
Pancreatic cancer is a killer; 85% of patients die within nine months of diagnosis. 
A new study sheds light on how the cancer spreads throughout the body. 
 
pancreatic cancer - second-leading cause of cancer death in the United; eclipsing 
colon and breast cancer 
 
Large-scale enhancer reprogramming 
• directed by transcription factors such as FOXA1 
• drives metastasis in the organoid model 
• of pancreatic cancer. 
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SUMMARY 
 
compared organoids: 
from the initial tumor 
from the metastases 
 
didn’t find major genetic differences 
did see that metastatic organoids had more active enhancers 
 
800 enhancers active in metastatic organoids were linked to embryonic pancreas formation 
 
analyzed the DNA sequences of the enhancers to find the protein that binds to them 
found FOXA1 
 
 
 

When high levels of FOXA1 in organoids expressed, 
injected into the tails of mice, 
the organoids spread to the lung 
- metastasis. 
 
But when organoids lacking FOXA1 injected, 
they didn’t metastasize. 
 
human pancreatic tissue samples: 
FOXA1 increased with disease severity – metastasis 



Pancreatic ductal adenocarcinoma (PDA) 

fourth leading cause of cancer deaths in the US 

early onset of metastasis 

only 8% of patients surviving more than 5 years after diagnosis 

 

obstacle - limited understanding of molecular mechanisms of PDA metastasis 

initiating genetic event in PDA is activating mutation of KRAS in an acinar or ductal cell 

to initiate a pre-malignant lesion of disorganized epithelial architecture 

subsequent: inactivating mutation of tumor suppressor gene (TP53) sufficient to drive tumor 

formation at the primary site 

 



In contrast, a metastasis-specific mutation has to be identified! 

Candidate metastasis promoting mechanisms: 

- signaling from the tumor microenvironment 

- self-renewal 

- epithelial-to-mesenchymal transitions (EMT) 

Alteration of epigenetic pathways is an emerging mechanism of PDA progression. 

 

Whole-genome sequencing identified frequent genetic events in PDA tumors: 

inactivating mutations of chromatin modifiers. 

 

Small molecules that target readers, writers, or erasers of histone modifications have shown 

promising therapeutic effects in mouse models of PDA by altering transcription of cancer genes. 
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normal and neoplastic pancreatic ductal cells cultured as organoids 

retain the attributes of the stage of PDA from which they were derived 

when re-introduced into mice 

 

used this system to characterize how the enhancer landscape evolves during PDA progression 

identified dramatic changes in enhancer activity associated with metastasis 

 

the developmental TF FOXA1 promoting aberrant enhancer activation 

- can promote metastatic phenotypes in vivo 

 

reprogramming of the enhancer landscape can promote the acquisition of metastatic traits 



Enhancers: 
regulatory DNA elements 
clusters of transcription factor binding sites 
capable of stimulating transcription over large genomic distances 
 
at enhancers TFs trigger the recruitment of chromatin-modifying enzymes 
to establish a pattern of covalent histone modifications such as: 
histone H3 lysine 27 acetylation (H3K27ac) 
and 
histone H3 lysine 4 mono-methylation (H3K4me1) 
 
genome-wide measurements of H3K27ac and H3K4me1 enrichment 
allow the annotation of active enhancer landscapes in different cellular states 
 
ChIP-seq analysis human PDA cell lines: 
enhancer profiles and TFs that correlate 
with the degree of epithelial differentiation or disease 
to be determined how the enhancer landscape evolves 



mutational mechanisms that initiate Pancreatic Ductal Adenocarcinoma - known 
a genetic basis for metastasis in this disease - unclear 
solution: epigenomic comparisons of organoid cultures        mechanisms that promote PDA 
progression 
pancreatic organoids from primary tumors (T) and metastases (M) 
from KPC = genetically engineered mouse model of PDA 

Pdx1-Cre: pancreas-specific Cre driver line 

liver, 
peritoneum, 

diaphragm 



M organoids 
lost wild-type (WT) Trp53 allele 

- common for disease progression 

pancreas 
a single-cell suspension of organoids formed 
macroscopic tumors 

M organoids colonized the lung 
T organoids lacked this capability 



when injected into the peritoneal wall, subcutaneous space or intra-splenic 
M organoid cells colonized the liver more efficiently 
than T organoid cells 
and grew more readily 
 
M organoids have evolved to a more aggressive state than T organoids 
comparisons of these cultures might expose mechanisms that promote metastasis 



Epigenomic Analysis of PDA Organoids 

RNA-seq profiling of the organoid cultures: 
overlapping transcriptional changes to microarray evaluation of human PDA samples 
upregulation of known regulators of PDA metastasis, Lin28b, Pdgfrb, and Runx3 
 
 genome-wide enrichment of H3K27ac in organoid cultures: 
 1) normal pancreatic ducts (N) 
 2) pre-malignant: 
 PanIN Pancreatic INtraepithelial Neoplasia PanIN lesions (P) 
 3) T and M organoids 

857 regions with increased    and 1,709 regions with decreased 
H3K27ac 



Recurrence of GAIN and LOSS regions of H3K27ac in M organoids. 
Fraction of GAIN (red) or LOSS (blue) regions that are present in more than two M organoids. 



