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Abstract 
 
Pancreatic ductal adenocarcinoma (PDA) presents a significant challenge in oncology due 

to its aggressive nature and limited treatment options. Despite advancements in 

understanding the genomic landscape of PDA initiation and progression, the mechanisms 

driving metastasis remain elusive. This doctoral thesis explores the critical role of epigenetic 

mechanisms, specifically focusing on transcriptional regulation, histone modification, and 

molecular crowding in PDA metastasis. Through a multidisciplinary approach, 

encompassing genomic analyses, functional studies, and biophysical investigations, the 

thesis sheds light on the intricate interplay between genetic and epigenetic factors driving 

PDA progression. Chapters elucidate the aberrant expression of the homeodomain 

transcription factor EN1 in PDA, its impact on downstream signaling pathways, and its 

promotion of PDA transformation and metastasis. Furthermore, the thesis uncovers the 

influence of nucleoplasmic macromolecular crowding, particularly highlighting the role of 

nesprin-3, in regulating nuclear dynamics and metastatic potential in PDA. By integrating 

genetic, epigenetic, and biophysical perspectives, this work not only advances our 

understanding of PDA pathogenesis but also paves the way for the development of targeted 

therapeutic interventions. Additionally, the thesis underscores the significance of 

pancreatic cancer organoid models in recapitulating disease progression, elucidating 

molecular dynamics, and guiding precision medicine approaches. Overall, this research 

underscores the importance of a comprehensive approach in deciphering the complexities 

of PDA and offers valuable insights for future therapeutic strategies aimed at improving 

patient outcomes.  
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Chapter One – Epigenetic Alterations in Pancreatic Cancer Metastasis* 

 

*This chapter is published in Biomolecules 2021, 11(8), 1082; https://doi.org/10.3390/biom11081082, under an open-access Creative 

Common CC BY license.  

 

Summary 

 

Pancreatic cancer is the third leading cause of cancer-related deaths in the United States. 

Pancreatic ductal adenocarcinoma (PDA) is the most common (90%) and aggressive type of 

pancreatic cancer. Genomic analyses of PDA specimens have identified the recurrent 

genetic mutations that drive PDA initiation and progression. However, the underlying 

mechanisms that further drive PDA metastasis remain elusive. Despite many attempts, no 

recurrent genetic mutation driving PDA metastasis has been found, suggesting that 

epigenetic fluctuations rather than genetic factors drive PDA metastasis. Therefore, 

establishing epigenetic mechanisms of PDA metastasis would facilitate the development of 

successful therapeutic interventions. In this review, we provide a comprehensive overview 

of the role of epigenetic mechanisms in PDA as a critical contributor to PDA progression and 

metastasis. In particular, we explore the recent advancements elucidating the role of 

nucleosome remodeling, histone modification, and DNA methylation in the process of 

cancer metastasis. 

 

  

https://doi.org/10.3390/biom11081082
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Introduction 

 

Pancreatic cancer is the third leading cause of cancer-related deaths in the United States. 

These poor survival outcomes are primarily because pancreatic cancer is often 

asymptomatic in its early stages, making early diagnoses difficult. The five-year survival rate 

for pancreatic cancer is 10%, the lowest among common cancers, and pancreatic cancer is 

expected to surpass colorectal cancer as the second leading cause of cancer-related deaths 

by 2030 [1,2]. Of pancreatic cancer types, pancreatic ductal adenocarcinoma (PDA) is the 

most common and aggressive, comprising 90% of pancreatic cancer patients [3]. Despite 

the fact that recent advances in first-line chemotherapy, such as FOLFIRINOX or 

gemcitabine/nab-paclitaxel, survival benefits for PDA patients remain modest [4,5]. As a 

consequence, significant effort has been made to understand the progression of the disease. 

 

Whole-genome sequencing technologies have undoubtedly revealed that PDA is a disease 

that arises from genetic aberrations. Notably, the initiating genetic event in over 90% of PDA 

cases is a gain-of-function mutation of KRAS in acinar or ductal cells, which results in the 

formation of pancreatic lesions called pancreatic intraepithelial neoplasia (PanIN). 

Subsequent loss-of-function mutations or deletions in tumor suppressor genes, such as 

TP53, SMAD4, and CDKN2A, cooperate with KRAS mutation to drive tumor formation and 

further exacerbate the disease progression (Figure 1) [6,7]. In addition to genetic aberrations, 

it has become increasingly clear over the last two decades that epigenetic alterations also 

promote the progression of almost every type of cancer [8–11]. Epigenetic mechanisms 



 
3 

regulate gene transcription, and the proper functioning of these mechanisms is essential for 

normal development and tissue differentiation. When these mechanisms are aberrantly 

altered in cancer cells, they can silence tumor suppressor genes or promote the expression 

of oncogenes to confer advantageous adaptations of the cancer cells, such as increased 

survival and proliferation, leading to aggressive cell phenotypes and metastasis. 

