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Abstract

Tissue damage increases cancer risk through poorly understood mechanisms1. In the pancreas, 

pancreatitis associated with tissue injury collaborates with activating mutations in the Kras 
oncogene to dramatically accelerate the formation of early neoplastic lesions and ultimately 

pancreatic cancer2,3. By integrating genomics, single-cell chromatin assays and spatiotemporally­

controlled functional perturbations in autochthonous mouse models, we show that the combination 

of Kras mutation and tissue damage promotes a unique chromatin state in the pancreatic 

epithelium that distinguishes neoplastic transformation from normal regeneration and is selected 

for throughout malignant evolution. This cancer-associated epigenetic state emerges within 48 

hours of pancreatic injury, and involves an acinar-to-neoplasia ‘chromatin switch’ that contributes 

to the early dysregulation of genes defining human pancreatic cancer. Among the genes most 

rapidly activated upon tissue damage in the pre-malignant pancreatic epithelium is the alarmin 

cytokine IL-33, which cooperates with mutant Kras in unleashing the epigenetic remodeling 

program of early neoplasia and neoplastic transformation in the absence of injury. Collectively, 

our study demonstrates how gene-environment interactions can rapidly produce gene regulatory 

programs that dictate early neoplastic commitment and provides a molecular framework for 

understanding the interplay between genetics and environmental cues in cancer initiation.

Understanding the mechanisms by which tissue damage promotes cancer initiation may 

expose rational strategies to prevent, detect, and intercept tumors before they evolve to 

an intractable stage. A paradigm of damage-associated carcinogenesis is pancreatic ductal 

adenocarcinoma (PDAC), an invariably lethal cancer that lacks effective therapies. Its major 

oncogene, mutant Kras, is found altered in virtually all patients and is necessary for disease 

initiation and maintenance4,5. Intriguingly, Kras gene mutations are only weakly oncogenic 

but potently cooperate with signals emanating from tissue damage and the resulting 

inflammation (pancreatitis) to initiate the disease2,3,6. Normally, pancreatic injury triggers 
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a rapid cell fate transition characterized by loss of acinar differentiation and concomitant 

acquisition of a ‘duct-like’ state, a process termed acinar-to-ductal metaplasia (ADM) that 

resolves via acinar re-differentiation as the tissue regenerates7. However, in the presence of 

a Kras mutation, metaplasia aberrantly persists and progresses into pancreatic intraepithelial 

neoplasia (PanIN)8,9. These observations suggest that oncogenic KRAS co-opts otherwise 

reparative regenerative responses to drive PDAC initiation10. Given that neoplastic lesions 

emerge rapidly after tissue damage in the setting of mutant Kras but in the apparent absence 

of additional mutations2,3,6, we hypothesize that uncharacterized epigenetic mechanisms 

underlie the interplay between cancer-predisposing mutations and environmental insults in 

cancer pathogenesis.

Injury-induced chromatin states

As a first step towards dissecting how gene–environment interactions reprogram the 

pancreatic epithelium during tumor development, we generated chromatin accessibility maps 

of pancreatic epithelial cells freshly isolated from healthy, damaged, early neoplastic or 

malignant tissues from genetically and pathologically accurate mouse models engineered to 

enable selective isolation of exocrine pancreatic epithelial cells using the fluorescent reporter 

mKate2 (Extended Data Fig. 1a–c; Supplementary Fig. 1a, see Methods). Specifically, 

mKate2+ cells from the following tissue conditions were subjected to ATAC-seq11: (i) 

normal healthy pancreas (Normal), (ii) normal pancreas undergoing regenerative ADM 

driven by tissue damage (Injury); (iii) Kras-mutant pancreata undergoing stochastic 

neoplastic transformation (Kras*), (iv) Kras-mutated pancreata undergoing synchronous 
neoplastic reprogramming accelerated by tissue damage (Kras*+Injury) and, as reference 

for advanced disease, (v) PDAC (PDAC) arising in KPflC mice (Ptf1a-Cre;RIK;LSL­
KrasG12D;p53fl/+) or upon syngeneic orthotopic transplantation of KrasG12D;p53-null 

engineered pancreatic organoids (Fig. 1a–b, Extended Data Fig. 1b–d; Supplementary Table 

1).

Differential accessibility analysis was used to identify open chromatin regions (peaks) that 

were significantly gained or lost in each condition compared to Normal, which we refer to 

as accessibility-GAIN and accessibility-LOSS regions, respectively (Supplementary Table 

2). As illustrated in Fig. 1b, these analyses uncovered large-scale chromatin accessibility 

changes across conditions, with the majority of changes contributed by cooperative effects 

of tissue damage and mutant Kras early on in tumorigenesis (PC1: 56%), rather than the 

later transition from early neoplasia to PDAC (PC2: 16%). Strikingly, cells undergoing 

synchronous neoplastic reprogramming by the combined effects of tissue damage and 

oncogenic Kras displayed more than half of the chromatin aberrations that distinguish 

advanced PDAC from normal pancreas (Fig. 1c), suggesting that PDAC co-opts chromatin 

regulatory mechanisms from its onset.

Comparison of the dynamic peaks associated with the reversible metaplasia that 

accompanies physiological regeneration (Injury) to those occurring in persistent, pre­

neoplastic metaplasia (Kras* or Kras*+Injury) revealed shared and unique traits. 

Accessibility-LOSS changes were largely shared and, consistent with the reduction in acinar 

differentiation that defines both processes10, preferentially affected loci linked to acinar cell 
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functions (Fig. 1d, Extended Data Fig. 1e, Supplementary Table 2). While there was also 

overlap between accessibility-GAIN regions, the combination of mutant Kras and injury 

produced a large number (>8,500) of additional chromatin accessibility changes that were 

not observed in pancreatic epithelial cells expressing mutant Kras or subject to injury alone 

(Fig. 1d; Extended Data Fig. 1e). Unsupervised hierarchical clustering of all dynamic peaks 

sensitive to mutant Kras and/or tissue damage identified clusters of open chromatin regions 

specific to normal healthy (A), regenerative (R) and early neoplastic (N) tissue states as well 

as shared (S), with a large set of peaks uniquely gained upon co-occurrence of both stimuli 

(N2) (Extended Data Fig. 2a).

Notably, 67% of the accessibility-GAINS unique to cells undergoing synchronous neoplastic 

transformation by the combined effects of mutant Kras and injury (cluster N2) were retained 

in advanced PDAC, whereas those specific to each insult alone (e.g. cluster R) were not (Fig. 

1e). These early cancer-associated chromatin configurations arose within 48 hours of tissue 

damage and were associated with genes linked to PDAC-related pathways, including many 

cancer-relevant factors (Supplementary Tables 2–3; Extended Data Fig. 2b). The majority 

of open chromatin regions distinguishing normal (A), regenerating (R), and early neoplastic 

(N) tissues mapped to non-coding intergenic and intronic regions containing motifs for 

master transcription factors (TFs) controlling pancreatic cell lineage commitment (e.g. 

NR5A2, PTF1A) and carcinogenesis (e.g. AP-1, SOX, KLF)12,13 (Extended Data Fig. 2c–d), 

with TF enrichment and co-occurrence patterns differing across conditions (Extended Data 

Fig. 2f,g). Of note, Kras mutation and tissue damage cooperatively promoted accessibility-

LOSS at loci containing active enhancers and bound by acinar specification TFs in the 

normal exocrine pancreas14–16 and accessibility-GAIN at loci containing experimentally­

validated enhancers of advanced PDAC17 (Extended Data Fig. 3a–c).

Perturbing chromatin output

To functionally relate chromatin changes to cell fate transitions in vivo, we adapted 

the mouse models described above to incorporate a pancreas-specific and doxycycline 

(dox)-regulatable GFP-linked short hairpin RNA (shRNA) enabling perturbation of 

the transcriptional output of active regulatory elements preferentially associated with 

fate-specifying genes. Specifically, we exploited the activity of a well-characterized 

chromatin reader, the Bromodomain and Extraterminal (BET) family member Brd4, which 

binds acetylated (active) chromatin and is particularly important for enhancer-mediated 

transcription of cell-identity genes18,19. We reasoned that inducible targeting of Brd4 

function in Kras-mutant or -wild type pancreatic epithelial cells would perturb and expose, 

in a TF/context-agnostic manner, transcriptionally-active gene programs defining their 

states and reveal functional links between chromatin state and phenotypic output in vivo. 

Moreover, this genetic approach overcomes confounding effects of pharmacological BET 

inhibition that would simultaneously disrupt epigenetic programs of surrounding stromal 

cells known to influence pancreatic epithelial cell state/fate20.

To compare pro-neoplastic and regenerative programs, we produced models differing in 

Kras mutation status and harboring well-validated shRNAs targeting Brd4 (2 independent 

strains) or Renilla Luciferase (control) (Fig. 2a; Extended Data Fig. 3d; see Methods 
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for details). As expected, dox-treated KCsh (Kras mutant) and Csh (Kras WT) mice 

expressing Brd4 shRNA (shBrd4), but not the Renilla shRNA (shRen) controls, showed 

potent suppression of Brd4 protein restricted to mKate2/GFP double-positive cells (Fig. 

2b; Extended Data Fig. 3e), and RNA-seq and ATAC-seq data obtained from sorted mKate2/

GFP+ cells showed that Brd4 suppression impaired the expression of established enhancer­

associated cell-identity genes15,17,21 without decreasing chromatin accessibility at these loci 

or globally affecting transcription (Fig. 2c, Extended Data Fig. 3f,g; Supplementary Fig. 1b).

We next analyzed the phenotypic impact of perturbing Brd4 function on cells undergoing 

regenerative and pro-neoplastic cell fate transitions profiled above (Extended Data Fig. 

4a). Brd4-suppressed cells effectively lost acinar morphology and expression of acinar 

markers (CPA1, Amylase) while acquiring ductal (SOX9, KRT19) and dedifferentiation 

(Clusterin) markers in response to tissue damage, mutant Kras, or their combination in 

both regenerating and neoplastic conditions (Fig. 3a; Extended Data Fig. 4b–g). Therefore, 

despite the marked chromatin changes detected in damaged tissues (Fig 1), Brd4 is not 

required for ADM and, in fact, restrains this transition. In contrast, Brd4 suppression 

impaired both the resolution of ADM during normal regeneration as well as the initiation 

of neoplasia in the context of mutant Kras. In the regenerative context, Brd4-suppressed 

cells retained metaplastic features at a time when metaplasia in controls had resolved (Fig. 

3a; Extended Data Fig. 4b,e–g). In the neoplastic context, Brd4 suppression prevented 

the appearance of PanIN lesions (Fig. 3c–d). In both settings, metaplastic cells expressing 

shBrd4 disappeared over time leading to tissue atrophy (Fig. 3a–c; Extended Data Fig. 

5a–c). Of note, epithelial-specific Brd4 suppression did not reduce Myc protein nor 

recapitulated effects of Myc suppression (Extended Data Fig. 5d–f). These results uncover 

distinct epigenetic requirements for the induction versus resolution of metaplasia and 

link Brd4 function to Myc-independent expression programs required for regenerative and 

neoplastic outcomes of epithelial cell plasticity.

To identify these programs, the chromatin accessibility landscapes from Figure 1 were 

compared to RNA-seq and ATAC-seq profiles of pancreatic epithelial cells (mKate2/GFP+) 

triggered to undergo pro-neoplastic or regenerative fate transitions in the presence and 

absence of Brd4 (Extended Data Fig. 4a, 6a). Consistent with the differential chromatin 

states observed during regenerative versus pro-neoplastic metaplasia, the Brd4-sensitive 

gene expression programs in each condition were also distinct (Fig. 3f; Extended Data Fig. 

6b). In the regenerative context (Csh: Injury), Brd4 suppression blunted the expression of 

genes linked to acinar-specific (A) clusters identified through ATAC-seq (Fig. 3f; Extended 

Data Fig. 6b–d; Supplementary Table 4). Among these genes were master TFs (Ptf1a22) 

known to stabilize acinar cell identity (Extended Data Fig. 6b,d), providing an explanation 

for the exacerbated ADM and impairment of regeneration of Brd4-suppressed pancreata 

after injury.

In the neoplastic setting (KCsh: Kras*+Injury), Brd4 suppression also reduced acinar gene 

expression (Extended Data Fig. 6b–d-bottom) but, additionally, impaired the activation of 

a larger set of genes that otherwise are selectively opened and induced in this context 

(clusters N1/N2) (Fig. 3f; Extended Data Fig. 6c). These neoplasia-specific Brd4 targets 

included effectors of oncogenic Kras, targets of cancer-associated transcriptional networks, 

Alonso-Curbelo et al. Page 5

Nature. Author manuscript; available in PMC 2021 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and genes characteristic of advanced human PDAC23 (Extended Data Fig. 6e–k). Consistent 

with a direct effect on chromatin transcriptional activity, Brd4 perturbation did not prevent 

the acquisition of injury-driven chromatin states observed in controls (Extended Data. 

Fig. 6l,m). These results functionally connect the different injury-induced chromatin states 

of normal and Kras-mutant cells with distinct Brd4-dependent transcriptional programs 

required for regeneration or neoplastic transformation, respectively.

Epigenetic reprogramming instructs neoplastic commitment

To reveal potential mechanisms whereby chromatin dysregulation redirects regenerative 

injury responses to neoplasia, we performed RNA-seq analyses across the full spectrum 

of epithelial states described above (Fig. 1a). Integration of transcriptional, chromatin 

accessibility, and shBrd4 sensitivity profiles identified two major classes of differentially 

expressed genes (DEGs) distinguishing pancreatic epithelial (mKate2+) cells from 

regenerating (Injury), early neoplastic (Kras*; Kras*+Injury) and cancer (PDAC) tissues 

from healthy normal (Normal): DEGs with ubiquitously opened regulatory elements across 

all conditions (chromatin-stable DEGs) and DEGs displaying parallel accessibility-GAINS 
or LOSSES at one or more associated regulatory element (chromatin-dynamic DEGs) 

(Fig. 4a; Extended Data Fig. 7a,b; Supplementary Table 5). Interestingly, chromatin-stable 

DEGs were linked to housekeeping cellular processes, whereas ‘chromatin-dynamic DEGs’ 

encoded factors regulating traits altered in PDAC, represented an enriched fraction in 

mutant-Kras pancreata subject to injury (Kras*+Injury) and advanced cancer (PDAC), and 

were particularly sensitive to Brd4 perturbation (Extended Data Fig. 7c,d; Supplementary 

Table 6).

Comparison of dynamic cis-regulatory elements of DEGs altered during regeneration, 

early neoplasia and cancer revealed a common redistribution of transcriptionally-active 

open chromatin from loci containing binding sites for acinar lineage-specifying TFs (Fig. 

4b, blue/green-colored peaks) to newly accessible regions enriched in motifs for wound 

healing and Ras/cancer-associated TFs including the AP-1 TF family (Fig. 4b, red-colored 

peaks; Supplementary Table 7). However, unsupervised clustering analysis identified a 

gene regulatory program that is uniquely induced by cooperative effects of mutant Kras 

and tissue damage (Fig. 4b). Accordingly, the relative expression of the TFs predicted 

to bind differentially-active chromatin domains differed between conditions, even among 

members of the same TF family (Extended Data Fig. 7e–g). Consistent with a role for 

this neoplasia-specific epigenetic program in carcinogenesis, the gene regulatory activities 

and expression outputs altered in Kras-mutant pancreata shortly after injury were largely 

shared with (and further exacerbated in) advanced disease (Extended Data Fig. 7e–g), 

strongly correlated with signatures defining human PDAC (Fig. 4c), and were blunted in 

shBrd4 metaplastic cells unable to progress to neoplasia (Fig. 4d). Thus, while loss of 

acinar differentiation is sufficient to activate certain AP-1 TFs and other cancer-associated 

networks during physiological metaplasia24, a distinct epigenetic program facilitated by 

injury-driven chromatin accessibility changes is required for neoplastic commitment.