- acetylation changes almost exclusively in the M organoids 
- in a recurrent manner across the six independent samples 
- irrespective of the anatomic site of the metastatic lesion 

Heatmap representation of GAIN regions based on H3K27ac occupancy in organoids. 
The 857 GAIN regions were identified from the union of all gained H3K27ac peaks. 
10-Kb around the center of GAIN regions are displayed for each organoid. 

Each row represents a single region (n = 857). 

Each column represents an individual organoid (n = 16). 



Representative H3K27ac ChIP-seq profiles 
of GAIN regions at Lbh and Acan loci 
in N, P, T, and M organoids. 

  

limb bud and heart development (LBH) gene 
 
acan gene is a member of the 
aggrecan/versican proteoglycan family 
encoded protein is an integral part of the 
extracellular matrix in cartilagenous tissue and 
it withstands compression in cartilage 
Mutations in this gene may be involved in 
skeletal dysplasia and spinal degeneration. 



unsupervised hierarchical clustering analysis of global H3K27ac enrichment 
 
the metastatic transition in the KPC model is accompanied by dramatic and recurrent changes in 
H3K27 acetylation 

1) the epigenomic divergence of M organoids from earlier stages of disease 
2) the convergence of the M organoids 



more than 90% of GAIN and LOSS regions 
lie outside of promoter regions 
and correlate with expression changes of nearby genes, 
suggesting that they represent enhancer elements 

GAIN regions might have a role in promoting PDA 
progression and metastasis 
 
H3K27ac GAIN regions defined in murine samples 
enriched at corresponding locations in human PDA cell lines 
and in patient-derived PDA organoids 

Metagene representation 
of H3K27ac signal in GAIN regions 

of human PDA cell lines (left) and patient-derived PDA organoids (right) 

: 6 leukemia 
  2 neuroblastoma 
  2 non-small cell lung cancer 
     cell lines 



• two other enhancer-associated chromatin features 
• in three pairs of T and M organoids: 
 
- H3K4me1 using ChIP-seq 
(to identify the binding sites of DNA-associated proteins) 
 
- chromatin accessibility using ATAC-seq   Assay for Transposase-Accessible Chromatin  
(using sequencing to study chromatin accessibility)  
 
GAIN regions were enriched for: 
H3K27ac 
H3K4me1 
and chromatin accessibility in M organoids 



ATAC-seq (Assay for Transposase-Accessible Chromatin using sequencing) 
is a technique used to study chromatin accessibility to identify accessible DNA regions. 
The key part of the ATAC-seq procedure is the action of the transposase Tn5. 
Transposases are catalyzing the movement of transposons to other parts in the genome. 
 
 
 
 
 
 
 
 
 
 
ATAC-seq is a mutated hyperactive transposase. Highly efficient cutting of exposed DNA and 
simultaneous ligation of specific sequences (adapters). 
Adapter-ligated DNA fragments are then isolated, amplified by PCR and used for next generation 
sequencing. 
Regions of the genome where DNA was accessible during the experiment will contain more 
sequencing reads, form peaks in the ATAC-seq signal that are detectable with peak calling tools. 
These regions can be further categorized into the various regulatory element types - promoters, 
enhancers, insulators subregions, typically only a few base pairs long, are considered to be 
“footprints” of DNA-binding proteins. These proteins will protect the DNA strand from 
transposase cleavage and will consequently cause a depletion in the signal. 



Metagene representation of the mean ChIP-seq signal for the indicated histone marks (left and 
middle) or the mean ATAC-seq signal (right) across GAIN regions in the indicated organoids. 

GAIN regions enriched for H3K27ac, H3K4me1, and chromatin accessibility 
in M organoids (red line) 

H3K27ac and H3K4me1 
increased 

comparing M to T organoids 

chromatin accessibility 
pre-existed at these sites 



GENE ONTOLOGY analysis of genes located near GAIN regions 
 
revealed a significant association with developmental functions 
 
the most enriched signature being related to tube development 

• 1,090 GAIN regions-associated genes 
• top 10 GO terms 
     ranked by their significance (p value) 



Identifying TFs that activate GAIN enhancers: 
to determine whether these cis elements are important for PDA metastasis 
evaluated whether specific TF motifs were enriched within GAIN regions 
using the transcription factor affinity prediction (TRAP) method 
calculates the affinity of transcription factors for DNA sequences 
top enriched motifs at GAIN regions: 
binding sites for the AP1, SOX, and Forkhead families of TFs 
 

forkhead family TF in RNA-seq analysis of organoids : 
- Foxa1 was upregulated in M organoids 
- homolog Foxa2 was downregulated 
 