 

 

 

Figure 1. Schematic illustration showing pancreatic ductal adenocarcinoma (PDA) progression from the 

normal pancreas, pancreatic intraepithelial neoplasia (PanIN), and metastasis. Early pancreatic 

carcinogenesis is driven by genetic alterations in KRAS, CDKN2A, TP53, and SMAD4 (top). During metastasis, 

PDA cells penetrate the blood vessel (intravasation), circulate through the bloodstream, invade into the 
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metastatic site (extravasation), and colonize to form a secondary malignant tumor. The process of pancreatic 

cancer metastasis is facilitated by epigenetic alterations (bottom). 

This review seeks to comprehensively assess the current progress regarding the role of 

epigenetic alterations in PDA progression and metastasis. Specifically, recent studies 

investigating the role of alterations in epigenetic regulators, histone modifications, 

chromatin accessibilities, and DNA methylation in PDA are highlighted (Table 1). 

 

 

Table 1. Summary of reviewed genes that are related to epigenetic alterations during PDA 

progression and metastasis in the categories of germline PTV mutation, somatic mutation, 

chromatin accessibility and nucleosome remodeling, histone modification, and DNA 

methylation. ↓ denotes decrease and ↑ denotes increase. 

 

Category Gene Molecular Function 

Molecular 

Phenotype in 

PDA 

Phenotype in PDA Reference 

Germline 

PTV  

Mutation 

in 

Epigeneti

c 

TET2 

Dioxygenase of 5-methylcytosine, 

involved in demethylation of 

cytosines 

loss of function 

in encoded 

protein 

↓ patient survival [12] 

DNMT3a 
DNA methyltransferase, involved in 

de novo DNA methylation 

loss of function 

in encoded 

protein 

↓ patient survival [12] 
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Regulator

s ASXL1 

Polycomb group protein, involved in 

gene transcriptional regulation and 

chromatin architecture maintenance 

loss of function 

in encoded 

protein 

↑ proliferation, ↓ 

patient survival 
[12] 

Somatic 

Mutation 

in 

Epigeneti

c 

Regulator

s 

ARID1A 

Chromatin remodeler, involved in 

chromatin remodeling and gene 

transcriptional regulation 

loss of function 

in encoded 

protein 

↑ progression, ↓ 

survival 
[6–8,13,14] 

KDM6A 

Lysine-specific histone demethylase, 

involved in promoter and enhancer 

activities 

loss of function 

in encoded 

protein 

↑ squamous identity, 

↓ survival 
[6,7,13,14] 

Chromati

n 

Accessibil

ity 

ZKSCAN1 
Transcription factor, involved in 

proliferation and differentiation 

↑ TF binding via 

open chromatin 
↑ metastasis [15] 

HNF1B 
Transcription factor, involved in beta 

cell development in the pancreas 

↓ TF binding via 

closed 

chromatin 

↑ metastasis [15] 

Transcript

ion 

Factor-

Mediated 

Histone       

Modificati

on 

FOXA1 

Transcription factor, involved in cell 

differentiation and chromatin 

remodeling 

↑ enhancer 

activation 

(H3K27ac) 

↑ cell growth, ↑ 

invasion, ↑ 

progression 

[16] 

TP63 

Transcription factor, involved in cell 

proliferation, differentiation, and 

apoptosis 

↑ enhancer 

activation 

(H3K27ac) 

↑ squamous identity [17] 

DNA 

Methylati

on 

TFPI-2 

Serine proteinase inhibitor, involved 

in negative regulation of pro-

metastasis extracellular matrix 

degradation 

↓ expression via 

hypermethylatio

n 

↑ progression, ↑ 

proliferation, ↑ 

migration 

[18] 
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RELN 
Extracellular matrix serine protease, 

involved in neuronal migration 

↓ expression via 

hypermethylatio

n 

↓ patient survival, ↑ 

migration, ↑ invasion, 

↑ colony formation 

[19] 

MET 
Receptor tyrosine kinase, involved in 

cell survival, migration, and invasion 

↑ expression via 

hypomethylation 
↓ patient survival [20] 

ITGA2 
Integrin, involved in adhesion of cells 

to the extracellular matrix 

↑ expression via 

hypomethylation 
↓ patient survival [20] 
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Genetic Alterations in Epigenetic Regulators 

 

While KRAS, TP53, SMAD4, and CDKN2A driver mutations are core to early PDA progression, 

there is a vast genetic heterogeneity among PDA patients, harboring a range of less frequent 

genetic mutations that facilitate carcinogenesis [6,7]. For one, around 10% of PDA cases 

belong to familial pancreatic cancer and are commonly affected by germline pre-mature 

truncating variant (PTV) mutations in genes related to the DNA repair pathways (e.g., 

BRCA1/2, ATM, and PALB2), which have been predicted to inactivate the proteins [6,12]. 