To discriminate whether this neoplasia-specific chromatin state reflects bona-fide chromatin 

remodeling (versus a shift in the proportion of pre-existing diverse cell types comprising 
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the epithelium25), we applied single-cell ATAC-seq (scATAC-seq) on over 6,000 Kras­

mutant cells isolated from Kras* or Kras*+Injury conditions. These analyses revealed 

rapid chromatin accessibility shifts induced by injury within and across epigenetically 

heterogeneous subpopulations of pre-malignant Kras-mutant cells (Extended Data Fig. 8a–e; 

Supplementary Table 8) through remodeling of specific loci consistent with those detected 

in bulk populations (r =0.765–0.882) (Extended Data Fig. 8f–i). Also consistent with 

chromatin remodeling, mapping of activity scores for acinar differentiation (e.g. NR5A2) 

and Kras/injury-activated (e.g. AP-1) TFs per individual cell showed a shift in TF activity 

of Kras-mutant cells upon tissue injury (Fig. 4e) and an anticorrelation of their activity 

scores across single-cell epigenetic profiles (Fig. 4f; Extended Data Fig. 8j). scATAC-seq 

analyses also captured depletion of cells with specific chromatin states (e.g. acinar-state) 

coinciding with the emergence of less differentiated subpopulations defined by widespread 

chromatin opening at neoplasia-associated loci (Extended Data Fig. 8h,i). In contrast, 

metaplasia-associated genes were found to pre-exist in an open state across most epithelial 

subpopulations (including in cells with open chromatin at acinar genes) and, in agreement 

with bulk analyses, did not experience further accessibility gain upon injury (Extended Data 

Fig. 8i-right). Thus, while the activity of specific TFs that underlie such early epigenetic 

heterogeneity and injury-driven plasticity currently relies on correlative observations, these 

results demonstrate that oncogenic mutations and tissue injury cooperatively remodel 

chromatin to produce neoplasia-specific transcriptional programs. We refer to this process as 

the ‘acinar-to-neoplasia’ chromatin switch.

IL-33 is a chromatin-activated effector of early neoplasia

Many of the neoplasia-specific chromatin-activated genes encoded membrane-bound and 

secreted proteins (Fig 4g; Fig 5a). Among the most robustly activated genes was the alarmin 

cytokine IL-33, an injury-associated factor that coordinates wound healing and tissue 

repair responses26. Hence, analysis of both bulk and scATAC-seq chromatin accessibility 

datasets consistently identified numerous peaks at the Il33 locus that were rapidly and 

selectively gained in Kras-mutant pancreata undergoing the injury-facilitated chromatin 

switch (Kras*+Injury; Extended Data Fig. 9a–d) and retained in established PDAC 

(Extended Data 9e). These changes correlated with a Brd4-dependent increase in Il33 
expression within the pancreatic epithelium (Fig. 5a,b, Extended Data Fig. 9f–h) that could 

be cooperatively induced in cultured cells upon transduction with Ras/injury-sensitive TFs 

previously validated to bind these dynamic loci27 (Extended Data Fig. 9e,i). Accordingly, 

multiplexed immunoassay for 40 different cytokines identified IL-33 as the most abundant 

cytokine in Kras-mutant pancreata after injury (Extended Data Fig. 9j).

We next examined the extent to which exogenous IL-33 could recapitulate the effects of 

tissue damage by intraperitoneal administration of recombinant mouse IL-33 (rIL-33) to 

Kras-mutant- or Kras-wt mice (Extended Data Fig. 10a). Remarkably, rIL-33 mimicked 

injury in cooperating with mutant Kras to activate the neoplasia-specific, Brd4-dependent 

gene expression program induced upon tissue damage (Fig. 5c,d; Extended Data Fig. 

10b–e), including genes upregulated in human PDAC (Extended Data Fig. 10f). These 

transcriptional outputs were preceded by accessibility-GAIN and gene expression at cancer­

associated loci sensitive to injury in pre-neoplastic Kras-mutant tissues (Extended Data Fig. 

Alonso-Curbelo et al. Page 7

Nature. Author manuscript; available in PMC 2021 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



10g–i), and associated with an accelerated appearance of PanIN lesions (see ‘KC-GEMM’ 

panels in Fig. 5e,f; Extended Data Fig. 10j). Notably, rIL-33 had no detectable effects on 

normal pancreata (Fig. 5e,f; Extended Data Fig. 10j). Of note, rIL-33 did not significantly 

induce its own mRNA or nuclear protein staining in Kras-mutant epithelial cells (Extended 

Data Fig. 10k,l), suggesting that its ability to phenocopy injury in the presence of oncogenic 

Kras is predominantly due to its soluble form. These results identify IL-33 as a target 

and effector of gene-environment interactions driving early-stage neoplasia and suggest a 

chromatin-mediated amplification mechanism whereby tissue damage mediators unleash and 

enforce oncogene-dependent gene expression.

Discussion

Here we document large-scale chromatin accessibility remodeling in damaged tissues 

that, in the presence of an oncogenic Kras mutation, leads to an epigenetic program 

– not accessible during physiological regeneration – that contributes to tumor initiation 

and is selected for during malignant progression. By combining bulk and single-cell 

profiling with spatiotemporally-controlled in vivo perturbations of mechanisms that regulate 

cell identity, we show that pancreatic metaplasia involves epigenetic silencing of acinar 

identity loci that is exacerbated by Brd4 suppression, suggesting that somatic enhancers 

and/or super-enhancers linked to cell type specification28,29 actively prevent excessive 

dedifferentiation upon injury and facilitate its resolution. In contrast, progression to 

neoplasia couples dedifferentiation to a distinctive chromatin remodeling program that 

diverts DNA accessibility and Brd4-mediated transcription from normal lineage-specifying 

to cancer-defining loci. Thus, while enhancer remodeling facilitates metastasis in advanced 

PDAC17,30, these data imply a role for chromatin dysregulation at an early disease stage (see 

Supplementary Discussion for additional commentary).

Cancer initiation is facilitated by interactions between genetic and environmental insults. 

Our studies identify an epigenomic mechanism that contributes to this effect, involving an 

‘acinar-to-neoplasia’ chromatin switch that can arise in Kras-mutant cells within 48 hours of 

tissue damage. One key target of this program is IL-33, whose cytokine activity can replace 

the requirement for injury in accelerating the formation of early neoplastic (PanIN) lesions. 

While IL-33 can both restrain31 and amplify anti-tumor immunity32 in advanced cancers, 

it connects tissue damage responses with oncogene-dependent epithelial plasticity during 

early neoplasia. Further study of these and other epigenetically-dysregulated programs may 

provide new opportunities for the rational design of early detection and treatment strategies 

to intercept inflammation- and RAS-driven malignancies such as PDAC at an earlier stage.

Methods

Generation and authentication of KCshBrd4 ESC clones

KC-shBrd4 ESCs (Ptf1a-Cre;LSL-KrasG12D;RIK;CHC33) were targeted with 2 independent 

GFP-linked Brd4-shRNAs (shBrd4.552 and shBrd4.1448)34,35 cloned into mir30-based 

targeting constructs36, as previously described33,36. Targeted ESCs were selected and 

functionally tested for single intregation of the GFP-linked shRNA element into the 

CHC locus as previously described37. The KC-shRen ESC control clone used in 
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this study has been previously described33,37. Before injection, ESCs were cultured 

briefly for expansion in KOSR+2i medium38. The identity and genotype of the 

ESC, resulting chimeric mice and their progeny was authenticated by genomic 

PCR using a common Col1a1 primer CACCCTGAAAACTTTGCCCC paired with a 

transgene specific primer: shRen.713: GTATAGATAAGCATTATAATTCCTA; shBrd4.552: 

TATTGTTCCCATATCCAT; shBrd4.1448: CTAGTTTAGACTTGATTGTG, yielding an 

∼250-bp product. ESC were confirmed to be negative for mycoplasma and other 

microorganisms before injection.

Animal models

All animal experiments in this study were performed in accordance with a protocol approved 

by the Memorial Sloan-Kettering Institutional Animal Care and Use Committee. Mice were 

maintained under specific pathogen-free conditions, and food and water were provided ad 

libitum. All mice strains have been previously described. Ptf1a-Cre39, LSL-KrasG12D40, 

CHC41, CAGs-LSL-RIK42, and TRE-GFP-shRen43 strains were interbred and maintained 

on mixed Bl6/129J backgrounds.

To enable selective isolation of epithelial cells from pancreatic tissues we employed the 

pancreas-specific Cre driver Ptf1a-Cre39,44 and the lineage-tracing allele LSL-rtTA3-IRES­
mKate2 (RIK)41,42 that, by themselves or in combination with a Cre-activatable KrasG12D 

allele40, enable tagging of pancreatic epithelial cells harboring wild-type (WT) or mutant 

Kras by the fluorescent reporter mKate2. To compare the effects of tissue injury in 

the transcriptional and chromatin accessibility landscapes of mutant Kras-expressing or 

Kras wild-type pancreatic epithelial cells, KC-GEMM (Ptf1a-Cre;RIK;LSL-KrasG12D) or 

C-GEMM (Ptf1a-Cre;RIK) 5-week old male mice were treated with 8 hourly intraperitoneal 

injections of 80 μg/kg caerulein (Bachem) or PBS for 2 consecutive days, using littermates 

when possible. To characterize invasive disease, pancreatic ductal adenocarcinoma (PDAC) 

cells were isolated from cancer lesions arising in autochthonous transgenic models (KPflC­

GEMM; Ptf1a-Cre;RIK;LSL-KrasG12D;p53fl/+)5,45 that were macro-dissected away from 

pre-malignant tissue. As an orthogonal approach, 8–10 weeks old C57Bl/6 female mice 

(Harlan) were subjected to for orthotopic transplantations with syngeneic ductal organoids 

harbouring mutant Kras and inactivated Trp53 gene (see below). Prior to transplantation, 

organoid cultures were dissociated with TrypLE (Gibco) after mechanical dissociation 

by pipetting and 1–2×105 cells in serum-free advanced DMEM/F12 (Life Technologies) 

supplemented with 2 mM glutamine and pen-strep were mixed 1:1 with growth factor 

reduced matrigel (Corning) and injected into the exposed pancreas using a Hamilton syringe 

fitted with a 26 gauge needle. In all experiments with orthotopic or transgenic PDAC 

models, tumors did not exceed a maximum volume corresponding to 10 % of the animal’s 

body weight (typically 12 mm diameter). Mice were evaluated daily for signs of distress or 

endpoint criteria. Specifically, mice were immediately euthanized if they presented signs of 

cachexia, weight loss >20% of initial weight, breathing difficulties, or developed tumours 12 

mm in diameter. No tumours exceeded this limit.

For studying the effects of epithelial-specific suppression of Brd4 or Myc in a mutant 

Kras background, chimeric cohorts of male KCshBrd4 mice derived from the ESCs above 
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described were generated by the Center for Pancreatic Cancer Research (CPCR) at MSKCC 

or the Rodent Genetic Engineering Core at NYU as previously described33. ESC-derived 

KCshMyc mice have been previously described33. Only KC-shRNA mice with a coat color 

chimerism of >95 % were included for experiments. Kras wild-type Csh counterparts 

were generated by strain intercrossing (to remove LSL-KrasG12D allele). For induction of 

shRNA expression, mice were switched to a doxycycline diet (, at either 4 weeks of age 

(for injury-driven regeneration or accelerated neoplasia experiments) or at post-natal day 

(stochastic Kras-driven-neoplasia) to induce shRNA expression. In the case of C-shRNA 

mice, both female and male mice were used, allocated at randome to sex-matched treatment 

groups. Mice were switched to a doxycycline diet 625 mg/kg, Harlan Teklad) that was 

changed twice weekly at either 4 weeks of age (for injury-driven regeneration or accelerated 

neoplasia settings) or postnatal day 10 (stochastic Kras-driven-neoplasia) to induce shRNA 

expression.

For treatment with recombinant IL-33, 5 weeks-old C or KC mice were injected 

intraperitoneally once daily doses with 1 µg of murine recombinant IL-33 (#580504, R&D 

Systems) or vehicle (PBS) for 5 consecutive days, using sex-matched experimental groups.

Pancreatic epithelial cell isolation

For RNA-seq, ATAC-seq and scATAC-seq analyses in lineage-traced epithelial cells were 

freshly-isolated isolated from pancreatic tissues from KC, KPflC, or KC-shRNA mice by 

FACS-sorting. Specifically, pancreata were finely chopped with scissors and incubated 

with digestion buffer containing 1 mg/ml Collagenase V (C9263, Sigma-Aldrich), 2 

U/mL Dispase (17105041, Life Technologies) dissolved in HBSS with Mg2+ and Ca2+ 

(14025076, Thermo Fisher Scientific) supplemented with 0.1 mg/ml DNase I (Sigma, 

DN25–100MG) and 0.1 mg/ml Soybean Trypsin Inhibitor (STI) (T9003, Sigma), in 

gentleMACS C Tubes (Miltenyi Biotec) for 42 min at 37°C using the gentleMACS Octo 

Dissociator. Normal (non-fibrotic) pancreas samples were dissociated as above, except that 

the digestion buffer contained 1mg/mL Collagenase D (11088858001, Sigma-Aldrich). After 

enzymatic dissociation, samples were washed with PBS and further digested with a 0.05% 

solution of Trypsin-EDTA (15400054, Thermo Fisher Scientific) diluted in PBS for 5 min 

at 37°C. Trypsin digestion was neutralized with FACS buffer (10 mM EGTA and 2% FBS 

in PBS) containing STI. Samples were then washed in FACS buffer containing DNase I and 

STI, filtered through a 100 μm strainer. Cell suspensions were blocked for 5 min at room 

temperature with rat anti-mouse CD16/CD32 with Fcblock (Clone 2.4G2, BD Biosciences) 

in FACS buffer containing DNase I and STI, and an APC-conjugated CD45 antibody (Clone 

30-F11, Biolegend, 1:200) or APC-Cy7 CD45 antibody (Clone 30-F11, Biolegend, 1:200) 

was then added and incubated for 10 min at 4°C. Cells were then washed once with in FACS 

buffer containing DNase I and STI, filtered through a 40 μm strainer, and resuspended in 

FACS buffer containing DNase I and STI and 300 nM DAPI as live-cell marker. Sorts were 

performed on a BD FACSAria III cell sorter (Becton Dickinson) for mKate2 (co-expressing 

GFP for on dox-shRNA mice), excluding CD45+ cells. Cells were sorted directly into Trizol 

LS (Thermo Fisher Scientific) for RNA-seq or collected in 2% FBS in PBS for ATAC-seq.
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Immunofluorescence, immunohistochemistry and histological analyses

