Portal (https://portal.gdc.cancer.gov/projects/TCGA-LUAD). Expression data for the human
GSE13213 LUAD cohort88 is available at the GEO (https://www.ncbi.nlm.nih.gov/geo/
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query/acc.cgi?acc=gse13213). Expression data for the human E-MTAB-8516 LUSC

hort® is available at ArrayExpress (https://www.ebi.ac.uk/biostudies/arrayexpress/studies/
MTAB-8615?query=E-MTAB-8615). The MSigDB database (https://gsea-msigdb.org/
ea/msigdb/)40 was used to perform GSEAS2 analyses. All other data supporting the

findings of this study are in the article, supplementary information or are available from
the corresponding author upon reasonable request. Source data are provided with this paper.
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Fig. 1. The p53°354 super tumour suppressor promotes lung cell identity.
a, Allelic series of p53 mutants. p53°3>4 is a hypermorphic transactivation domain 2

(TAD2) mutant allele. DBD, DNA-binding domain; f/, 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. ¢, Lung tumour burden, number and size (n7= 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 (n7=676) in KFT cells relative to KT cells (>1.2 fold change
(FC);Methods). f, Top enriched terms in p53°3->4-hyperactivated genes (Metascape®?). 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=23) and KPT (n= 3) mice. Scale bar, 20 pm. i, Quantification of NKX2-1 staining from
h in n=1,500 cells from KFT (n=3), KT (= 3) and KPT (7= 3) mice. Red line indicates
the median. j, Left, differential accessibility versus logo(mean reads per region) in KT and
KPT cells. Right, top TF motifs enriched in differentially accessible regions (logy(FC) >
2). k, Left, Differential accessibility versus logo(mean reads per region) in KT and KFT
cells. (Right) TF matifs enriched in differentially accessible regions. |, Top, Venn diagram
defining p53°3:54 hyperaccessible regions (Methods). Bottom, Top terms enriched in genes
associated with p53°3:54 hyperaccessible regions. Pvalues were calculated using one-way
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analysis of variance (ANOVA) with the Kruskal-Wallis test with multiple comparisons
(two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli) (c), GSEA32 (g), or
ordinary one-way ANOVA with multiple comparisons (Tukey’s multiple comparisons test)

OF
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Fig. 2|. p53 promotes an AT1 cell differentiation programme in mouse and human L UAD.
a, GSEA shows enrichment of alveolar cell signatures (Supplementary Table 6). NES >0

indicates that the signature is enriched in KFT or KT cells relative to KPT cells. Asterisk
indicates that the gene set is significantly enriched (£ < 0.05). Mouse and human alveolar
signatures were taken from previously published studies12:24:39.53.54 1 Representative
immunofluorescence (IF) images of AT1 cell markers and a cancer cell marker (tdTomato
(tdT)) in 10-week-old KFT (n=4), KT (n=3) and KPT (7= 3) mice. ¢, AT1 cell marker
quantification in 7= 100 (KFT), 100 (KT) and 200 (KPT) tumours in 10-week-old KFT (7
=4), KT (n=3) and KPT (7= 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* (1

= 600) cells from p53354 (n=3) and p53%7 (n=3) LUAD cell lines or of DAPI* (n
=600) cells in p53™! (n=3) LUAD cell lines. f, Representative IF images of AGER

and p53 from p53354 (n=3), p537 (n= 3) and p53"" (n= 3) LUAD cells. g, Top,
ChIP-seq3! tracks of p53 at AT1-associated genes. Bottom, ChIP-qPCR of p53 at AT1

cell genes in p537 (n=2) and p53™" (n=2) LUAD cell lines. h, AT1 cell signature
expression in 7P53%7 (n= 249) and mutant TP53 ( 7P53YUT; = 280) human LUADs (The
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Cancer Genome Atlas (TCGA)-LUAD cohort). Centre line, median; boxes, interquartile
range (IQR); whiskers, 25% quantile — 1.5% IQR and 75% quantile + 1.5x IQR. Mouse
and human alveolar signatures were taken from previously published studies!2:39.54.55 i,
Percentage of cytokeratin® cancer cells that are AGER™ (7= 1,300) in 7P53%7 (n=8)