Interestingly, a subset of these patients also have germline PTV mutations in epigenetic 

regulators (e.g., TET2, DNMT3A, and ASXL1) [12], suggesting that aberrant changes to the 

epigenome are important in predisposing individuals to PDA by altering the transcriptional 

profile of cells. 

 

In addition to the germline mutations in PDA, whole exome and genome sequencing 

revealed that a significant percentage of patients with PDA have somatic mutations in 

epigenetic regulators and chromatin remodeling complexes (e.g., ARID1A/B, PBRM1, 

MLL2/3/4, KDM6A, SMARCA2/4) [6,7]. Furthermore, somatic mutations in SWI/SNF complex 

regulators (e.g., ARID1A) and inactivation of histone modification enzymes (e.g., MLL3, MLL5, 

KDM6A) frequently occurred in conjunction with oncogenic KRAS in sleeping beauty 

transposon insertional mutagenesis screens [13,14]. Indeed, Mann et al. found that 100% of 

the tumors in this screen harbored one or more mutations in genes coding for histone-

modifying enzyme [13]. These mutations cooperated with oncogenic KRAS to promote PDA 
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progression, suggesting that alterations to the epigenome are important for driving PDA 

progression [13]. Together these findings highlight the significance of epigenetic regulation 

in pancreatic cancer progression. 

 

Despite our firm understanding of the genetic alterations that underlie PDA progression, 

there is limited understanding of the genetic drivers of PDA metastasis. To this day, there is 

no known recurrent mutation that drives this metastatic process [21–24]. This suggests that 

epigenetic mechanisms, rather than genetic, are driving PDA metastasis (Figure 1). 

Perturbed epigenetic programs, including transcription factor (TF)-mediated histone 

modifications, chromatin remodeling, DNA methylation patterns, and subsequently altered 

transcriptional programs, are emerging mechanisms of PDA progression and metastasis [25]. 
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Chromatin Accessibility and Metastasis 

 

Chromatin is composed of nucleosomes, which are formed by DNA wrapped around 

canonical histone molecules, including H2A, H2B, H3, and H4 (Figure 2) [26]. There are two 

distinct chromatin states: open or euchromatin and closed or heterochromatin. In the 

heterochromatin state, nucleosomes are highly condensed, preventing TF binding and 

subsequent RNA polymerase recruitment [27]. Therefore, to initiate gene transcription, both 

cis (gene promoters and enhancers) and trans (TFs and RNA polymerases) regulatory 

elements interact in a spatial and temporal manner to establish the euchromatin 

architecture, allowing the recruitment of transcriptional machinery that favors transcription 

initiation. To achieve this, trans pioneer TFs first bind to nucleosomal DNA within the 

heterochromatin and recruit chromatin remodeling enzymes to remodel nucleosomes and 

expose the cis elements, such as enhancers [28]. Enhancers are distal elements 

independent of the distance and orientation of the targeted genes [29]. In addition, 

enhancers contain unique DNA sequence motifs to recruit specific TFs and co-activators or 

co-repressors, and the gene transcription activities are determined by the summation of all 

the co-regulators [30]. 
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Figure 2. Summary of the epigenetic mechanisms behind PDA metastasis. Metastatic PDA tumors have 

aberrant epigenetic profiles that are different from PDA primary tumors. Nucleosome remodeling and histone 

modification (e.g., acetylation of histone 3 lysine 9) increase chromatin accessibility, allowing for transcription 

factor binding and gene transcription. On the other hand, DNA methylation of CpG islands leads to gene 

repression. These processes are mediated by epigenetic regulators, some of which are noted in the figure. 
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In the context of cancer metastasis, Denny et al. compared chromatin accessibility between 

primary and metastatic small cell lung cancer (SCLC) using Assay for Transposase-

Accessible Chromatin followed by sequencing (ATAC-seq) [31]. The study showed that 

aggressive metastatic SCLC overexpresses embryonic developmental TF NF1 to remodel 

nucleosomes around the TF-binding enhancers and establish the euchromatin architecture. 