Tissues were fixed overnight in 10% neutral buffered formalin (Richard-Allan Scientific), 

embedded in paraffin and cut into 5 µm sections. Slides were heated for 30 min at 55°C, 

deparaffinized, rehydrated with an alcohol series and subjected to antigen retrieval with 

citrate buffer (Vector Laboratories Unmasking Solution, H-3300) for 25 min in a pressure 

cooker set on high. Sections were treated with 3% H2O2 for 10 min followed by a wash 

in deionized water (for immunohistochemistry only), washed in PBS, then blocked in PBS/

0.1% Triton X-100 containing 1% BSA. Primary antibodies were incubated overnight at 4°C 

in blocking buffer. The following primary antibodies were used: mKate2 (Evrogen, AB233, 

1:1000), GFP (ab13970, Abcam, 1:500; and 2956S, Cell Signaling Technology, 1:200), 

Brd4 (HPA015055, Sigma-Aldrich, 1:100), Myc (ab32072, Abcam, 1:100), CPA1 (AF2765, 

R&D, 1:400), Clusterin (sc-6419, SCBT, 1:200), SOX9 (AB5535, Millipore, 1:1000), 

Amylase (sc-31869, SCBT, 1:1000), KRT19 (Troma III, Developmental Studies Hybridoma 

Bank, 1:500), FOSL1 (sc-376148, SCBT, 1:100), JUNB (sc-8051, SCBT, 1:100), AGR2 

(NBP2–27393, Novus Biologicals, 1:200), DCLK1 (ab109029, Abcam, 1:200), Ki67 (BD 

Biosciences 550609, 1:200) and IL-33 (AF3626, R&D, 1:150). For mKate2, GFP and 

cMyc immunohistochemistry, Vector ImmPress HRP kits and ImmPact DAB (Vector 

Laboratories) were used for secondary detection. Tissues were then counterstained with 

Haematoxylin or when indicated Alcian blue (pH 2.5) and 0.1% Nuclear Fast Red Solution, 

dehydrated and mounted with Permount (Fisher). The immunohistochemistry detection of 

Brd4 was performed at the Molecular Cytology Core Facility of Memorial Sloan Kettering 

Cancer Center using Discovery XT processor (Ventana Medical Systems-Roche). The tissue 

sections were blocked for 30 min in 10% normal goat serum, 2% BSA in PBS. A rabbit 

polyclonal anti-Brd4 antibody (HPA015055, Sigma-Aldrich) was used in 1 ug/ml (1:100) 

concentrations. The incubation with the primary antibody was done for 6 hours, followed 

by 60 minutes incubation with biotinylated goat anti-rabbit IgG (PK610, Vector labs) in 

5.75ug/mL concentration. Blocker D, Streptavidin- HRP and DAB detection kit (760–124, 

Ventana Medical Systems-Roche) were used according to the manufacturer instructions. 

Slides were counterstained with Hematoxylin (760–2021, Ventana), Bluing Reagent (760–

2037, Ventana) and coverslipped with Permount (Fisher Scientific).

For immunofluorescence, the following secondary antibodies were used: goat anti-chicken 

AF488 (A11039, Invitrogen, 1:500), donkey anti-chicken IgY H&L (FITC) (ab63507, 

Abcam, 1:500), donkey anti-rabbit AF594 (A21207, Invitrogen, 1:500), goat anti-rabbit 

AF594 (A11037, Thermo Fisher Scientific, 1:500), donkey anti-goat AF488 (A11055, 

Invitrogen, 1:500) and donkey anti-goat AF594 (A11058, Thermo Fisher Scientific, 1:500). 

Slides were counterstained with DAPI and mounted in ProLong Gold (Life Technologies). 

Hematoxylin and eosin (H&E) was performed using standard protocols. Images were 

acquired on a Zeiss AxioImager microscope using using a 10 × (Zeiss NA 0.3) or 20 × 

(Zeiss NA 0.17) objective, an ORCA/ER CCD camera (Hamamatsu Photonics, Hamamatsu, 

Japan), and Axiovision or Zeiss (ZEN 2.3) software. Bright-field and fluorescence images 

of pancreata gross morphology were acquired using Nikon SMZ1500 microscope and NIS­

Element imaging software.
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Histological classification and grading of pancreatic lesions into ADM or PanIN PanIN 

lesions was performed by a veterinary pathologist blinded to genotype and treatment 

condition in H&E stained-slides using established criteria46. When applicable GFP+ area 

marking shRNA-expressing epithelial cells from KCsh mice was quantified using “SpotR 

software”. All lesions in at least 3 representative 20X fields per section were measured and 

counted. The results were averaged and normalized to total tissue area analyzed. Statistical 

analyses were performed using unpaired two-tailed Student’s t-test in GraphPad Prism (v7 

and v8). Graphs display means ± s.e.m of independent biological replicates (mice).

Multiplexed immunoassays in tissue lysates

0.1% SDS; 1mM EDTA; 1% NP-40, supplemented with fresh protease inhibitors, 

Complete™ Mini Protease Inhibitor Cocktail, Sigma) using PowerBead Tubes, Ceramic 

2.8mm and PowerLyzer 24 Homogenizer (110/220 V, 2 × 30-sec cycles; S 3500) (Qiagen). 

After homogenization, RIPA lysates were incubated for 30 mins at 4°C and with continued 

vortexing, and clarified by centrifugation. Same amounts of total tissue protein (25 µg) 

diluted in RIPA buffer were subjected to quantitative multiplexed ELISA (Discovery 

Assays) performed by Eve Technologies (Canada).

Cell culture and retroviral infection

Cells were maintained in a humidified incubator at 37 °C with 5% CO2. The 266–6 

pancreatic acinar cell tumor cell line was purchased from ATCC (CRL-2151) and was 

grown in complete DMEM (DMEM, 10% FBS (Gibco), pen-strep) on non-coated, tissue­

culture-treated plates. KPflC cells were derived from PDAC arising in a Ptf1a-Cre;LSL­
KrasG12D;p53flox/+;RIK mouse generated by blastocyst injection, as previously described47, 

and propagated in propagated in complete DMEM on collagen-coated plates (PurCol, 

Advanced Biomatrix, 0.1 mg/ml). Frozen stocks generated within 2 to 3 passages from date 

of purchase (266–6) or generation (KPflC) and were used for the in vitro experiments. Cell 

lines were not externally authenticated. All cell lines used were negative for mycoplasma.

For stable transduction of 266–6 and KPflC cells with FOSL1 and/or cJUN or both, VSV-G 

pseudotyped retroviral supernatants were generated from transduced Phoenix-gp packaging 

cells and infections were performed as described elsewhere34. The following plasmids were 

used: p6599 MSCV-IP N-HAonly FOSL1 (Addgene, #34897), p6600 MSCV-IP N-HAonly 

JUN (Addgene, #34898), pMIEG3-cJun (Addgene, #40348), and their corresponding empty 

vectors (MSCV-IP N-HAonly-EV or pMIEG3-EV). Empty vectors were generated by 

removing FOSL1 (from MSCV-IP N-HAonly FOSL1 plasmid) or cJun (from pMIEG3-cJun 

plasmid) cDNAs by digestion with Xho/EcoRI-HF or XhoI/BamHI-HF restriction enzymes 

(New England Biolabs), respectively followed by Klenow step (M0210M, New England 

Biolabs), gel extraction purification of the digested back-bone fragment (QIAquick Gel 

Extraction Kit, Qiagen), and ligation through T4 DNA Ligase (New England Biolabs), 

following manufacturer’ instructions. All plasmids were authenticated by test-digestion and 

sanger sequencing. Infected cells were selected with 2 μg/mL (for 266–6 cells) or 8 μg/mL 

(for KPflC;RIK cells) puromycin (Sigma) and/or sorted based on GFP-positivity using Sony 

MA900 Cell Sorter (Sony) (GFP-vectors), depending on whether they were transduced with 
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MSCV-IP-N-HA and/or pMIEG3 vectors, respectively, and were harvested for expression 

analyses at day 12 (KPflC;RIK) or day 28 (266–6) post-infection.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) analysis

Total RNA was isolated from mKate2+,CD45-DAPI- sorted primary pancreatic epithelial 

cells using the Trizol LS (Thermo Fisher Scientific), and cDNA was obtained from 

500 ng of RNA using the Transcriptor First Strand cDNA Synthesis Kit (Roche) after 

treatment with DNAse I (Invitrogen) following manufacturer’s instructions. The following 

primer sets for mouse sequences were used: Il33_F GCTGCGTCTGTTGACACATT, Il33_R 

GACTTGCAGGACAGGGAGAC, Agr2_F ACAACTGACAAGCACCTTTCTC, Agr2_R 

GTTTGAGTATCGTCCAGTGATGT, Muc6_F AGCCCACATTCCCTATCAGC, Muc6_R 

CACAGTGGAAGATTGCGAGAG, Cpa1_F CAGTCTTCGGCAATGAGAACT, Cpa1_R 

GGGAAGGGCACTCGAACATC, Sox9_F CGTGCAGCACAAGAAAGACCA, Sox9_R 

GCAGCGCCTTGAAGATAGCAT, Hprt_F TCAGTCAACGGGGGACATAAA, Hprt_R 

GGGGCTGTACTGCTTAACCAG, Rplp0_F GCTCCAAGCAGATGCAGCA, Rplp0_R 

CCGGATGTGAGGCAGCAG, Actb_F GGCTGTATTCCCCTCCATCG and Actb_R 

CCAGTTGGTAACAATGCCATGT. qRT-PCR was carried out in triplicate (5 cDNA ng/

reaction) using SYBR Green PCR Master Mix (Applied Biosystems) on the ViiA 7 

Real-Time PCR System (Life technologies). Hprt, Rplp0 (aka 36b4) or ActB served as 

endogenous normalization controls.

Isolation, culture and genetic manipulation of pancreatic organoids

To isolate untransformed ductal organoids for the transplantable PDAC tumorigenesis 

model, normal pancreas from LSL-KrasG12D mice (pure Bl/6N background) minced and 

digested with 0.01 2% collagenase XI (C9407, Sigma-Aldrich) and 0.012 % Dispase 

(17105041, Life Technologies) in in HBSS with Mg2+ and Ca2+ (14025076, Thermo Fisher 

Scientific) at 37 °C for a maximum of 30 mins. The material was further digested with 

TrypLE (GIBCO) for 5 min at 37°C, washed twice with DMEM/F12 (Life Technologies) 

supplemented with 2 mM glutamine and pen-strep, embedded in growth factor reduced 

matrigel (Corning), and cultured in complete medium, as described in Boj et al 2014. 

For activation of mutant Kras, organoids harbouring the LSL-KrasG12D allele were 

transduced with Ad-mCherry-Cre (Vector Biolabs), and Cherry+ cells were sorted from 

single cell organoid suspension by flow cytometry 36h thereafter. Resulting clones were 

assessed for LSL-KrasG12D recombination by genotyping PCR in genomic DNA using the 

following primers: GTCTTTCCCCAGCACAGTGC, CTCTTGCCTACGCCACCAGCTC, 

and AGCTAGCCACCATGGCTTGAGTAAGTCTGCA. Validated Cre-recombined clones 

were then subjected to CRISPR-based inactivation of Trp53 using the PX458 vector 

(Addgene #48138) and gRNA AGTGAAGCCCTCCGAGTGTC sequence. PX458-sgTrp53 

was transduced into organoids by transient transfection using the spinoculation method 

previously described48, with the modification of using the Effectene transfection reagent 

(Qiagen). PX458-sgTrp53 introduced cells were sorted by GFP positivity with flow 

cytometry 36 h post-transfection. p53 null status of targeted clones was validated by western 

blot, using anti-p53 antibody (CM5, Leica Microsystem) and anti-β-actin−peroxidase 

antibody (Sigma-Aldrich) as normalization control.
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Bulk ATAC-seq analysis

Cell preparation, transposition reaction, ATAC-seq library construction and 
sequencing: 65,000 mKate2+ cells isolated by FACS, washed once with 50 µL of cold 

PBS, and resuspended in 50ul cold lysis buffer11. Cells were then centrifuged immediately 

for 10 min at 500 g, 4°C and nuclei pellet was subjected to transposition with Nextera 

Tn5 transposase (FC-121–1030, Illumina) for 30 min at 37°C, according to manufacturer’s 

instructions. DNA was eluted using MinElute PCR Purification Kit in 11.5 µl elution buffer 

(Qiagen). ATAC-seq libraries were prepared using the NEBNext High-Fidelity 2x PCR 

Master Mix (NEB M0541) as previously described37. Purified libraries were assessed using 

a Bioanalyzer High-Sensitivity DNA Analysis kit (Agilent). Approximately 200 million 

paired-end 50 bp reads were sequenced per replicate on a HiSeq 2500 (High Output) at the 

New York Genome Center.

Mapping, peak calling and dynamic peak calling: Fastq files were trimmed with 

trimGalore and cutadapt49, and the filtered, pair-ended reads were aligned to mm9 with 

bowtie250. Peaks were called over input using MACS2 51, and only peaks with a p-value of 

<=0.001 and outside the ENCODE blacklist region were kept. All peaks from all samples 

were merged by combining peaks within 500bp of each. featureCount52 was used to count 

the mapped reads for each sample. The resulting peak atlas was normalized using DESeq253. 

For comparison to DepthNorm, samples were normalized to 10 million mapped reads. 

Normalized bigwig files were created using the normalization factors from DESeq2 as 

previously described54 and bedtools genomeCoverageBed55. Dynamic ATAC-peaks were 

called if they had an absolute log2FC >= 0.58 and a FDR <=0.1.

ATAC-seq heatmap clustering: The dynamic peaks of regeneration and early neoplasia 

determined by comparing Normal, Injury, Kras*, and Kras*+Injury conditions (as defined 

in Fig. 1a and Extended Data Fig. 1a) were clustered using z-score and a kmeans of 6 and 

plotted using ComplexHeatmap56.

ATAC-seq peak annotation and pathway enrichment analysis.—Peaks were 

associated with genes based on UCSC.mm9.knownGene57 using ChIPseeker package58. 

The peaks were further analyzed for genic location (annotatePeaks). The distance of a 

peak to the nearest TSS was identified and annotated the peak to that gene. For pathway 

enrichment analysis of genes associated with regeneration and early neoplasia ATAC-seq 

clusters, genes uniquely associated with peaks belonging to each cluster were subjected to 

pathway analyses using enrichr59. Genes associated with > 1 ATAC cluster were excluded 

such that each gene is uniquely associated to one module.

TF motif enrichment and co-occurrence analyses: Motif enrichment analysis was 

performed individually on each of the 6 ATAC-peak clusters using the HOMER de novo 

motif discovery tool60 using findMotifsGenome command with size = given and length 

= 8 parameters. Motif enrichment scores of the de novo predicted motifs identified from 

the above analyses were calculated for all 6 ATAC-clusters or accessibility-GAIN or 

-LOSS regions between Injury, Kras*, Kras*+Injury and PDAC vs Normal conditions were 

calculated by applying the findMotifsGenome command with the size = given and length = 8 
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in each peak-set, and results were visualized as heatmaps (Fig. 1g) or bubble plots (Extended 

Data Fig. 2f) plotted with R package ggplot. For each of the 6 ATAC-cluster peaks, TF 

motif occurrence in a given peak was defined as previously described14. In brief, Pearson 

correlation coefficient method was used to determine the similarity between TF pairs based 

on the whether a specific motif was present (1) or absent (0), and the results were visualized 

using the R package ggcorrplot with hierarchical clustering.