 



FOX (Forkhead box) proteins 
 
transcription factors 
 
regulating the expression of genes involved in 
cell growth, proliferation, differentiation, and 
longevity 
 
important to embryonic development 
 
able to bind condensed chromatin during cell 
differentiation processes 
 
forkhead box 
a sequence of 80 to 100 amino acids forming a 
motif that binds to DNA 
 
a subgroup of the helix-turn-helix class of 
proteins 



metagene analysis 
ChIP-seq analysis of FOXA1: 

elevated occupancy 
at GAIN regions 
in M organoids 

RNA fluorescence in situ hybridization (RNA-FISH) 
detecting and localizing RNA molecules in fixed cells 

 
analysis in the KPC mice: 

sporadic regions of focal Foxa1 upregulation 
in primary PDA tumors 

 
homogeneously upregulated in metastatic lesions 

FOXA1 in GAIN enhancer activation 

Foxa1 probe (red) 
DAPI (blue) 



FOXA1 upregulation occurs during human PDA progression 
microarray study 
of publicly available human PDA patient samples 
identified FOXA1 upregulation in primary tumors 
further elevated in metastatic lesions 

immunohistochemical 
staining of PDA tissue 

FOXA1 upregulation 
qRT-PCR analysis 
of human PDA patient 
-derived organoids  



in human PDA cell lines FOXA1 expression 
correlated with GAIN enhancer activation 

FOXA1 upregulation occurs during human PDA progression 



FOXA proteins essential for the specification of foregut cell 
from primitive endoderm tissues during embryonic development 

GAIN regions and genes activated during the 
differentiation of human embryonic stem cells 
into foregut endoderm 

FOXA1 upregulation during PDA progression 
activates an embryonic foregut endoderm transcriptional program 

Gene set enrichment analysis (GSEA) 
of published data 



FOXA1 overexpression promotes GAIN enhancer activation 
and metastasis-related phenotypes in murine and human PDA cell lines 

T3 organoid - derived 2D cell line (KPC-2D) 
selects for loss of the WT Trp53 allele 
 

increased FOXA1 expression 
RNA-seq 

T3 organoid and KPC-2D/empty cells 

H3K27ac ChIP-seq 

signal 
enrichment 



FOXA1 promotes enhancer activation and metastatic capabilities in 2D PDA cell lines 

Western blot 

led to: increased FOXA1 occupancy and H3K27ac at GAIN regions 

Retroviral transduction of KPC-2D cells 
with the FOXA1 cDNA 



RNA-seq analysis 
FOXA1 expression caused: 
increase in the expression of GAIN genes and foregut endoderm gene signature 



when cultured as tumor spheres on ultra-low adhesion plates, 
FOXA1 expression enhanced anchorage-independent growth 
 
 
 
(when cultured as a 2D 
monolayer, no effect 
on cell proliferation, 
clonogenic growth, 
or cell migration) 

FOXA1-overexpressing 
KPC-2D cells more invasive 
when placed in Matrigel 
-coated Boyden chambers 



FOXA1 enhanced ability of KPC-2D cells to colonize the lung parenchyma 



FOXA1 over-expression in human PDA cell lines - acquisition of metastatic phenotypes 

images taken after 2 weeks of culture 

enhanced tumor 
sphere formation 

transcriptional activation of foregut 
development genes 

increase in H3K27ac 
at GAIN regions 



Is FOXA1 upregulation sufficient for GAIN enhancer activation 
in M organoids? 

retrovirally 
over-
expressed 
FOXA1 
in T 
organoids 

H3K27ac ChIP-seq 
FOXA1 expression elevated H3K27ac 

to 25% of M organoids 

GATA5: 
TF similar to FOXA1 
upregulated during endoderm development and PDA progression 



  
TRAP analysis of FOXA1 peaks and 
GAIN regions revealed an association 
with motifs recognized by: 
GATA5, BATF2, PRRX2, and PAX9 
 
upregulated at the transcriptional level 
in M organoids and to varying 
degrees in human PDA samples 

search for other candidate TFs that might cooperate with FOXA1 to promote enhancer activation 



LOSS regions enriched for ONECUT1 
- transcriptionally silenced gene during PDA progression 

RNA-seq or microarray based ONECUT1 mRNA expression 

human PDA tumors  

murine normal and neoplastic pancreatic organoids 

correlates well with 

a member of the Cut homeobox family of transcription factors 
enriched in liver 
stimulates transcription of liver-expressed genes 
influences glucose metabolism, cell cycle regulation 
associates with cancer 



overexpressing GATA5, BATF2, PRRX2, or PAX9 
in KPC-2D cells 
led to enhanced invasiveness 
in vitro 

GATA5 = TF similar to FOXA1 
upregulated during endoderm development 
and in PDA progression 

GATA5 expression during pancreatic differentiation 
of hES relative to gut tube stage. 