In turn, the open chromatin architecture allows the upregulation of transcription programs 

related to axon guidance, neuron development, cell-cell adhesion, migration, and 

differentiation. Together, evidenced by in vitro cell migration and colony formation assays 

and in vivo subcutaneous and intravenous transplantation assays, these programs promote 

the proliferation and migratory abilities of the cancer cell in vitro and metastasis in vivo [31]. 

In pancreatic cancer, Dhara et al. used ATAC-seq to analyze chromatin accessibility of 

surgically resected PDA between patients with disease-free survival (DSF) less than one year 

(cancer recurrent/metastases group) and patients with DSF greater than one year (cancer 

non-recurrent/non-metastases group) and found 1092 differentially accessible chromatin 

peaks between the PDA recurrent and non-recurrent patients [15]. Subsequent 

computational TF motif analysis identified 61 TFs with binding motifs within these chromatin 

regions. These TFs included tumor-promoting ZKSCAN1 from the open chromatin regions of 

metastase patients and tumor suppressor HNF1B from the open chromatin regions of non-

metastase patients [15]. Together, these studies demonstrated that cancer cells, including 

PDA, can remodel chromatin landscape and accessibility to recruit or prevent TF binding as 

a mechanism to initiate tumor metastasis. Furthermore, detection of the disrupted 
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chromatin landscapes in tumor biopsy samples could potentially be used for PDA 

prognostic predictions in clinical settings. 
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Transcription Factor-Mediated Histone Modification and Metastasis 

 

Several histone post-translational modifications (PTMs) co-occur during chromatin 

remodeling and gene transcription, which can be used as indicators of transcriptional 

activities. In general, active promoters are marked by dual H3K27 acetylation (H3K27ac) and 

H3K4 trimethylation (H3K4me3), while active enhancers are marked by dual H3K27ac and 

H3K4 monomethylation (H3K4me1) [32]. Conversely, histone H3K9 and H3K27 methylation 

are used to indicate repressive gene transcription [33]. These histone PTMs alter the 

biochemical properties of the chromatin, not only leading to the formation of euchromatin 

or heterochromatin but also the sequestering or docking of effector enzymes, such as 

histone acetylase, deacetylase, methyltransferase, and demethylase [34]. 

 

Dysregulation in histone PTMs, in conjunction with the recruitment of effector chromatin 

remodelers, modifies chromatin architecture, leading to aberrant gene activation or 

repression, which contributes to cancer metastasis (Figure 2). For example, by comparing 

primary PDA tumors to matched distant lung and proximal peritoneum metastases, 

McDonald et al. used chromatin immunoprecipitation followed by sequencing (ChIP-seq) to 

demonstrate that global alterations of H3K9me2/3 and H3K27ac may contribute to 

aggressive tumor phenotypes [35]. Specifically, ChIP-seq showed that H3K9 methylation 

levels are reduced at Large Organized Chromatin K9-modified (LOCK) heterochromatin 

regions in distant metastases compared to their matched primary tumors [35], suggesting 

that transcription activities of certain genes within these regions (LOCK genes) are 
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upregulated during PDA metastasis. Indeed, using RNA-seq and ChIP-seq analysis, the 

study showed that decreased H3K9me2 and H3K27me3 and increased H3K27ac 

occupancies at gene promoters in LOCK regions are positively correlated with the 

expression of the associated genes in distant metastases [35]. Furthermore, subsequent 

gene ontology analysis revealed that the reprogrammed LOCK regions contain genes related 

to cellular differentiation and morphogenesis, epithelial-to-mesenchymal transitions, cell 

adhesion, and migration [35]. This suggests that a histone modification-mediated epigenetic 

switch from heterochromatin to euchromatin state is associated with cellular 

transformation, which promotes aggressive tumor phenotypes and facilitates PDA tumor-to-

metastasis transitions. 