Metagene plots: Metagene plots were created with the deepTools package using ATAC­

seq peak centers and regions extended to +/− 3,000 bp with 10 bp bins. To evaluate 

differential enrichment from ATAC-seq meta-profiles between experimental conditions, 

average signals for each experimental condition were calculated (200 bins) for +/−1 Kb 

around the peak center, and compared. p-value was determined by Kolmogorov–Smirnov 

test.

Intersection of ATAC-seq and publicly available ChIP-seq data: To analyze 

accessibility dynamics at H3K27ac-enriched regions defining PDAC metastasis, we first 

extracted 849 peaks significantly enriched in PDAC metastasis vs normal pancreas-derived 

organoids17 (based on enrichment cut-off of more than 10-fold increase of H3K27ac signal 

in any of the metastasis-derived organoids compared to the average of normal pancreas 

previously used17). We then matched the mm9 coordinates of H3K27Ac-GAIN ChIP-seq 

regions with positive ATAC-seq peak calls from the MACS2 output for PDAC samples over 

input and used genome_left_join function from R package fuzzyjoin to identify coordinates 

that were overlapping between PDAC positive peaks and H3K27Ac ChIP-seq of organoid­

cultured vs freshly-isolated PDAC cells, respectively. This found positive ATAC-seq match 

for 53% of metastasis-associated H3K27Ac. In vivo accessibility dynamics at these PDAC 

opened-loci was evaluated by calculating the proportion of metastasis-associated ATAC­

seq loci overlapping with ATAC-GAIN regions between Injury, Kras*, Kras*+Injury and 

PDAC conditions vs Normal, as well as by measuring differential enrichment of ATAC­

seq signals centered on the middle of this metastasis-associated peakset across these 

same conditions using the metagene plot analyses above described. In addition, the Gene 

Transcription Regulation Database (GTRD, v20.06) was used to extract publicly available 

ChIP-seq experiment information on TFs and mine for those validated to bind regulatory 

regions of the Il33 locus displaying ATAC-GAIN between Injury, Kras* or Kras*+Injury 
vs Normal conditions. Specifically, dynamic ATAC-seq peaks associated with Il33 were 

converted from mm9 to mm10 coordinates using the UCSC liftover tool61 and were then 

intersected with GTRD’s ChIP-Seq datasets. Selected TFs whose binding sites are enriched 

in these differentially accessible Il33 ATAC-peaks identified in our study and experimentally 

validated to bind these regions in other contexts are indicated in Extended Data Fig. 9e.

Integration of TF-associated RNA-seq and ATAC-seq data: To assign motifs 

enriched at differentially-accessible loci (identified by HOMER de novo analyses) to 

specific TFs most likely to bind these sequences in each experimental condition, we 

applied a similar workflow as previously described62 that integrates the motif enrichment 

and mRNA fold change data between 2 conditions. In brief, we first identified motifs 

significantly enriched in the 6 ATAC-seq clusters defined from dynamic peaks of 
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regeneration and early neoplasia as described above, to expose potential regulatory nodes 

linked to accessibility-GAINS or -LOSSES driven by Injury (Injury), mutant Kras (Kras*) 

or their combination (Kras*+Injury). For each of these enriched motifs, we extracted 

HOMER’s best matches to known motifs TFs to generate a list of putative TF factors. 

For each of these TFs, we calculated RNA-seq and ATAC-seq absolute scores reflecting 

the degree of enrichment of their assigned motif (- log10 p-value, defined by HOMER) 

or magnitude of their mRNA expression fold change (log2FC) between Injury, Kras*, 
Kras*+Injury and PDAC conditions vs Normal, respectively. To avoid having results from 

one of the comparisons dominate the entire analysis, a weight γ was calculated for each TF 

and comparison by dividing the TF’s absolute score in that specific comparison by the sum 

of the absolute scores across all:

γRNA = log2FC per Condition vs Normal
∑ log2FC

γATAC =
log10 pval per Condition vs Normal

∑ log10 pval

The combined ATAC-RNA scores for each TF and comparison was calculated by 

multiplying these weighted RNA- and ATAC- scores:

Combined Score = γRNA × log2FC × γATAC × − log10 pval

To reflect directionality of the TF expression change in each tissue state compared to 

Normal, resulting scores were multiplied by −1 or +1 depending on whether the TF 

was downregulated or upregulated in each comparison, and motif enrichment values for 

either ATAC-LOSS or -GAIN peaks of the same comparison were used, respectively. The 

combined ATAC-RNA scores top 12 TFs with highest combined-scores in the Kras*+Injury 
and PDAC (vs Normal) are displayed as heatmaps in Extended Data Fig. 7e.

Circos visualization (Fig. 4b): Dynamic peaks linked to genes displaying consistent 

gene expression changes (FC>=2, p-adj < 0.05, see below) across Injury, Kras*, 

Kras*+Injury and PDAC conditions (vs Normal) were clustered across the indicated 

conditions using log2FC values with single clustering method. Resulting clusters were 

plotted using ‘circos’ (v0.69–8) and annotated for AP1-motifs (annotatePeaks with 

AP-1.GSE21512.motif) or NR5A2- or PTF1A-bound loci in normal pancreas (extracted 

from GSE3429516 or GSE8626215, respectively). In addition, this same class of dynamic 

peaks were investigated for motif enrichment using HOMER findMotifsGenome.

Single-cell ATAC-seq analysis

Cell preparation, transposition reaction, scATAC-seq library construction 
and sequencing: Approximately 50,000 mKate2+ cells (mKate2+;CD45-;DAPI-) were 

isolated by FACS and subjected to scATAC-Seq protocol (10X Genomics, CG000168 

RevA)63. Briefly, FACS-sorted cells were lysed in cold-lysis buffer (0.1% NP-40, 0.1% 

Tween 20, 0.01% Digitonin, 10 mM NaCl, 3 mM MgCl2 and 10 mM Tris-HCl [pH 7.4]), 

washed and processed according to ‘Nuclei Isolation for Single-Cell ATAC Sequencing’ 

protocol (CG000169 RevD). Resulting nuclei suspension was subjected to transposition 

reaction for 60 min at 37°C and then encapsulated in microfluidic droplets using 10X 
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Chromium instrument following manufacturer’s instructions with a targeted nuclei recovery 

~ 5,000. Barcoded DNA material was cleaned and prepared for sequencing according to 

the Chromium Single Cell ATAC Reagent Kits User Guide (10x Genomics; CG000168 

RevA). Purified libraries were assessed using a Bioanalyzer High-Sensitivity DNA Analysis 

kit (Agilent) and sequenced on a Illumina HiSeq 2500 (High Output) platform at approx. 

150M reads (R1 50bp, R2 50 bp, i7 8bp, i5 16bp) per 1 sample (~ 5000 nuclei) at MSKCC’s 

Integrated Genomics Operation Core.

Pre-processing of scATAC-seq data: Fastq files for each sample were pre-processed 

to a cell-by-peak count matrix through the CellRanger ATAC pipeline63 with several 

modifications as follows: Reads were aligned to the mm10 reference, barcodes were 

counted, and peaks were called using CellRanger’s default peak-caller. However, since 

CellRanger frequently calls unusually large peaks, a custom modification of the CellRanger 

pipeline allowed all peaks within 10 bps of one another to be merged (as opposed to the 500 

bps window in the default pipeline), creating an initial peak atlas with sufficiently narrow 

peaks. This modification increased the resolution of called peaks, and thus allowed us to 

distinguish nearby peaks that are variable across sub-populations of cells.

To reduce the large number of peaks in this atlas, we filtered out low-coverage peaks, 

unless these characterized a subpopulation of cells using the following strategy: First, an 

unbiased clustering of cells was performed using Phenograph64 on these initial peak features 

to define major cellular compartments. The peaks in the initial atlas were then retained 

in the final count matrix only if either (1) their coverage (reads per peak) normalized by 

peak width was above a certain threshold, hence they are confident peak calls, and/or (2) 

the peak was determined to be enriched in any cluster using a Fisher’s exact test (adjusted p­

value<.01), hence they are differentially accessible across clusters of cells. For this analysis, 

we automatically determined the coverage threshold for filter (1) based on the distribution of 

per peak coverage for each sample. Specifically, peaks with coverage less than the sample 

median coverage (across all peaks) failed this filter (1) and were then passed to filter (2) 

to test for differential accessibility. All downstream CellRanger steps for cell filtering were 

applied after the above steps as usual. CellRanger’s aggregation function was then used to 

combine cells across samples to a unified peak atlas, using the depth normalization function 

to normalize cells across the two samples. A window of 10bp was again used to merge 

nearby peaks, as opposed to the default 500 bp. The above procedure resulted in a dataset of 

11712 putative cells and 152991 peaks from both samples.

scATAC-seq filtering, normalization and visualization: Low coverage cells were 

filtered by inspecting the per cell coverage (sum of peak counts per cell) and removing all 

cells in the lower mode of this distribution, resulting in a final count of 6369 cells. A binary 

matrix was then produced from the filtered count matrix by setting all nonzero values to 1. 

This allowed each peak feature to be represented as either open or closed, avoiding biases 

from wide peaks where counts may be extraordinarily high.

The data was then normalized by regressing out the sum of total counts per cell from 

this binarized matrix using ordinary linear regression. This normalization step is performed 

to partially correct for sampling biases across cells. A similar approach has been used in 
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previous scATAC-seq studies65. Specifically, a linear model was fit that explains the counts 

for each peak xi, for peaks i = 0…npeaks, with coverage c as the sole regressor:

xi = c αi + βi

After obtaining estimates for model parameters αi, βi , corrected values for each peak xi
were given as follows:

xi = xi − cαi + βi

Extraordinarily wide (>2000bp) or narrow (<2bp) peaks were removed from the count 

matrix following normalization, so as to filter non-specific peaks containing multiple 

transcription factor bindings and/or nucleosome-occupied regions within one called element. 

Principal Components Analysis (PCA) was then performed for dimensionality reduction, 

and the top 20 components--which were chosen by inspecting the cumulative variance 

explained across PCs using the knee point method--were then used as features for a 

Uniform Manifold Approximation and Projection (UMAP)66 visualization of the cells in 

two dimensions (Figure 5A). Global structure of the visualization was robust to choice of 

thresholds on peak width, principal components, and number of UMAP neighbors.

scATAC-seq clustering and differential peak analysis: Phenograph clustering of the 

top 20 principal components was used with number of nearest neighbors K=25 to determine 

highly granular subsets of cells. Clusters were then merged to larger, coherent subsets based 

on accessibility patterns of peaks nearby known cell type markers. In particular, a Fisher’s 

exact test was performed on the binarized data for each peak, testing in each case for 

enrichment of peak accessibility in a Phenograph cluster versus all other cells. Significant 

peaks were then mapped to nearest target genes based on distance to the transcription start 

site (using a maximum allowable distance of 10kb), and enriched accessibility patterns were 

compared across clusters. Clusters were merged based on degree of overlap among cluster­

defining peaks and shared opened chromatin at known pancreas cell state markers. To then 

identify differential peaks across these large compartments, each major subpopulation was 

compared to the rest by Fisher’s exact test (Fisher’s exact test, adjusted p-value < 0.05) 

to obtain a final set of significant, compartment-specific enrichments (listed Supplementary 

Table 8).

Visualization of per-peak accessibility: To inspect accessibility dynamics across 

populations, we developed a visualization strategy relying on the binarized matrix to help 

overcome its sparsity. For each peak, a Gaussian kernel density estimate was fitted on 

UMAP embedding coordinates for cells in which the peak was open. The density was 

then estimated at each cell’s location (regardless of accessibility status) in the embedding, 

producing a continuous-valued metric corresponding to the density of cells harboring 

the open peak in a particular region of the visualization. These estimates are valid for 

visualization of cells with open chromatin at a specific locus on the UMAP itself, but do not 
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provide a general estimate of peak-accessibility density within a region of high-dimensional 

phenotypic space.

Comparison to bulk ATAC-seq dynamics: To first study reproducibility of bulk 

accessibility patterns in single cells, signals from corresponding bulk samples were 

compared to each single cell library where cells were aggregated to produce a ‘pseudo­

bulk’ sample. First, bulk ATAC-seq peaks were converted from mm9 to mm10 coordinates 

using the UCSC liftover tool61. scATAC-seq BAM files (combining reads from all cells) 

were then converted to normalized bigwig files using the bamCoverage function from the 

deeptools package67, and accessibility signals were collected per lifted-over peak. Global 

reproducibility was assessed by correlation between bulk signals per peak (derived from 

DESeq-corrected signal tracks) and the single cell pseudo-bulk signals. To then assess 

whether dynamics in accessibility were consistent across bulk and single cell datasets, 

volcano plots were generated using results from DESeq differential accessibility analysis of 

bulk data. Fold changes in each peak region based on single cell pseudo-bulk signals were 

directly compared to inferred dynamics in lifted-over peaks from DESeq results of bulk 

datasets.

Comparison to bulk ATAC-seq peak modules: A major goal of the scATAC-seq 

analysis is to deconvolve the accessibility differences identified at the bulk level, and 

therefore we sought to investigate the accessibility patterns of bulk peak modules across 

single cells. To achieve this, coordinates of peaks identified in bulk were converted from 

mm9 to mm10 coordinates using the UCSC liftover tool. To directly compare these to de 
novo identified peaks in scATAC-seq, bedtools intersect tool55 was used to find overlapping 

regions between bulk peak sets and those included in the single cell count matrix. All 

peaks with any non-zero overlap were retained for downstream analysis. These subsets 

of peaks were visualized by computing the proportion of cells in each compartment and 

each biological condition (independent animal) harboring an open peak, which were then 

z-scored across clusters and conditions for visualization in heatmaps. To ensure coverage 

differences between conditions did not impact these values systematically, the analysis was 

performed on down-sampled data, where all cells’ counts were randomly sampled to a total 

peak count 5000 counts per cell. Global shifts in peak accessibility across clusters and 

between conditions were robust to various thresholds on total peak count, and were globally 

consistent in the original dataset without downsampling.

Compartment-specific signal tracks: To further evaluate accessibility differences 

across major subpopulations and between conditions, signal tracks were generated per 

sample per cellular compartment for visualization in the Integrative Genomics Viewer68. 

First, BAM files for each sample were separated into compartment-specific bins using 

information about the CellRanger –corrected cell barcode for each read, thus creating a new 

BAM file per compartment per condition. A signal track bigwig file was then produced from 

each BAM file using two normalization strategies to ensure biases due to cluster size and 

sample-specific sequencing depths did not impact visualizations. The first strategy utilized 

the bamCoverage function from the deeptools package for normalization accounting for total 

read counts of the sample-specific, cluster-specific BAM file. The second strategy corrected 
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for these differences by randomly sub-sampling each BAM file to the total read count of the 

smallest, leaving each file with approximately 5,529,294 total reads. In the latter case, the 

smallest two clusters were excluded from the analysis, as their coverage was too poor due to 

low cell count. To correct for cell count and sequencing depth disparities among the different 

conditions compared, display of accessibility signals between conditions are downsampled 

to same coverage across all tracks shown.