and 7P53MUT (n=5) human LUAD samples. j, Representative IF images of AGER and
cytokeratin (CK) in 7P53WT (n=8) and TP53MUT (n=5) human LUAD samples. Scale
bar, 5 pm. Bar graphs are mean + s.d. Pvalues were calculated using GSEA>? (a), ordinary
one-way ANOVA with Tukey’s multiple comparisons test (€), two-way ANOVA test (h;
Methods) or two-tailed Student’s #test (i). Scale bars, 5 um () or 20 um (b,f).
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Fig. 3|. p53 activation in atransitional cell state drives AT 1 cell differentiation.
a, tdistributed stochastic neighbour embedding (tSNE) plots of scRNA-seq data?®. KT (7=

1,071) and KPT (n7=2,614) cells from all time points (2, 12, 20 and 30 weeks) are shown
with previously defined?® clusters. b, Expression of 77p53and p53 target genes in all KT
cells. ¢, Proportions of early (<30 week) and late (30 week) KT and KPT cells in subclusters
5A, 5B and 5C. d, Hierarchical clustering of all cluster 5 cells identifies 3 subclusters.

Top, genotype and time point composition of each cluster. Left, expression programme term
chosen through functional annotation of programme genes. Right, top significant genes in
each programme. e, For each programme identified in d, an aggregate score measuring the
expression of all genes in the programme was calculated for each cluster 5 cell. Violin plots
show the score for each cell along the previously described?® LUAD time course. DEG,
differentially expressed gene. f, Violin plots of CaknZaand Hnf4a expression in cells from
clusters 5A, 5B and 5C from KT and KPT mice. g, Representative IF images of CLDN4 and
markers of clusters 5B/5C (p19(ARF), HNF4A and pERK) in tumours from 10-week-old
KFT (n=4), KT (n=3) and KPT (n7=3) mice. Scale bar, 20 um. h, PC analysis plot

of the cancer cell subpopulations (clusters 3, 5 and 11) from KT and KPT mice across all
time points. i, PC analysis plot from h coloured by CytoTRACE score. The CytoTRACE
score shows the putative differentiation potential of cells. Least differentiated indicates that
cells have the highest plasticity. j, Cell—cell transitions estimated using CellRank, based on
CytoTRACE scores, reveals distinct trajectories from clusters 5A to 3 and from clusters 5B
to 5C to 11. For the violin plots, the thicker dashed line indicates the median, the thinner
dashed lines indicate the upper and lower quartiles.
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Fig. 4|. p53 participates at multiple stepsin alveolar regeneration after injury.
a, Schematic of the lung injury mouse models. Control cohort: SpcT (n7= 3) and SpcPT (n

= 3) mice. Treatment with BHT for both the 2 day and 4 day cohorts: SpcFT (7= 3), SpcT
(n=3) and SpcPT (7= 3) mice. sScCRNA-seq cohort: SpcT (7= 2) and SpcPT (7= 2) mice.

b, SPC* (n=600) AT2 cells that are BrdU™" in SpcFT (7= 3), SpcT (7= 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 (n7=3), SpcT (7= 3) and SpcPT (/7= 3) mice treated
with BHT for 4 days. Right, tdT* (/7= 600) cells that are CLDN4* in the same cohorts. d,
Left, representative IF images of AGER and tdT in 4-day BHT-treated SpcFT (n7= 3), SpcT
(7=3) and SpcPT (7= 3) mice. Right, tdT* (/7= 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 (n7= 3) and SpcPT (n7=5) mice. Scale bar, 20
um. f, Injury scoring of 4-day BHT-treated SpcT (/7= 3) and SpcPT (/7= 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
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frequency by genotype. j, Gene and cellular programme expression (Supplementary Table
6) in transitional SpcT (7= 332) and SpcPT (n= 189) cells. k, Representative IF images

of CLDN4, VIM and tdT in 4-day BHT-treated SpcT (/7= 3) and SpcPT (n7= 3) mice. |,
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 #test (f,j (bottom)) or two-tailed, non-parametric Wilcoxon
rank sum test (j, top). Scale bars, Scale bar, 5 um (k) or 20 um (c,d).
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