 

Histone modification-dependent epigenetic landscape reprogramming can be carried out 

by TFs through first targeting nucleosomal DNA and then recruiting histone and chromatin 

remodeling enzymes [28]. In the context of pancreatic cancer, we identified that the 

developmental Forkhead family TF FOXA1 drives enhancer landscape reprogramming during 

the PDA tumor-to-metastasis transition [16]. To dissect the molecular mechanisms of 

enhancer activation/inactivation during PDA metastasis, we developed a 3D organoid 

culture using PDA cells collected from the primary tumors and matched metastatic lesions 

derived from the Kras+/LSL-G12D; Trp53+/LSL-R172H; Pdx1-Cre (KPC) PDA mouse model [36]. The 

organoid culture model of PDA preserves the unique biological characteristics of normal, 

PanIN, tumor, and metastase lesions. In addition, this model can be used for direct 

biochemical comparisons during each stage of the disease progression [36]. H3K27ac ChIP-
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seq analysis revealed 857 regions with increased H3K27ac occupancy (GAIN region) in the 

metastases organoids compared to the normal, PanIN, and tumor organoids [16], 

suggesting that the dysregulation of H3K27ac landscape within these enhancer regions 

could be responsible for PDA progression and metastasis. Combining RNA-seq and TF motif 

analysis, we then identified that FOXA1 activates GAIN region enhancers by increasing 

H3K27ac occupancy in the primary PDA. In vitro, overexpression of FOXA1 in primary PDA 

tumor cells activated foregut developmental genes that promoted anchorage-independent 

cell growth and invasion in sphere-formation and Matrigel invasion assays, respectively. In 

vivo, overexpression of FOXA1 contributed to overall PDA progression and metastasis in tail 

vein injection and organoid transplantation experiments [16]. This work demonstrated that 

PDA cells could repurpose FOXA1 to activate enhancers of developmental gene programs 

[37], promote anchorage-independent growth, and induce branching morphogenesis of the 

epithelial cells [38, 39]. Furthermore, upregulation of FOXA1 in PDA cells promotes 

aggressive cell phenotypes, such as proliferation, invasion, and migration, allowing cells to 

better withstand stressful conditions during metastasis. In support of our work, Kim et al. 

discovered that FOXA1 gene transcription is enhanced by missense mutations of p53 

(p53R172H, p53R245W, and p53R270H) that directly bind to the FOXA1 promoter and induce 

oncogenic KRAS activation of cyclic AMP responsive element binding protein 1 (CREB1) [40]. 

In turn, FOXA1 promotes β-catenin stabilization and subsequently activates canonical WNT 

transcriptional programs to promote anchorage-independent cell growth, proliferation, and 

metastasis [40, 41]. Together, these studies demonstrated that PDA cells could reprogram 

the epigenetic landscape and subsequent transcription programs through (1) recruiting TFs, 
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(2) altering chromatin architectures through histone modifications, and (3) recruiting 

transcription co-activators (i.e., mutant p53 and CREB1) to sustain their growth, 

differentiation, and metastasis (Figure 2). 
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Transcription Factor-Mediated Enhancer Regulation in Aggressive PDA Molecular 

Subtype Differentiation 

 

PDA can be categorized into four subtypes based on the gene transcriptional programs 

identified by Bailey et al. They are the squamous, pancreatic progenitor, immunogenic, and 

aberrantly differentiated endocrine exocrine (ADEX) subtype [42]. The two most common are 

the squamous and the progenitor subtype [42–44]. The progenitor subtype of PDA expresses 

pancreatic endoderm lineage-specific TFs, including PDX1, GATA6, FOXA2/3, HNF1A/B, and 

HNF4A/G [42, 43]. In contrast, the squamous subtype of PDA represses the endoderm 

lineage-specific TFs through DNA hypermethylation at the gene promoters [42]. In addition, 

the squamous subtype upregulates TF p63 expression and is often associated with poor PDA 

patient prognosis [42, 44]. Somerville et al. demonstrated that aberrant expression of p63 

reprograms the enhancer landscape of PDA, leading to the upregulation of squamous 

transcriptional programs to promote tumor growth and metastatic potential, which is 

evident by primary tumor size and number of metastatic lesions in the xenograft 

transplantation model [17]. Similar to FOXA1-dependent enhancer reprogramming, this 

study found that p63 increases H3K27ac occupancy at the enhancers of squamous lineage 

genes, resulting in increased transcriptions of genes including KRT5/6, TRIM29, and PTHLH. 

Together, the squamous transcriptional program governed by epigenetic mechanisms 

promotes aggressive PDA phenotypes in vivo [17]. 
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Mutations in epigenetic modulators, including histone H3K27me2/3-specific lysine 

demethylase 6A (KDM6A) [42, 45], are commonly found in PDA squamous subtypes. 

Therefore, the cancer cell could potentially utilize or silence these epigenetic modulators to 

acquire metastatic traits. For example, given that at least 18% of PDA patients carry KDM6A 

mutations [7], which are associated with the squamous molecular subtype, Andricovich et 

al. found that loss of KDM6A in PDA can directly induce the squamous identity by 

upregulating the expressions of specific TF encoding genes, including p63, ZEB1, RUNX3, 

and MYC [45]. Mechanistically, loss of KDM6A allowed histone type 2 lysine 

methyltransferases (KMT2) to occupy and activate enhancers of squamous differentiation-

promoting genes (squamous elements), which is evident by increased H3K4me1 and KMT2D 

occupancies at the squamous elements [45]. KMT2 enzyme families are histone H3K4-

specific methyltransferases that mark active gene enhancers with H3K4me1 [32, 46]. 