Transcription factor activity scores: To evaluate the activity of acinar- (NR5A2) 

and injury/neoplasia-activated (e.g. AP-1) transcription factors in individual cells, we first 

identified genomic regions with differential chromatin accessibility and linked to genes 

displaying consistent changes in gene expression between early neoplasia (Kras*+Injury) 

and normal pancreas (Normal) through integrative analyses of bulk-ATAC and bulk-RNA­

seq data (mm9, see below). These regions were annotated for binding sites for NR5A216 

or AP-1 (AP-1.GSE21512.motif), respectively, and were lifted over to mm10 coordinates 

for comparison with scATAC-seq profiles, as above. In this case, lifted over coordinates 

were then associated with scATAC-seq peaks only when coordinates were fully overlapping 

using bedtools ‘intersect minimum overlap’ function, to ensure significant overlap between 

TF binding sites and scATAC-seq peaks. To then quantify binding activity per cell, the 

proportion of all open peaks per cell overlapping with a binding site was computed. These 

values were then visualized on UMAP and in heatmaps (values in heatmaps are logged with 

a .0001 pseudocount). We quantified the relative accessibility of AP1 and NR5A2 binding 

sites per cell by computing a ratio of logged binding activity scores, which scales with 

increasing AP1 activity and decreasing NR5A2 activity.

Identification of peaks correlating with AP-1/NR5A2 ratio across individual 
cells.—To identify individual peaks whose dynamics are associated increasing AP-1/

NR5A2 TF activity ratios across individual Kras-mutant cells, we computed Pearson 

correlation of each normalized peak with AP-1/ NR5A2 ratio across cells. Peaks with 

a relatively strong correlation magnitude (|r|>.1) were selected for further analysis, and 

visualized with normalized accessibility trends over cells ranked by increasing AP-1/ 

NR5A2 ratio. Gene annotations per peak were derived by mapping each peak coordinate 

to its nearest target gene within a 50 kb window. To confirm the association of positively 

or negatively correlated-peaks with the AP-1/NR5A2 TF activity switch (e.g. Il33 or Cpa1­

associated peaks) we performed a unpaired two-tailed Student’s t-test comparing AP-1/

NR5A2 TF activity score ratios of all cells where the identified correlated-peak is open (i.e. 

at least one scATAC-seq count in that peak) versus those where the peak is closed. GREAT 

tools69 was used to compare the ontology of genes associated with positively or negatively 

-correlated peaks, using single nearest gene’ within 1000 kb as input parameters, and with 

comparable results obtained using the ‘two nearest genes’ option. Top pathways from ‘GO 

Biological Process’ and ‘GO Molecular Function’ categories are displayed in Fig. 4g.

RNA-seq analysis

RNA extraction, RNA-seq library preparation and sequencing: Total RNA was 

isolated from primary mKate2+,CD45-DAPI- pancreatic epithelial cells isolated from 

normal, regenerating (Injury), early neoplastic (Kras*, Kras*+Injury) and cancer (PDAC) 
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tissues into TRIzolLS and assessed using a Agilent 2100 Bioanalyzer. Sequencing and 

library preparation was performed at the Integrated Genomics Operation (IGO) at MSKCC. 

RNA-seq libraries were prepared from total RNA. After RiboGreen quantification and 

quality control by Agilent BioAnalyzer, 100–500ng of total RNA underwent polyA selection 

and TruSeq library preparation according to instructions provided by Illumina (TruSeq 

Stranded mRNA LT Kit, RS-122–2102), with 8 cycles of PCR. Samples were barcoded 

and run on a HiSeq 4000 or HiSeq 2500 in a 50bp/50bp paired end run, using the HiSeq 

3000/4000 SBS Kit or TruSeq SBS Kit v4 (Illumina) at MSKCC’s Integrated Genomics 

Operation Core. An average of 41 million paired-end reads was generated per sample. At the 

most the ribosomal reads represented 0.01% of the total reads generated and the percent of 

mRNA bases averaged 53%.

RNA-seq read mapping, differential expression analysis and heatmap 
visualization: Resulting RNA-Seq data was analyzed by removing adaptor sequences 

using Trimmomatic70. RNA-Seq reads were then aligned to GRCm38.91 (mm10) with 

STAR71 and transcript count was quantified using featureCounts 52 to generate raw count 

matrix. Differential gene expression analysis was performed using DESeq2 package (Love 

et al., 2014) between experimental conditions, using 3–5 independent biological replicates 

(individual mouse) per condition, implemented in R (http://cran.r-project.org/). Principal 

component analysis (PCA) was performed using the DESeq2 package in R. Differentially 

expressed genes (DEGs) were determined by > 2-fold change in gene expression with 

adjusted P-value < 0.05. For heatmap visualization of DEGs, samples were z-score 

normalized and plotted using ‘pheatmap’ package in R.

Intersection of gene expression (RNA-seq) and chromatin accessibility 
(bulk ATAC-seq) data: To define ‘chromatin-dymamic’ vs ‘chromatin-stable’ DEGs, 

upregulated and downregulated DEGs for the indicated comparisons (Injury, Kras*, 

Kras*+Injury or PDAC vs Normal; FC>2, padj<0.05) were classified into the following 

chromatin-categories based on the accessibility change at associated peaks in the same 

tissue state vs Normal: DEG with accessibility-GAIN (at least one associated peak showing 

significant accessibility-GAIN), DEG with accessibility-LOSS (at least one associated peak 

showing significant accessibility-LOSS) or ‘chromatin stable’-DEG (none of the associated 

peaks showing significant changes in chromatin accessibility). In the instance that different 

peaks associated with the same gene showed opposing dynamic accessibility patterns (which 

as noted for < 4% of DEGs in average), the gene was only classified into accessibility 

-GAIN or -LOSS categories if the contribution of GAIN or -LOSS peaks were at least 3 

times more represented within the dynamic peaks, respectively. DEGs with no associated 

ATAC-peaks detected in that same tissue state were classified as ND. The chromatin 

accessibility status of the DEGs in regenerating, early-stage neoplasia and malignant 

PDAC tissue states in GEMMs is summarized in Supplementary Table 5. Expression 

dynamics of gene sets associated with bulk ATAC-seq clusters across Normal, Injury, 

Kras*, Kras*+Injury and PDAC sample were visualized as heatmap of normalized median 

expression values plotted with seaborn in python. To define these gene sets, peaks from each 

of the 6 ATAC-seq clusters were associated with genes based on UCSC.mm9.knownGene57 

using ChIPseeker package58, as above, and ATAC-cluster-defining genes were defined 

Alonso-Curbelo et al. Page 21

Nature. Author manuscript; available in PMC 2021 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://cran.r-project.org/


as those uniquely associated with one cluster. For each RNA-seq sample, the median 

expression across genes associated to each ATAC-cluster was computed, and z-scored for 

visualization.

Definition of neoplasia-specific epigenetic programs.—ATAC-seq and RNA-seq 

datasets were overlapped to identify genes exhibiting significant chromatin accessibility 

and expression changes in cells undergoing injury-accelerated neoplasia (Kras*+Injury) and 

advanced PDAC (PDAC) but not in regenerative metaplasia (Injury alone) when compared 

to normal healthy pancreas (Normal).

Functional annotations of gene sets: Pathway enrichment analysis was performed 

in the indicated gene sets with the Reactome and KEGG database using enrichR59. 

Significance of the tests was assessed using combined score defined by enrichR, described 

as c = log(p) * z, where c is the combined score, p is Fisher exact test p-value, and z is 

z-score for deviation from expected rank.

Gene set enrichment analysis (GSEA): GSEA72 was performed using the GSEA­

Preranked tool for conducting gene set enrichment analysis of data derived from 

RNA-seq experiments (version 2.07) against signatures in the MSigDB database 

(http://software.broadinstitute.org/gsea/msigdb), signatures derived herein, and published 

expression signatures derived from human23,73 or organoid samples17.

Overlap with human gene expression datasets: 2 independent public datasets 

of microarray data from human PDAC and normal pancreas samples (GSE7172923 and 

GSE6245273) were used. Differential expression analysis was then applied using limma 

package74 to define differentially expressed genes (DEGs) between PDAC vs normal 

samples, using > 2-fold change and adjusted p-value < 0.05 cut-off.

Statistics and Reproducibility

Statistical analyses were performed with GraphPad Prism (v7/8) and R (v3.5.1 and v1.26.0), 

and Python programming language (python version 3.6.4). Pooled data are presented as 

mean values ± s.e.m. Sample size, error bars and statistical methods are reported in the 

figure legends. P-values are shown in figures or associated legends. Statistical significance 

of differences between two experimental groups were assessed by unpaired two-tailed 

Student’s t-test. In RNA-seq data, significance for differential gene expression between 

groups was based on adjusted p-value < 0.05. For pathway enrichment analysis of RNA-seq 

gene clusters, the significance of gene lists was assessed by adjusted p-value and z-score59. 

Significance of gene sets from GSEA was based on the normalized enrichment score (NES) 

and the false discovery rate q-value (FDR q-val). In bulk ATAC-seq data, dynamic peaks 

were called if they had an absolute log2FC >= 0.58 and a FDR <=0.1. Motif enrichment 

scores were evaluated by p-values scores defined by HOMER60. Kolmogorov–Smirnov 

test was used to obtain p value to assess differential enrichment from bulk ATAC-seq meta­

profiles. Correlation between scATAC-seq data and bulk ATAC-seq data was evaluated using 

Pearson correlation analysis. The correlation of individual peaks with increasing TF activity 

ratios across individual cells was evaluated using Pearson correlation analyses, and the 
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significance of biological functions linked to identified positively or negatively correlated 

peak sets was evaluated by GREAT69 FDR q-value.

No statistical methods were used to pre-determine sample size in the mouse studies, and 

mice with matched sex and age were randomized into different treatment groups (eg. PBS 

control, caerulein). The investigators were not blinded to allocation during experiments 

and outcome assessment, except for the histological assessment of pancreatic lesions, 

which were classified and graded by a veterinary pathologist blinded to genotype and 

treatment conditions. All experiments were reliably reproduced. Specifically all in vivo 
experiments, except for omics data (i.e. RNA-seq, ATAC-seq and scATAC-seq), were 

performed independently at least two times, with the total number of biological replicates 

(independent animals) indicated in the corresponding figure legends. Caerulein and rIL-33 

treatments (and their respective phenotypic/molecular readouts) yielded similar results 

irrespective of the experimental cohort (eg. mouse litter). The in vitro TF overexpression 

experiment was repeated twice (with datapoints representing two independent wells each) 

with similar results. ATAC/RNA-seq data from freshly isolated cells harvested at different 

dates are also reliably reproduced, with biological replicates (independent mice) from the 

same experimental groups clustering together in PCA and hierarchical clustering methods 

irrespective of experimental cohort and sample processing dates. Mouse illustrations were 

created with ©BioRender - biorender.com. Figures were prepared using Illustrator CC 

2019/2020 (Adobe).

Extended Data

Extended Data Fig. 1. Chromatin accessibility dynamics during pancreatic regeneration and 
early neoplasia.
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a, Schematic representation of the allele configurations used to trace Cre-recombined wild­

type, Kras-mutant or Kras-mutant;p53-null pancreatic epithelial cells in transgenic mice. 

b, Representative H&E (top) or mKate2 IHC (bottom) of pancreata from the indicated 

mouse models and treatment conditions (n=3 mice per group), illustrating the defined tissue 

states, spanning normal healthy (Normal), regenerating (reversible metaplasia, Injury), early 

neoplastic (Kras*; Kras*+Injury) and malignant (PDAC) tissues, used for in vivo profiling 

of chromatin and transcriptional dynamics underlying physiological or pathological exocrine 

pancreas plasticity. Mouse model genotype abbreviations are as follows: C = Ptf1a-Cre / 

RIK; KC = Ptf1a-Cre / RIK / LSL-KrasG12D; KPflC = Ptf1a-Cre / RIK / LSL-KrasG12D / 

p53fl/+. The RIK allele enables tracing of Cre-recombined pancreatic epithelial cells through 

the reporter mKate2. Scale bar, 100 μm. c, Example of gating strategy to isolate pancreatic 

epithelial cells expressing the lineage-tracing marker mKate2. Live mKate2+;CD45-;DAPI- 

cells were isolated from single-cell suspensions of pancreata from the autochthonous models 

of PDAC tumorigenesis (KC or KPflC) or normal pancreas counterparts (C) described in a, 
b (see also Supplementary Fig. 1). d, Correlation plot showing ATAC-seq size factors used 

for data normalization of the indicated experimental conditions with two different methods 

(n=3, 5, 3, 6 or 4 mice per group, as labeled from top to bottom). PeakNorm uses the in-built 

DESeq2 normalization for all filtered reads mapped to the peak atlas, whereas DepthNorm 

uses the number of filtered mapped reads irrespective of if reads are within or outside the 

peak atlas. The shaded region represents the 95% confidence interval for the regression 

between normalization types. e, Overlap between the dynamic ATAC-peaks lost (left) or 

gained (right) in the indicated tissue conditions vs Normal. Numbers reflect peaks in each 

category.
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Extended Data Fig. 2. Shared and distinctive features of accessibility-GAIN and -LOSS regions 
induced by mutant Kras, tissue damage or their combination.
a, Heatmap representation of chromatin accessibility at ATAC-peaks significantly gained or 

lost between Normal, Injury, Kras* and Kras*+Injury conditions, as assessed by DESeq2 

analyses of ATAC-seq data. Unsupervised clustering identified 6 major modules of peaks, 

that are either shared (S, A2) or specifically altered during physiological regenerative 

metaplasia (R) versus neoplastic transformation (N1, N2, A1). Each column represents one 

independent biological replicate (animal). Fig. 1e shows these same clusters plotted with 

the PDAC condition to illustrate their accessibility status in advanced disease. b, Metagene 

representation of the mean ATAC-seq signal for 6 ATAC-cluster regions identified in the 

above analyses in the indicated epithelial states, with the number of mice analyzed per 

condition indicated in the brackets. c, Genomic annotations of dynamic peaks comprising 

each ATAC-seq cluster. Note accessibility dynamics predominantly occur at intronic and 

distal intergenic cis-regulatory elements, with an enriched contribution of promoter or 
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transcriptional start site (TSS) regions in regeneration-associated gained (R) or lost (A2) 

clusters. d, Top-scoring transcription factor motifs identified by HOMER de novo motif 

analyses per ATAC-seq cluster. The number in the brackets indicates enrichment p-values. 

e, Heatmap representing the relative motif enrichment for the top-scoring motifs across the 

same clusters of peaks sensitive to effects of injury and/or mutant Kras shown in d. Injury 

and mutant Kras cooperatively produce gain (e.g. AP-1, KLF, ETS, RUNX, SOX, MAF), 

loss (e.g. HNF), and redistribution (e.g. FOX, GATA) of accessible putative TF binding sites 

for a multi-pronged network of TF families, including TFs known to control pro-oncogenic 

(e.g. AP-113, RUNX375, KLF4/576,77, SOX9/179,78) or tumor-suppressive programs (e.g. 