GATA5 expression in human normal 
and patient-derived PDA organoids 



GATA5 overexpression in KPC-2D cells led to: 
 
enhanced clonogenic growth 
       

tail vein injection 
of KPC-2D/empty 
         KPC-2D/GATA5 cells 
  into C57BL/6J 

lung colonization at 4 
weeks post-injection 
percent tumor area 

per lung lobe (%) 

lung colonization 



H3K27ac ChIP-seq profiles 
at Foxa1 and Gata5 loci 
in N, P, T and M organoids 
 
 

both Foxa and Gata5 locus acquired 
a GAIN enhancer in M organoids 



Cooperates GATA5 with FOXA1 to promote GAIN enhancer activation in the organoid culture 
model? 

GATA5 expression alone - only a 1.1-fold H3K27ac at GAIN regions in T organoids 
co-expression of GATA5 + FOXA1 - more robust activation of GAIN enhancers 
= 42% of H3K27ac in M organoids 

Representative H3K27ac ChIP-seq profiles of GAIN regions at Lbh and Acan loci in organoids 

acan = aggrecan/versican 
proteoglycan 

limb bud and heart 
development (LBH) gene 



Overexpressing FOXA1 and GATA5 in T organoids: 

upregulation of GAIN genes foregut endoderm gene signature  

mice injected 
FOXA1- and GATA5-expressing 

T organoids into pancreas 
12-week time-point 

more rapid PDA tumor formation 



Higher frequency of metastasis in mice transplanted with FOXA1+GATA5-expressing cells 



Higher frequency of metastasis in mice transplanted with FOXA1+GATA5-expressing cells 



FOXA1 and GATA5 co-expressing T organoids developed larger tumors when injected 
subcutaneously 

resembles the aggressiveness of M organoids 

GATA5 cooperates with FOXA1 to activate GAIN enhancers 
and promote PDA progression in vivo 



necessity of FOXA1 to maintain the aggressive properties of M organoids 
FOXA1-deficient M1L organoids (sh RNA knockdown or CRISPR-Cas9 genome editing) 

 
shRNA-expressing cells reduced FOXA1 occupancy & reduced H3K27ac at GAIN regions 



RNA-seq analysis of FOXA1-deficient M organoids 
downregulation of GAIN genes and the foregut endoderm gene signature 

PDA progression following transplantation of FOXA1-deficient M1L organoids 
into the pancreas of recipient mice. 

6 weeks post-transplant 
FOXA1 knockdown - significantly smaller 
primary tumors in the pancreas 



Metastases in 4 out of 10 control mice 
but 
Foxa1 knockdown: only 1 out of 10 mice with metastasis 

FOXA1-dependent enhancer reprogramming 
promotes PDA progression and metastasis in vivo. 

Similar using CRISPR-based targeting of Foxa1 



• better understand how FOXA1 works - to develop future therapies 

• personalized cancer treatment 

• organoids from a tumor, treatment with a variety of drugs to see which drug works best 

before administering to a patient 

• but “It takes almost a month or more to establish an organoid culture from a pancreatic 

patient. If a patient has six to nine months to live, that’s not a lot of time.” 

• the key is earlier diagnosis: 

• 10 percent of patients have a family history of the disease and genetic markers that put them 

at risk 

• should be screened early and often 

• screening the rest of the population will be a challenge 

• “We have to have a fairly perfect way to screen the population” 

“with a 98% or 99% success rate there is a large number of people there that would be falsely 

diagnosed and a few that would be missed.” 



The central conclusion: 

• reorganization of the enhancer landscape promotes metastasis in pancreatic cancer 

• epigenomic profiling of organoid cultures from each stage of PDA progression in the KPC 

mouse prominent gains and losses of enhancer activity associated with metastatic transition 

• recurrent pattern of enhancer activation among independent metastatic lesions 

• functional role for cis elements during metastatic progression 

• FOXA1 upregulation a key driver 

• can promote enhancer activation and metastasis 

• FOXA1 activates an embryonic foregut endoderm transcriptional program 

• to allow development of foregut-derived organs, which includes the pancreas 

• FOXA2 expression high in the normal adult pancreatic ductal epithelium 

• FOXA2 expression decreases and becomes replaced by FOXA1 during PDA progression 

• upregulation of FOXA1 in PDA leads to activation of foregut endoderm genes 

• many of the foregut endoderm genes activated by FOXA1 in PDA metastasis encode signaling 

molecules - allow anchorage-independent growth or invasive properties 

• rapid cell proliferation of epithelial cells that invade into mesenchymal tissues 