Interestingly, KDM6A has been shown to partner with KMT2 to form the COMPASS (complex 

of proteins associated with Set1)-like complex [47], suggesting that PDA utilizes the loss of 

KDM6A to relieve enhancer repressions through COMPASS-like complex-dependent histone 

H3K4 modifications. In turn, the activated enhancers facilitate the expression of the 

squamous lineage genes to gain metastatic potential. Together, these studies showed that 

PDA cells could remodel the epigenetic landscape by repressing key epigenetic modulators 

to upregulate TFs that drive squamous PDA transcriptional programs. These programs favor 

cellular adaptations that promote an aggressive PDA phenotype and metastasis. 
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DNA Methylation and Metastasis 

 

Another epigenetic mechanism that is likely contributing to PDA metastasis is DNA 

methylation (Figure 2). DNA methylation is the process by which a methyl group is added to 

the 5′ carbon of cytosines, primarily at CpG sites where the cytosine is followed by guanine 

[48]. This methylation is catalyzed by DNA methyltransferases (DNMTs) and removed by ten-

eleven translocase (TET) enzymes or inhibition of the maintenance methylase, DNMT1 [49, 

50]. At promoters and enhancers, DNA methylation is negatively correlated with gene 

expression as the methylation can inhibit the binding of transcription factors, promote the 

binding of transcriptional repressor complexes, and encourage a closed, heterochromatin 

state [51–53]. In intergenic regions, DNA methylation is positively correlated with gene 

expression, but the role and regulations of this methylation are still poorly understood [54, 

55]. Numerous studies have shown that DNA methylation is dysregulated in virtually every 

cancer, with cancer cells exhibiting extensive differential methylation compared to normal 

cells [56–58]. 

 

In PDA, aberrant DNA methylation has been widely documented. Early on, these studies 

involved methylated CpG island amplification (MCA) followed by microarray sequencing. 

More recently, bisulfite treatment paired with large microarray platforms or next-generation 

sequencing, such as reduced-representative bisulfite sequencing (RRBS) or whole-genome 

bisulfite sequencing (WGBS), have been used to assess the DNA methylome at base-pair 

resolution. Using these methods, DNA methylation in PDA has been correlated with several 
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disease outcomes and histopathological phenotypes. For example, Thompson et al. 

identified 17,251 CpG sites that are negatively associated with survival outcomes and 3256 

sites that are positively associated with survival outcomes in a comparison of RRBS data 

from a small cohort of PDA patient tissues and adjacent normal pancreas tissues [59]. 

Similarly, Mishra et al. identified 406 promoter methylation loci associated with survival in 

an analysis of 450K array methylation data from the 154 PDA samples in The Cancer Genome 

Atlas pancreatic cancer patient database (TCGA-PAAD) [60]. Unsupervised clustering of 

TCGA-PAAD samples based on the differentially methylated CpG sites resulted in three 

distinct clusters of patient samples [61]. These clusters were each enriched with a different 

tumor grade, indicating that DNA methylation can be used to estimate the histopathological 

stage of PDA tumors [61]. In an analysis of both TCGA-PAAD transcriptome and DNA 

methylome data, unsupervised subtyping of TCGA-PAAD samples based on genes whose 

expression was significantly correlated with methylation expression patterns was performed 

[62]. Interestingly, this analysis identified five subtypes, four of which correspond to the 

molecular subtypes identified by Bailey et al. (i.e., squamous, pancreatic progenitor, 

immunogenic, and aberrantly differentiated endocrine exocrine [ADEX]), and the last unique 

subtype was enriched for tumor microenvironment related genes [42, 62]. Together, these 

data suggest that aberrant DNA methylation is associated with aggressive PDA phenotypes. 