HNF1A79, KLF1480, NR5A281, PTF1A22) in PDAC. f, Correlation matrices showing the 

differential degree of co-occurrence of motifs from different classes of TFs at the peaks 

comprising each ATAC-seq cluster (defined in a), revealing TF modules (marked with 

black rectangles). Note that AP-1-motif positive peaks gained uniquely during regenerative 

metaplasia (R cluster) show co-occurrence with pancreas lineage TF (GATA, FOX) motifs, 

whereas those gained during pro-neoplastic (Kras-mutant) metaplasia (S, N1, N2) do not. 

g, Bubble plots showing the relative enrichment of the indicated motifs (identified as 

top-scoring by HOMER analyses described in d) in the ATAC-peaks that are significantly 

gained (left, right) or lost (blue, right) in the Injury (I, n=5 mice), Kras* (K, n=3 mice), 

Kras*+Injury (K+I, n=6 mice) or advanced cancer (PDAC, n=4 mice) conditions vs normal 

healthy pancreas (Normal, n=3), as defined in Fig. 1a.
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Extended Data Fig. 3. Early chromatin accessibility changes impact cell-identity genes associated 
with experimentally-validated enhancers of normal and malignant pancreatic epithelial cells.
a, Representative ATAC-seq tracks showing dynamic accessibility at gene loci previously 

described to harbour active enhancers (top) in normal acinar (left, Il22ra82) or advanced 

PDAC (right, Trim2917) cells across mKate2+ sorted cells freshly-isolated from the 

indicated tissue states as defined in Fig. 1. n=3, 5, 3, 6 or 4 (from top to bottom) mice per 

group. b, Metagene representation of the mean ATAC-seq signal for regions bound by the 

acinar lineage-determining TF PTF1A in normal pancreas (left) (defined from GSE8626215) 

or H3K27ac-GAIN regions of metastasis-derived PDAC organoids vs normal pancreas 

counterparts (defined from GSE9931117) in mKate2+ sorted cells freshly-isolated from 

the indicated tissue states. The number of mice analyzed per condition is indicated in the 

brackets. c, Proportion of genomic regions showing a significant gain of H3K72Ac signal 

in metastasis-derived cultured organoids compared to their normal counterparts (H3K27Ac 

ChIP-seq data from GSE99311) that gain accessibility in pancreatic epithelial (mKate2+) 

cell populations freshly-isolated from Injury (n=5 mice), Kras* (n=3 mice), Kras*+Injury 
(n=6 mice) or PDAC (n=4 mice) tissue states as compared to Normal pancreas counterparts 

(n=3 mice), as defined by overlapping ChIP-seq and ATAC-seq datasets. d, Schematic 
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representation of the genetic configuration used to induce exocrine pancreas-specific 

suppression of the chromatin reader Brd4. We generated mice (KCsh-GEMM) harboring 

the following alleles: (i) a pancreas-specific Cre driver (Ptf1a-Cre), (ii) a Cre-activatable 

LSL-KrasG12D allele and (iii) two additional alleles [LSL-rtTA3-IRES-mKate (RIK) and 

the collagen homing cassette, (CHC)] that allow for inducible expression of a GFP-linked 

shRNA targeting Brd4 (shBrd4) or a neutral shRNA (shRenilla) in Cre-recombined cells 

labeled by the fluorescent reporter mKate2. Upon receiving a doxycycline (dox)-containing 

diet, a GFP-linked shRNA targeting Brd4 (or Renilla, control) is induced selectively in 

mKate2-labeled pancreatic epithelial cells. Analogous models harboring the dox-inducible 

shRNAs without the LSL-KrasG12D allele (referred to as Csh-GEMM) were generated to 

compare and contrast epigenetic requirements of pro-neoplastic vs regenerative pancreas 

plasticity. e, Representative H&E, immunohistochemistry (IHC) or immunofluorescence 

(IF) analyses of the indicated proteins in pancreata from Csh (top) or KCsh (top) mice 

(n=3 per group) placed on dox fed at 5 weeks old and analyzed 9 days later. mKate2 

staining marks Kras-wild-type (bottom) or Kras-mutant (bottom) pancreatic exocrine cells 

where Ptf1a-Cre has been expressed. GFP staining corresponds to shRNA expression and is 

coupled with Brd4 suppression in that same compartment (but not in surrounding stroma) 

in mice harbouring shRNAs targeting Brd4 (shown for the shBrd4.552 strain) but not 

Renilla (control). Dashed lines demark boundaries between epithelium and stroma, and 

arrows point to Brd4-suppressed exocrine pancreas compartment of shBr4 mice. The same 

Brd4 IHC panels are shown in Fig. 2b. Scale bar, 50 μm. f, GSEA and metagene plots 

showing the relative expression (top) and accessibility (bottom) status, respectively, of 

the same loci defining normal acinar state (left, with top-500 PTF1A-bound peaks) or 

harbouring activated enhancers in metastatic PDAC cells (right) shown in (b) in shBrd4 vs 

shRen mKate2+ metaplastic epithelial cells isolated from KCsh-GEMM mice (Kras*+Injury) 

described above (n=3 mice per genotype). Brd4 suppression selectively impairs transcription 

of lineage-specific and PDAC enhancer-associated genes in the Kras-mutant metaplastic 

epithelium without impairing chromatin accessibility at those loci. Genome-wide profiles of 

these same conditions are shown in Extended Data Fig. 6m. g, Representative ATAC-seq and 

RNA-seq tracks of genes known to be associated with active lineage-specific enhancers (top) 

of acinar (e.g. Cabp282) or pancreatic progenitor cells (e.g. Fgfr221) in shRen.713 (black) or 

shBrd4.552 (blue) mKate2+ epithelial cells freshly-isolated from metaplastic pancreata from 

KCsh-GEMM mice (n=3 per genotype) at the 48h post-caerulein treatment time-point (thus 

matching the Kras*+Injury condition). Brd4 suppression impairs transcription of pancreatic 

enhancer-associated genes without altering chromatin accessibility at that same loci. Tracks 

of housekeeping genes (bottom) are shown as specificity controls. Mice were placed on dox 

6 days prior to the caerulein treatment, to induce ADM in the presence or absence of Brd4 

(as summarized in Extended Data Fig. 4a below). See also Extended Data Fig. 6l,m.
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Extended Data Fig. 4. Brd4 suppression is dispensable for both regenerative and neoplasia­
associated ADM.
a, Experimental strategy to address the functional impact of spatiotemporally-controlled 

perturbation of Brd4 during injury-accelerated tumorigenesis or physiological regeneration 

in KCsh or Csh mice, respectively. 4 weeks old mice were placed on dox diet to induce 

expression of shRNA targeting Brd4 or Ren (control) in the pancreatic epithelium, 

and pancreatic injury was induced by caerulein treatment 6 days thereafter to trigger 

synchronous ADM throughout the organ in the presence or absence of epithelial Brd4 

function, respectively. Tissue responses were evaluated at the indicated days (d) or weeks 

(w) post-caerulein or PBS (control) treatment. Specifically, to match our previous profiling 

experiments, we examined pancreatic ADM at 48 hours post-caerulein treatment, a time 

point corresponding to the distinct, genotype-specific chromatin accessibility profiles 

identified above. Subsequent regeneration (Kras wild-type context) or neoplasia (Kras 

mutant context) were evaluated 5 days or 2–3 weeks thereafter, respectively. In addition, 
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separate cohorts of dox-treated KCsh mice placed were analyzed at 6 weeks and 1 year 

of age to track effects the context of stochastic Kras-driven neoplasia. Mouse illustrations 

were made using ©BioRender - biorender.com. b-c, shBrd4 perturbation does not impair 

mutant Kras-driven ADM. Representative immunofluorescence stains of the acinar markers 

(CPA1, Amylase) or the ductal metaplasia marker SOX9 co-stained with lineage-tracer 

markers (mKate2/GFP) in Kras-mutant pancreata from 6 weeks old KC-shRen or -shBrd4 

mice (n=6 per group) in the stochastic tumorigenesis setting. d-g shBrd4 perturbation does 

not blunt injury-induced ADM but impairs subsequent acinar regeneration. Representative 

immunofluorescence (IF) staining of pancreata from Kras-wild type Csh mice expressing 

shRen or shBrd4 treated with Caerulein or PBS control and analyzed at the indicated days 

(d) post treatment for protein expression of the acinar marker CPA1 (d), metaplasia markers 

KRT19 (e), SOX9 (f) or clusterin (g) co-stained with GFP (marking shRNA expressing 

cells) and DAPI (nuclei). n=5 mice per group. Scale bar, 100 μm.

Extended Data Fig. 5. Brd4 suppression impairs regenerative and neoplastic fate outcomes of 
injury-driven pancreas plasticity.
a Representative bright-field and fluorescence images showing gross morphology of 

pancreata of C-shRen and -shBrd4 mice treated with caerulein or PBS control and analyzed 

at the indicated time points in days (d). Lineage-traced pancreatic epithelial cells expressing 

shRNA are marked by the fluorescent reporters mKate2 and GFP. Reduced mKate2 and 

GFP signals denote loss of pancreatic tissue expressing shBrd4. Scale bar, 5 mm. b, 
Representative bright-field and fluorescence images showing gross morphology of pancreata 

of KC-shRen and -shBrd4 mice placed on dox since postnatal day 10 to induce shRNA 

expression and analyzed at 1-year of age. Reduced mKate2 and GFP signals denote 

loss of shBrd4-expressing mutant Kras pancreatic epithelial cells. Scale bar, 5 mm. c, 
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Quantification of pancreatic weight normalized to animal body weight by genotype. Data 

are presented as means ± s.e.m; n=8, 7 or 5 (top, from left to right) mice, or n=3, 4 or 2 

(bottom, from left to right) mice; unpaired two-tailed Student’s t-test. d, Representative 

immunohistochemistry stains of mKate2 (top) and Myc (bottom) in pancreata from 6 

weeks old mice KCsh of the indicated genotypes and placed on dox fed at day 10 after 

birth (stochastic tumorigenesis setting). Lower panels show high magnification images of 

regions marked with dashed line boxes for visualization of Myc nuclear localization. While 

oncogenic Myc expression can require Brd4-associated enhancers in some settings35,83,84 

and is suppressed by systemic BET inhibition in KC mice85, epithelial-specific Brd4 

suppression did not reduce Myc protein in our model. Scale bar, 100 μm. e, Representative 

co-IF stains of mKate2 (red) and the acinar marker CPA1 (green) in pancreata from 6 weeks 

old mice KCsh mice of the indicated genotypes and placed on dox fed at day 10 after birth, 

as above. Right panels show high magnification images of regions marked with dashed line 

boxes. KCsh mice harboring a validated shRNA targeting Myc (instead of Brd4) exhibited 

impaired rather than accelerated ADM. The reduction of CPA1 observed in KC-shBrd4 

mice is not phenocopied in KC-shMyc mice, which retain Cpa1 expression. Scale bar, 100 

μm. f, Schematic representation of the phenotypic output of pancreas-specific suppression 

of Brd4 during mutant Kras-driven neoplasia and tissue injury-driven regeneration: Brd4 

is dispensable for acinar-to-ductal metaplasia induction in both contexts but mediates 

subsequent neoplastic progression to PanIN or regenerative plasticity, respectively.
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Extended Data Fig. 6. Brd4 suppression uncover distinct chromatin-associated transcriptional 
programs in normal vs Kras-mutant damaged pancreata.
a, Representative immunohistochemical staining (IHC) of Brd4 in pancreata from Csh­

GEMM (left) or KCsh-GEMM (right) mice (n=3 per group) harbouring shRen.713 or 

shBrd4.1448 at 48 hours post-caerulein, placed on dox fed 6 days before caerulein 

treatment start. b, Overlap of DEGs downregulated upon Brd4 suppression in the Injury 
(regeneration) or Kras*+Injury (neoplastic transformation) settings. Examples of Brd4­

dependent genes, shared or unique to each context are shown. c, Heatmap representation of 

normalized enrichment scores (NES) comparing the mRNA expression of genes associated 

with the ATAC-seq clusters identified in Fig. 1 between shBrd4.1448 vs shRen.713 

pancreatic epithelial cells (mKate2/GFP+) isolated from Kras wild-type (Injury, left) or 

Kras-mutant (Kras*+Injury; right) metaplastic tissues, as analyzed by GSEA at the 48 

hours post-caerulein time-point. Negative normalized enrichment scores (NES) indicate 

downregulation of gene set in shBrd4 cells as compared to shRen counterparts. Consistent 
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with the accelerated ADM but blunted neoplastic transformation phenotype (Fig. 3), Brd4 

suppression impairs the expression of genes linked to the acinar ATAC-seq clusters (A1/A2) 

in both WT and Kras-mutant cells and, additionally, of genes linked to the neoplasia-specific 

ATAC-seq clusters (N1, N2) in Kras-mutant cells. Shared (S) and regeneration-specific 

(R) and ATAC-seq clusters are not blunted in either context, suggesting these reflect 

injury-driven ADM states that can be induced in the absence of Brd4 in both WT and Kras­

mutant contexts. d, GSEA comparing the expression of known Ptf1a-dependent genes22 

between shBrd4 and shRen cells isolated from Kras-WT (Csh; top) or Kras-mutant (KCsh; 

bottom) mice triggered to undergo regenerative (Injury) or pro-neoplastic (Kras*+Injury) 
metaplasia, respectively. e-f, Impact of Brd4 suppression on the protein (e) or mRNA (f) 

levels of known drivers of pancreatic tumorigenesis linked to ATAC-GAIN loci specific 

to early neoplasia (Kras*+Injury; K+I) that remain in a closed chromatin state in both 

regenerative metaplasia (Injury) and normal pancreas. Panels in ‘e’ show representative 

immunofluorescence stains of the indicated neoplasia-activated factors (red) co-stained 

with GFP (green, marking epithelial cells) in pancreata from wild-type or Kras-mutant 

shRNA-expressing mice 2 days after tissue injury (caerulein) or control (PBS). Nuclei are 

counterstained with DAPI (blue). Representative ATAC-seq and RNA-seq tracks of these 

and other neoplasia-activated genes herein identified to be induced by during pancreatitis­

induced neoplasia (Kras*+Injury condition) in a Brd4-independent manner are shown in 

‘f’. g, GSEA comparing the expression of a mutant Kras-associated FOSL1 gene signature 

between shBrd4 and shRen cells isolated from KCsh-GEMM mice (Kras*+Injury condition). 

h, GSEA comparing the expression of genes upregulated in human PDAC specimens 

vs human normal pancreas between shBrd4 and shRen cells isolated from KCsh-GEMM 

mice (Kras*+Injury condition). Similar results were obtained with GSE62452 dataset. 

i, Representative ATAC-seq and RNA-seq tracks of classic metaplasia-associated genes 

that, in contrast to the above programs, pre-exist in an opened chromatin in normal 

pancreas and are induced in a Brd4-dependent manner, consistent with the dispensability 

of Brd4 for ADM. j, GSEA comparing the expression of Myc activated genes between 

Kras-mutant shBrd4 and shRen cells (Kras*+Injury condition), showing retained expression 

in shBrd4 populations. Similar results were obtained with additional Myc signatures86,87 

(not shown). k, Representative immunofluorescence stains the proliferation marker Ki67 

(green) co-stained with mKate2 (red, marking epithelial cells) in pancreata from wild-type 

or Kras-mutant shRNA-expressing mice 2 days after tissue injury (caerulein) or control 

(PBS). Nuclei are counterstained with DAPI (blue). Brd4 suppression induces aberrant 

activation of Cdkn1a and other stress response p53-activated genes in both WT and Kras­

mutant metaplastic cells (see Supplementary Table 4) which, accordingly, showed reduced 

proliferation. l, Metagene and GSEA plots showing the relative accessibility (left) and 

expression (right) status, respectively, of ATAC-GAIN regions induced by tissue damage 

in Kras-mutant pancreata (Kras*+Injury vs Kras*) in Kras-mutant shlBrd4 vs shRen cells 

isolated from the same Kras*+Injury tissue condition. m, Scatter plot comparing the 

genome-wide chromatin accessibility (left) and transcriptional (right) landscapes of Kras­

mutant shBrd4 vs shRen cells isolated from the same Kras*+Injury tissue condition (n=3 

mice per genotype). Each dot represented an ATAC-seq peak (left) or transcript (right; 

differentially accessible loci (log2FC >= 0.58, FDR <=0.1) or differentially expressed genes 

(FC>2, p-val <0.05) between genotypes are marked in red (gained) or blue (lost). shBrd4 
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populations display ATAC-seq profiles indistinguishable from those of shRen controls, 

ruling out that the observed Brd4-dependent transcriptional changes result from confounding 

secondary effects of acute Brd4 perturbation on chromatin state or epithelial tissue cell 

composition. Scale bar, 50 μm.

Extended Data Fig. 7. Early dysregulation of chromatin regulatory features of advanced PDAC.
a, Heatmap representation of RNA-seq data showing the relative expression of gene sets 

associated with ATAC clusters identified in Fig. 1 across mKate2+ pancreatic epithelial cells 

isolated from Normal, Injury, Kras*, Kras*+Injury and PDAC tissue states (as defined in 

Fig. 1a). Heatmap color represents median expression of all genes associated with each 

cluster, z-scored for comparison across conditions. Each colum represents an independent 

mouse. b, Chromatin dynamics at ATAC-peaks at promoter, distal, exon, or intro regions 

associated with differentially expressed genes (DEGs; RNA-seq Fold change>2, p-adj<0.05) 
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between mKate2+ pancreatic epithelial cells isolated from the indicated tissue states vs 

normal pancreas (n = independent mice per condition as in a). DEGs were classified 

depending on whether they exhibit significant chromatin accessibility change (chromatin­

dynamic DEGs) or no accessibility change (chromatin-stable DEGs, in grey) at associated 

peaks in the respective experimental condition vs normal pancreas. UP-DEGs, upregulated 

genes; DN-DEGs, downregulated genes. c, Heatmap of RNA-seq data showing top 

upregulated pathways in the Kras*+Injury condition, separated depending on whether they 

exhibit ATAC-GAINS at associated peaks (promoter or distal). Upregulated genes associated 

with accessibility-GAIN (left side) are linked to distinct biological traits commonly acquired 

in PDAC (e.g. differentiation, inflammation, fibrosis, signaling), whereas those with no 

ATAC change (i.e. ‘primed’ in normal pancreas) are linked to general cellular processes 

(e.g. cell proliferation, translation) (right side). See Supplementary Table 6 for additional 

tissue states and pathways. d, Relative enrichment of the indicated gene sets in shBrd4.1448 

vs shRen.713-expressing pancreatic epithelial cells (mKate2/GFP+) isolated from KCsh­

GEMM mice (n=3 per shRNA genotype, Kras+Injury) as determined by GSEA. UP-DEGs 

(left bars) and DN-DEGs (right bars) between the Kras*+Injury vs Normal conditions 

were classified depending on whether they exhibit or not significant accessibility changes 

(ATAC-GAIN, or ATAC-LOSS) at associated ATAC-peaks. Negative normalized enrichment 

scores (NES) indicate downregulation of gene sets in shBrd4 cells as compared to shRen 

counterparts. e, Heatmap representation of ATAC-RNA combined scores for the indicated 

TFs and tissue states. The ATAC-RNA combined score infers the probability of differential 

binding of a specific TF to a motif significantly enriched in the accessibility-GAIN or LOSS 
regions of each condition vs Normal, based on a consistent gene expression change in 

the same comparison (see Methods for details). Top TFs scoring for the Kras*+Injury or 

PDAC conditions vs Normal are shown. f, Heatmap of RNA-seq data from lineage-traced 

(mKate2+) pancreatic epithelial cells isolated from the indicated tissue states, showing the 

relative expression of transcription factors (TFs) whose binding motifs are enriched in loci 

that gain or lose accessibility by effects of tissue damage, mutant Kras or the combination 

of both (i.e. Fig. 1g-ATAC-clusters) or in the transition to full-blown adenocarcinoma PDAC 

(PDAC vs Kras*+Injury). Each column represents an individual animal. The boxes highlight 

modules of TFs that are: (i) similarly expressed in normal regeneration and cancer context 

(green, black); (ii) selectively induced in early neoplasia and PDAC (red); (iii) selectively 

overexpressed in late disease (dark blue); (iv) that become increasingly suppressed by effects 

of injury, mutant Kras (light blue) or both (orange); or (v) that are selectively induced in 

early-stage but not late disease (purple), with names of TF examples to the right. Injury 

and mutant Kras differentially induce diverse members of the same TF families, including 

several AP-1 JUN:FOS complex members (marked with arrows) and other TFs known 

known to also bind AP-1 motifs. In addition, note the Kras*/injury combination suppresses 

the expression of master regulators of acinar differentiation (marked with asterisks) more 

potently than either insult alone. g, Representative immunohistochemical (IHC) stains of 

two AP-1 family members in Kras-mutant or WT pancreatic tissues in the presence and 

absence of tissue damage (48 hours post-caerulein) and compared to advanced PDAC 

(n=4 mice per group). While AP-1 family member FOSL1 is induced in non-injured Kras 

mutant pancreata, JUNB protein levels increase only after injury with a potent co-activation 
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occurring upon presence of both stimuli, suggesting cooperative gene – environment 

interactions shape AP-1 TF complex member expression. Scale bar, 100 μm.

Extended Data Fig. 8. Single cell analysis of chromatin dynamics in early-stage neoplasia.
a, UMAP representation of single-cell ATAC-seq (scATAC-seq) profiles of mKate2+ cells 

isolated from Kras* and Kras*+Injury tissue conditions (n=1 mice each) and co-embedded 

together, revealing chromatin heterogeneity across Kras-mutant pancreatic epithelial cells 

from pre-malignant tissue states. Dots represent individual cells (n=6369) and colors 

indicated cluster identity based on initial phenograph clustering (left). The heatmap shows 

the degree of intersection of significantly-enriched peaks (Fisher’s exact test, adjusted 

p-value<0.05) between each pair of phenograph cluster (colored matching UMAP plot), 

normalized by the total number of enriched peaks in the cluster for that row (left). Rows 

and columns are ordered according to their grouping into seven larger subpopulations 
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derived from merging of Phenograph clusters based on the overlap of their differentially 

accessible peak sets (see Methods for details). b, UMAP representation of the same 

mKate2+ scATAC-seq profiles shown in (a) colored by major subpopulations (see Methods 

for details). c, Heatmaps showing patterns of accessibility at subpopulation-defining peaks, 

shown across each of the major subpopulations defined in (b) separated by tissue injury 

(+/−) condition. Color illustrates the proportion of all cells in each subpopulation and 

condition with an accessible peak, where values have been z-scored. The complete list 

of subpopulation-defining peaks are listed in Supplementary Table 8. d, Visualization of 

differential chromatin opening for the indicated peaks associated with known pancreatic 

cell-state defining markers or the housekeeping gene Gapdh, illustrated by opened-peak 

density plots for nearby proximal or distal elements within 50 kb of the transcription start 

site. Color scale indicates a Gaussian kernel density estimate of cells harboring the open 

peak in the UMAP visualization, with yellow signal marking increased density of cells 

with open chromatin at that specific locus. e, UMAP projection of scATAC-seq profiles 

of Kras-mutant (mKate2+) epithelial cells shown in (a-d) colored by the indicated tissue 

states. f, Correlation analysis comparing normalized accessibility signals per peak captured 

in scATAC- and bulk ATAC-seq analyses of in the indicated conditions. For scATAC-seq 

data, values representing pooling of all individual cells to generate depth-normalized 

accessibility signals per condition (pseudo-bulk) are shown. For bulk ATAC-seq data, 

values from a representative sample (independent animal) of a total of n=3 (Kras*) or 

n=6 (Kras*+Injury) are shown. g, Volcano plot showing dynamic peaks identified between 

PDAC and Normal conditions in bulk ATAC-seq analyses (Fig. 1), colored according to 

their relative accessibility fold change detected between Kras*+Injury and Kras* samples 

in scATAC-seq analyses. Peaks gained or lost in PDAC vs Normal are found differentially 

represented in scATAC-seq data from early stage neoplasia, correlating with tissue injury 

status. h, UMAP projection illustrating examples of peaks exhibiting chromatin closing 

(left) or opening (right) within the same mutant-Kras cell cluster upon tissue injury (+), 

visualized by opened-peak density plots in which color indicates a Gaussian kernel density 

estimate of cells harboring the open peak in the UMAP visualization. i, scATAC-seq 

tracks of the indicated loci showing chromatin accessibility patterns across the indicated 

subpopulations, marked with color labels matching (b) and separated by experimental 

condition. The first two rows (aggregate, in grey) show global patterns from pooling all cells 

from each condition, regardless of subpopulation identity, and population-specific dynamics 

are shown below. Blue- and red-colored boxes mark ATAC-GAINS or -LOSS detected 

in aggregate populations, and dashed boxes highlight examples of peaks displaying injury­

associated accessibility changes between Kras-mutant cells from the same subpopulation. 

j, AP-1 and NR5A2 activity scores are anticorrelated across single cell epigenetic profiles, 

separated by subpopulation. Logged activity scores are plotted as a heatmap, with cells 

(columns) ordered by ratio of AP-1:NR5A2 activity within each subpopulation. k, Heatmaps 

showing accessibility signals for the indicated cluster of peaks (columns) identified from 

bulk ATAC-seq analyses (see Fig. 1e) across each major subpopulation of Kras-mutant cells, 

separated by experimental condition. The color scale represents the proportion of all cells in 

each subpopulation and condition with an accessible peak, where values have been z-scored. 

As above, the first two rows (aggregate) show global accessibility patterns from pooling all 

individual cells in each condition, regardless of subpopulation; and subpopulation-specific 
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dynamics are shown below. l, Proportion of mKate2+ cells per cluster (marked with color 

labels matching Extended Data Fig. 8c) derived from Kras* (grey) or Kras*+Injury (orange) 

tissue conditions.

Extended Data Fig. 9. Epigenetic dysregulation of IL-33 during injury-facilitated neoplastic 
transformation.
a, UMAP visualization of the number (N) of total open peaks at the Il33 (top) of Cpa1 
(locus) per individual Kras-mutant cell in the scATAC-seq analyses applied to 6369 

individual cells freshly isolated from Kras* or Kras*+Injury conditions (n=1 mice each) 

and co-embedded together. Peaks nearby proximal or distal elements within 50 kb of the 

transcription start site were counted. Color scale indicates log-transformed counts of open 

peaks in the vicinity of the transcription start site. Note increased accessibility at Il33 gene 

regulatory loci in dedifferentiated populations, but not in the more differentiated acinar 

chromatin state or neuroendocrine-like subpopulations. b, scATAC-seq analyses identifies 
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accessibility changes strongly correlated with AP-1/NR5A2 activity ratio across individual 

Kras-mutant cells isolated from pancreata undergoing early neoplastic cell fate transitions 

(Kras* and Kras*+Injury conditions). Bottom panels show normalized accessibility values 

for peaks (rows) displaying a strong (r>.1) positive (e.g. 5 Il33-associated peaks) or negative 

(r<−.1) (e.g. acinar Cpa1-associated peak) correlation with AP-1/NR5A2 activity scores (as 

in Fig. 4f) across individual Kras-mutant cells (columns, marked with color labels matching 

Extended Data Fig. 8b). The identified 5 switch-correlated peaks (n1-n5) at the Il33 locus 

which overlap with those captured as sensitive to effects of injury and/or mutant Kras in 

ATAC-seq analyses of bulk populations (see panel e, below). c, Signal tracks of the Il33 loci 

showing rapid chromatin accessibility gain (in grey boxes) in the mutant Kras epithelium 

upon tissue injury in single cell populations, separated by cluster (3 clusters shown) and 

condition (Kras* vs Kras*+Injury). Note accessibility gains are detected upon injury even 

within a defined cell cluster (examples marked with dashed lines), supporting bona fide 
chromatin remodeling at these loci. The 5 chromatin switch-correlated peaks identified 

in ‘b’ are labeled as n1-n5. All tracks show accessibility signals downsampled to same 

coverage to correct for cell count and sequencing depth disparities across conditions. d, 
Violin plots showing the AP-1/NR5A2 activity scores of Kras-mutant (mKate2+) pancreatic 

cells displaying an opened (blue) state for the indicated acinar Cpa1-associated peak, or 

any of the 5 chromatin switch-correlated Il33 peaks versus those that do not (green). Il33­

accessible cell populations exhibit an enhanced AP-1 activity, whereas Cpa1-accessible cells 

do not. n=288, 6081, 2228 or 4141 (from left to right) individual cells obtained from n=2 

mice (Kras*, Kras*+Injury conditions). Significance was assessed by unpaired two-tailed 

Student’s t-test. e, (Top) Representative ATAC-seq tracks of the Il33 locus in lineage traced 

(mKate2+) pancreatic epithelial cells isolated from normal (Normal, n=3 mice), regenerating 

(Injury, n=5 mice), stochastic neoplasia (Kras*, n=3 mice), synchronous injury-accelerated 

neoplasia (Kras*+Injury, n=6 mice) or cancer (PDAC, n=4) experimental conditions, as 

described in Fig. 1a. (Bottom) Independent ChIP-seq experiments (lines) from the 2019 

GTRD database summarizing experimentally validated binding of certain AP-1 subunits 

(and other top scoring TFs associated with injury transitions) across different cellular 

contexts to Kras*/Injury-sensitive Il33 peaks identified in our study. f, Relative mRNA 

levels (RNA-seq DESeq2-normalized counts) of Il33 in FACS-sorted mKate2+;CD45- cell 

populations isolated from the indicated tissue states. Data are presented as means ± s.e.m. 

of n=4, 5, 3, 4 or 3 (from left to right) independent biological replicates (mice) per group. 

g, qRT-PCR analyses validating downregulation of Il33 mRNA in Brd4-suppressed mutant 

Kras pancreatic cell populations (mKate2+) isolated from mice (n=2 per genotype) triggered 

to undergo synchronous pro-neoplastic transitions upon tissue damage in KCsh mice placed 

on dox-diet 6 days before (as in Extended Data Fig. 4a). Cells were isolated for expression 

analysis at 48 hours after caerulein treatment, i.e. matching the Kras*+Injury condition of 

the omics analyses revealing rapid gain in accessibility and expression at the Il33 locus. h, 

Representative IHC stains of IL-33 protein in normal (left) or metaplastic (middle, right) 

pancreata expressing shRen or shBrd4 from Kras-WT (Csh) or Kras-mutant (KCsh) mice 

(n=4 per condition) treated with caerulein-induced pancreatic injury and analyzed 48 hours 

thereafter, as in Extended Fig. 4a above. Scale bar, 50 μm. i, Relative Il33 mRNA levels in 

pancreatic acinar 266–6 (left) or KPflC PDAC (right) cultured cells stably transduced with 

vectors encoding for the indicated proteins, as assessed by qRT-PCR and normalized to β­
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actin housekeeping control. Representative results of 2 independent experiments performed 

with n=2 biological replicates (wells) each with individual data points shown. j, Multiplexed 

immunoassay detecting the indicated cytokines or chemokines in protein lysates from 

normal or mutant Kras pancreata, 2 days after induction of caerulein (Caer)-induced tissue 

injury or treatment with PBS (control). n=2, 3, 4, 2 or 5 (from left to right) independent 

animals per condition. The bar-graphs to the right displays pooled data (means ± s.e.m) from 

n=5 independent animals (Kras*+Injury condition), revealing IL-33 as a major pancreas 

injury ‘alarmin’ induced by combined effects of Kras gene mutation and tissue damage.