 

To identify pathways that may be involved in DNA methylation-mediated PDA aggressiveness, 

gene ontology and/or pathway analysis is often performed on differentially methylated genes 

in PDA. In the Thompson et al. study, CpG sites with a negative correlation between 
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methylation and survival rate were associated with pancreas-specific development genes 

[59]. Normally, pancreas-specific development genes are only active in early embryonic 

stages, but reactivation of these genes during PDA is common [63, 64]. Differential 

methylation of pancreas development genes has also been noted in the TCGA-PAAD dataset, 

suggesting that reactivation of the embryonic pancreas development program in PDA is 

epigenetically regulated [61]. Other differentially methylated genes found in the TCGA-PAAD 

dataset were enriched for cancer-related pathways, including MAPK, Rap1, and calcium 

signaling [60, 61]. In addition, core signaling pathways that are commonly altered in PDA, 

such as Wnt/Notch signaling, apoptosis, cell-cycle regulation, and cell adhesion, were 

enriched in aberrantly methylated genes found in the analysis of TCGA-PAAD database as 

well as a separate bisulfite microarray study of 167 PDA and 29 adjacent normal pancreata 

conducted by Nones et al. [20, 61, 65]. Interestingly, Nones et al. also observed that stellate 

cell activation genes were often hypomethylated and therefore, likely downregulated in PDA 

[20]. In support of this, Espinet et al. discovered that stellate cells exposed to conditioned 

media derived from high-interferon (IFN) signature patient tissues showed increased stellate 

cell growth in vitro and tumor formation in vivo [66]. Because the IFN pathway is involved in 

anti-viral defense and activated stellate cells are involved in ECM remodeling, this pathway 

may be activating and reprogramming stellate cells to produce a pro-inflammatory stroma 

that facilitates tumor growth. Hypermethylation of homeobox genes, which encode key 

transcription factors of embryonic development, was also commonly detected in several 

PDA methylome studies [53, 61, 66, 67]. This provides additional evidence that PDA tumors 

reactivate developmental pathways via epigenetic mechanisms to promote metastatic 
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characteristics. Overall, these studies suggest that processes commonly implicated in 

cancer aggressiveness and metastasis, such as apoptosis, cell-cycle regulation, and 

development pathways, are heavily influenced by aberrant DNA methylation in PDA.  

 

Aberrant methylation of several individual genes and their association with worse survival 

outcomes have also been documented. Most of these genes have been reported to have 

hypermethylated promoters. For example, Sato et al. showed that the low expression of 

TFPI-2, which encodes a negative regulator of pro-metastasis extracellular matrix 

degradation, is frequently seen in both PDA cell lines and primary tumors and is associated 

with hypermethylation of the TFPI-2 promoter [18]. Restoration of TFPI-2 in the PDA cell lines 

reduced proliferation and migratory potential [18]. Likewise, RELN, which encodes a critical 

regulator of neuronal migration, is commonly hypermethylated and silenced in pancreatic 

cancer [19]. Furthermore, low expression of RELN was significantly associated with worse 

survival outcomes, and siRNA knockdown of RELN in RELN-expressing pancreatic cancer 

cells enhanced cell motility, invasion, and colony formation [19]. Nevertheless, promoter 

hypomethylation of certain genes has also been implicated in a worse prognosis. For 

example, hypomethylation of MET, whose aberrant expression promotes metastasis, and 

ITGA2, which is involved in cell adhesion, correlated with increased mRNA expression and 

associated with poor survival in PDA by Nones et al. [20]. Thus, aberrant promoter 

methylation likely contributes to the aggressive nature of PDA by altering the expression of 

genes such as TFPI-2, RELN, MET, and ITGA2. 
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While the above studies provide a strong indication that aberrant DNA methylation in PDA 

likely contributes to metastasis, it is important to note that many of these studies are largely 

association-based and, therefore, do not functionally implicate genes or pathways in the 

process. Studies with functional experiments have shown that altering the expression of 

aberrantly methylated genes with loss-of-function or gain-of-function approaches affects 

metastatic potential in vitro, but analogous experiments in vivo are lacking. Furthermore, no 

study has directly shown the consequences of altered DNA methylation on the metastatic 

characters in PDA. Mechanistic studies linking aberrant DNA methylation to the aggressive 

behavior of PDA in both in vitro and in vivo contexts are necessary to better elucidate the role 

of DNA methylation in PDA metastasis. 
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Therapeutic Implications of Epigenetic Regulators 

 

Currently, there is a lack of effective chemotherapies and targeted therapies for late-stage 

PDA patients, who make up most of the PDA patient population. The inability to identify a 

recurrent genetic mutation driving PDA metastasis suggests that epigenetic alterations are 

especially important for the tumor-to-metastasis transition and that targeting epigenetic 

regulators may be an effective strategy for treating late-stage patients. Fortunately, many 

small-molecule inhibitors of epigenetic regulators, such as histone methyltransferases, 

histone deacetylases (HDACs), and bromodomain and extra-terminal (BET) acetylation 

readers, have already been developed and have seen success as a treatment for several 

diseases [68]. In PDA clinical trials, these inhibitors were largely disappointing as 

monotherapies and have since been investigated in combination therapies with 

chemotherapeutic agents or other targeted therapies [69]. Unfortunately, combination 

therapies involving inhibitors of epigenetic regulators have shown mixed results in PDA 

clinical trials, highlighting a need to better understand the molecular mechanisms and 

synthetic lethal interactions that enable their effectiveness in preclinical studies [69]. 