Extended Data Fig. 10. IL-33 cytokine signaling shapes the transcriptional, chromatin 
accessibility and histological state of the Kras-mutant pancreatic epithelium.
a, Schematic representation of the experimental design to interrogate the impact of 

recombinant IL-33 (rIL-33) on the transcriptional, chromatin and phenotypic state of 

the pancreatic epithelium from Kras-mutant (KC-GEMM) or wild-type (C-GEMM) mice. 
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Molecular analyses were performed in lineage-traced (mKate2+) pancreatic epithelial cells 

purified by FACS-sorting from of rIL-33 or vehicle treated mice at day 0 (ATAC-seq), 

or day 0 and day 21 days (RNA-seq) after treatment. b, GSEA comparing the expression 

of the early chromatin activated gene program identified in Fig. 4 analyses (left), or of 

genes overexpressed in human PDAC specimens compared to normal pancreas (Moffitt et 

al. dataset)23 (right), in Kras-mutant cells isolated from rIL-33 treated vs PBS-treated mice 

(day 21 time point). The chromatin activated genes queried are the chromatin-dynamic 

DEGs identified to be upregulated during injury-accelerated neoplasia (Kras*+Injury) and 

in advanced disease (PDAC) but not during normal regeneration (Injury alone) and blunted 

by Brd4 suppression in metaplastic Kras-mutant cells (KCsh: Kras+Injury). c-d, GSEA 

comparing the expression of genes induced by the combination of mutant Kras + rIL-33 

in either shBrd4 vs shRen Kras-mutant pancreatic epithelial cells (mKate2+) isolated from 

KCsh-GEMM (Kras*+Injury) (c) or in Kras-mutant populations isolated from caeruelin­

treated (Kras*+Injury) vs resting (Kras*) KC mice (d). The queried gene sets were identified 

as significantly upregulated in Kras-mutant pancreatic epithelial cell populations (mKate2+) 

isolated from rIL-33 (vs PBS) treated mice (KC+rIL-33 vs KC+Veh) at either day 0 (d0) 

or day 21 (d21) time points. e, qRT-PCR analysis of rIL-33 effects in the mRNA levels 

of acinar differentiation (Cpa1), metaplasia (Sox9) and Kras-dependent neoplasia (Agr2, 

Muc6) markers in pancreatic epithelial cell (mKate2+) populations isolated from Kras-WT 

(C) or Kras-mutant (KC) mice (n=2 each) treated with rIL-33 or Vehicle (PBS) and analyzed 

21 days thereafter. f, GSEA comparing the expression of genes induced by the combination 

of mutant Kras + rIL-33 in human PDAC specimens vs human normal pancreas (Moffitt 

et al. dataset)23. g, Volcano plots comparing the chromatin accessibility landscape of 

Kras-mutant pancreatic epithelium of rIL-33-treated vs vehicle-treated mice, as assessed by 

ATAC-seq performed at the day 0 time-point. h, Top-scoring motifs identified by HOMER 

de novo analysis in accessibility-GAIN peaks identified in Kras-mutant pancreatic epithelial 

cells (mKate2+) isolated from rIL-33-treated mice vs from PBS-treated counterparts, 

assessed by ATAC-seq analyses performed at the day 0 time point. The significance of the 

enrichment is shown in brackets. i, Metagene representation of the mean ATAC-seq signal 

(n=3 mice per condition) at accessibility-GAIN regions driven by injury in the Kras-mutant 

pancreatic epithelium (Kras*+Injury vs Kras*) (top) or at accessibility-GAIN regions linked 

to the neoplasia-specific gene activation program (identified in Fig. 4b analyses, right) in 

Kras-mutant pancreatic epithelial cells (mKate2+) from isolated from rIL-33 treated vs PBS­

treated mice (n=3 each, day 0 time point). rIL-33 treatment promotes accessibility at injury­

sensitive sites. p-values were determined by Kolmogorov–Smirnov test. j, Quantification 

of the relative number of ADM and PanIN lesions in pancreata from Kras wild-type 

(C-GEMM) or Kras mutant (KC-GEMM) mice treated with rIL-33 or vehicle (PBS) and 

analyzed at the indicated time points in days (d) after treatment. Data are presented as 

means ± s.e.m and significance was assessed by unpaired two-tailed Student’s t-test (ns, not 

significant). n=3, 4, 4, 5, 3 or 4 (from left to right) independent animals per experimental 

condition. k, Representative immunofluorescence stains of IL-33 protein (green) co-stained 

with the lineage-tracer marker mKate2 (red) marking pancreatic epithelial cells from mice 

(n=3 per group) harbouring wild-type (Normal) or mutant Kras in the indicated tissue states. 

Scale bar, 100 μm. l, Relative mRNA levels (RNA-seq tpm counts) of Il33 (left) or the 

indicated mutant Kras effector (Agr288), middle) or acinar TF (Cpa1, right) in FACS-sorted 
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mKate2+ pancreatic epithelial cell populations isolated from rIL-33-treated or PBS-treated 

mice harbouring WT or mutant Kras. n=3, 4, 4, 4, 5 or 4 (from left to right) biological 

replicates (independent mice) per group; median and upper/lower quantile values per group 

are indicated.
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Fig 1. Tissue damage induces cancer-associated chromatin states in pre-malignancy.
a, Experimental settings to interrogate epithelial neoplastic reprogramming in vivo. 

Chromatin accessibility (and gene expression, below) analyses were performed on lineage­

traced pancreatic epithelial cell populations FACS-isolated from well-defined tissue states 

(see main text). When applicable, tissue damage was induced by treatment with the synthetic 

cholecystokinin analogue caerulein6,8. b, Principal Component Analyses of ATAC-seq 

data from independent biological replicates of pancreatic epithelial cells isolated from 

tissue states described in (a). c, Proportion of ATAC-peaks significantly gained (top) or 

lost (bottom) in PDAC compared to Normal pancreas, and found similarly altered in pre­

malignant tissues subjected to injury, expressing mutant Kras, or both. Bar color indicates 

experimental condition, as in (b). d, Number of ATAC-peaks that are significantly lost (top) 

or gained (bottom) in the indicated conditions vs Normal pancreas, shared or unique to each 

condition. e, Heatmap representation of peaks gained or lost between Normal, Injury, Kras* 

and Kras*+Injury conditions. Each column represents an independent mouse. Numbers 

indicate the number of peaks per cluster. f, ATAC-seq tracks at a N2-cluster locus exhibiting 

synergistic accessibility-GAINS by combination of injury and mutant Kras (one independent 

mouse per lane). y-axis scale range per lane [0–60]. In c, d, bar charts summarize the degree 

of overlap between dynamic ATAC-peaks identified by DESeq2 analyses (log2FC >= 0.58; 

FDR <=0.1) comparing Injury (n=5 mice), Kras* (n=3 mice), Kras*+Injury (n=6 mice), or 

PDAC (n=4 mice) conditions versus Normal (n=3 mice).
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Fig. 2. An in vivo approach to perturb chromatin output in regenerating and neoplastic 
pancreatic epithelia.
a, Diagram of experimental settings to study regenerative and tumor-initiating epithelial 

plasticity in response to tissue damage in KC- and C-GEMMs. Illustrations from 

biorender.com. b, Representative immunohistochemistry (IHC) of Brd4 in Csh (top) or KCsh 

(bottom) mice (n = 3 mice/group) fed with dox-containing food for 9 days. Surrounded 

areas represent epithelium; arrows point to Brd4-suppressed exocrine pancreas epithelium 

in wild-type or mutant Kras mice expressing Brd4.specific (shBrd4.552) but not control 

(shRen.713) shRNA. Scale bar, 100 μm. c, Representative ATAC-seq and RNA-seq tracks of 

a known acinar identity gene15 (top) or housekeeping gene locus (bottom) in lineage-traced 

(mKate2+;GFP+) pancreatic epithelial cells isolated from shRen.713 or shBrd4.552 KCsh 

mice (n = 3 each), analyzed at the same time point after dox administration as in b.
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Fig. 3. Neoplastic and regenerative outcomes of injury rely on distinct Brd4-dependent 
programs.
a, Representative H&E of pancreata from Kras wild-type C-shRen (control) or C-shBrd4 

(sh552) mice treated with Caerulein (Caer) or PBS harvested at indicated days (d) post­

treatment (number of mice/group, as in b). b, Quantification of pancreas-to-body weight 

ratio of C-shRen or -shBrd4 mice at indicated time-points after caerulein treatment, denoting 

rapid loss of pancreatic tissue in shBrd4 mice between day-2 and day-7 post-injury. n 

= 5, 6, 2, 11, 5, 6, 7, 6 or 4 (from left to right) mice/group. c, Representative IHC 

of mKate2 and Alcian blue in pancreata from KC-GEMM-shRen.713 or -shBrd4.552 

mice placed on dox diet since postnatal day 10, analyzed at indicated time points. 

d, Quantification of PanIN lesion area in pancreata from 6 week-old KC-shRen (n=4) 

or -shBrd4 (n=8) mice, or 1-year-old KC-shRen (n=3) or KC-shBrd4 (n=4) mice. e, 

Representative immunofluorescence (GFP) and IHC (mKate2, Alcian blue) to visualize the 

progression of Kras-mutant cells expressing Ren or Brd4 shRNAs (mKate2+;GFP+) upon 

injury-accelerated pancreatic neoplasia, analyzed at indicated days (d) or weeks (w) post­
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Caer (n=3 mice/group). f, (Top) Heatmap of downregulated DEGs upon Brd4 suppression 

in regenerative metaplasia (Csh:Injury) or neoplastic transformation (KCsh:Kras*+Injury) 

settings across indicated conditions (as in Extended Data Fig. 4a). n=3 shRen.713 

or shBrd4.1448 mice (rows) per condition. Normal C-shRen samples show expression 

levels of DEGs in healthy pancreas. Black squares delineate genes uniquely sensitive 

to Brd4 suppression in cells undergoing injury-driven regenerative (left) vs neoplastic 

(right) transitions. See Supplementary Table 4 for list of shBrd4-sensitive genes in each 

context. (Bottom) Chromatin accessibility dynamics at regulatory loci of shBrd4-sensitive 

genes, indicated by ATAC-cluster annotation. In b, d, data presented as means±s.e.m and 

significance assessed by unpaired two-tailed Student’s t-test (ns, non-significant). Scale bar, 

100 μm.

Alonso-Curbelo et al. Page 50

Nature. Author manuscript; available in PMC 2021 September 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. A chromatin switch induced by gene – environment interactions defines the neoplastic 
transition.
a, Proportion of chromatin-dynamic DEGs (blue, red) vs chromatin-stable DEGs (grey) 

between Brd4-competent pancreatic epithelial cells (mKate2+) isolated from regenerating 

(Injury, n=5 mice), early neoplasia (Kras*, n=3; Kras*+Injury, n=4 mice) or invasive cancer 

(PDAC, n=3 mice) tissues vs from normal pancreas (Normal, n=4 mice). b, Unsupervised 

clustering of dynamic ATAC-peaks associated with DEGs distinguishing pancreatic 

epithelial cells (mKate2+) isolated from Injury (I), Kras* (K), Kras*+Injury (K+I), or PDAC 
tissue conditions vs Normal, and colored depending on whether they contain binding sites 

for acinar (NR5A2 and/or PTF1A) and/or neoplasia-associated (AP-1) TFs. Bar length 

represents Log2 fold changes of accessibility signals gained or lost in each condition vs 

Normal, as assessed by DESeq2 analyses (number of mice/group as in Fig. 1). c-d, GSEA 

comparing the expression of neoplasia-specific downregulated (left) or upregulated (right) 

epigenetic programs herein identified between human PDAC specimens and human normal 

pancreas (Moffitt et al. dataset)23 (c), or between shBrd4.1448- vs shRen.713-expressing 
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pancreatic epithelial cells isolated from KC-GEMM mice (Kras*+Injury condition, n=3 

per genotype) (d). e, UMAP visualization of single-cell ATAC-seq (scATAC-seq) profiles 

of 6369 Brd4-competent Kras-mutant pancreatic epithelial cells (mKate2+) isolated from 

Kras* and Kras*+Injury tissue conditions (n=1 mice each), and colored by the indicated 

tissue condition (left). Inferred activity scores for the acinar TF NR5A2 and AP-1 per 

individual cell are portrayed in color (right), displaying a switch in transcription factor 

activity in Kras-mutant cells upon tissue injury. f, AP-1 and NR5A2 activity scores of 

Kras-mutant cells (columns) annotated by tissue condition (as in e-left). g, Top-scoring 

pathways in GREAT ontology analyses of peaks positively or negatively correlated with the 

chromatin switch defined by increasing AP-1/NR5A2 activity ratios across the single cell 

epigenetic profiles of Kras-mutant cells shown in f.
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Fig. 5. Epigenetic dysregulation of IL-33 promotes neoplastic reprogramming.
a, Effects of Brd4 suppression (shBrd4.1448 vs shRen.713, y-axis) on the expression of the 

indicated cytokines or chemokines and their degree of activation in pancreatic epithelial cells 

during injury-facilitated neoplasia (x-axis). Factors exhibiting neoplasia-specific mRNA 

upregulation and ATAC-GAIN are marked in orange. b, Representative immunofluorescence 

of IL-33 (red) and GFP (green) in pancreata from Kras wild-type or Kras-mutant mice 

2 days after tissue injury (caerulein) or control (PBS) (n=4 mice/group). Arrows point 

epithelial-cell (GFP-positive) Brd4-dependent activation of IL-33 in the Kras*+Injury (K+I) 
condition, which contrasts with the predominantly stromal (GFP-negative) pattern of tissues 

subject to caerulein (Injury) or Kras gene mutation (Kras*) alone. Nuclei counterstained 
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with DAPI (blue). c,Volcano plots showing the cooperation between rIL-33 and mutant 

Kras in driving transcriptional reprogramming of the pancreatic epithelium, assessed by 

RNA-seq of mKate2+ epithelial cells isolated from Kras-wild type (C-GEMM) mice treated 

with rIL-33 (n=4) or vehicle (PBS; n=5) (left), or Kras-mutant (KC-GEMM) mice treated 

with rIL-33 (n=4) or vehicle (PBS, n=4) (right), at 21 day. d, GSEA comparing expression 

of genes induced (top) or repressed (bottom) upon damage (Kras*+Injury vs Kras*) in 

Kras-mutant epithelial cells isolated from rIL-33-treated (n=4) vs vehicle-treated (n=3) mice 

(day 0). rIL-33 treatment mimics transcriptional changes of tissue damage in Kras-mutant 

pancreata. e, Representative H&E or IHC (mKate2, Alcian blue) from Kras-wild type 

(C-GEMM) or Kras-mutant (KC-GEMM) mice treated with rIL-33 or vehicle (PBS), at 21 

days (n=4 mice/group). f, Quantification of normal exocrine tissue (acinar) or metaplastic 

(ADM) and neoplastic (PanIN) lesion area in Kras-WT (left) or Kras-mutant (right) mice 

treated with rIL-33 or vehicle control, at 21 days. Pooled data presented as means±s.e.m. 

n=3, 4, 4 or 5 (from left to right) mice. (p=0.0169 for PanIN area in KC-GEMM rIL-33 vs 

vehicle, unpaired two-tailed Student’s t-test). Scale bars, 100 μm.
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