 

In addition to being a potential therapeutic avenue for treating aggressive and late-stage PDA, 

epigenetic modifications can also be used as prognostic and/or predictive biomarkers for 

PDA. DNA methylation is especially promising for this purpose as circulating tumor cell-free 

DNA (cfDNA) in the bloodstream can be used to non-invasively identify abnormal DNA 

methylation patterns in tumors of PDA patients [70]. In fact, a method to detect pancreatic 
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cancer by assessing five DNA methylation markers in cfDNA along with KRAS mutation 

status had 68% sensitivity and 86% specificity when tested on cfDNA samples from 47 

pancreatic cancer patients and 14 normal volunteers [71]. Furthermore, patients who were 

successfully identified with this screen were more likely to have larger tumors and liver 

metastases, suggesting that this method could be especially useful for identifying late-stage 

PDA patients [71]. Methylation of individual gene promoters has also been shown to have 

prognostic value. For example, in methylation of SPARC differentiated early-stage PDA from 

pancreatitis patients, high methylation of SPARC and NPTX2 is associated with late-stage or 

metastatic patients and worse survival outcomes [72]. Similarly, promoter methylation of 

CDO1 was found to be specific to PDA tumors, positively correlated with PDA progression, 

and identifiable in pancreatic juice and small needle biopsy samples [73]. In addition, low 

cellular levels of H3K4me2, H3K9me2, and H3K18ac in PDA patient tumor cells were all 

independent and significant predictors of poor survival in a 140-patient clinical trial 

comparing fluorouracil to gemcitabine treatment [74], suggesting that histone modifications 

may have predictive value in PDA. Identification of other epigenetic biomarkers is an area of 

research that is actively being pursued. 
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Conclusions 

 

PDA has long been thought of as a disease arising and progressing from genetic mutations. 

More recently, it has become clear that epigenetic alterations are also important 

contributors to PDA progression and metastasis. While no single epigenetic regulator is 

commonly mutated in PDA, a growing body of evidence indicated that metastatic tissues 

exhibit distinct epigenetic status compared to primary tumor tissues, which might be 

exploited for cancer therapeutics and diagnostics. Studies have shown that aberrant 

expression of histone modification in the PDA epigenome induces chromatin remodeling 

that alters the recruitment of TFs and co-regulators, resulting in transcriptional changes that 

promote PDA aggressiveness in vitro and in vivo [15–17, 35]. Similarly, aberrant DNA 

methylation has been shown to affect the transcriptome in a way that promotes the 

acquisition of metastatic characteristics. However, the specific transcriptional programs 

that most significantly affect PDA metastasis and the mechanisms by which they do so are 

still largely unknown and are active areas of investigation. 

Overall, alterations to the epigenome clearly play an important role in PDA progression and 

metastasis, but the mechanisms by which they do so are not well understood. An improved 

understanding of these mechanisms will better inform the development of combination 

therapies targeting epigenetic regulators and prognostic biomarkers for the improved 

treatment of PDA patients, especially those in the late stages. 
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Chapter Two – Engrailed-1 Promotes Pancreatic Cancer Metastasis 

 

*This chapter is published in Advanced Science. 2024, 11, 2308537. https://doi.org/10.1002/advs.202308537, under an open-access 

Creative Common CC BY license.   

 

Summary 

 

Engrailed-1 (EN1) is a critical homeodomain transcription factor (TF) required for neuronal 

survival, and EN1 expression has been shown to promote aggressive forms of triple negative 

breast cancer. Here, we report that EN1 is aberrantly expressed in a subset of pancreatic 

ductal adenocarcinoma (PDA) patients with poor outcomes. EN1 predominantly repressed 

its target genes through direct binding to gene enhancers and promoters, implicating roles 

in the activation of MAPK pathways and the acquisition of mesenchymal cell properties. 

Gain- and loss-of-function experiments demonstrated that EN1 promoted PDA 

transformation and metastasis in vitro and in vivo. Our findings nominate the targeting of EN1 

and downstream pathways in aggressive PDA.  
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Introduction 

 

Pancreatic cancer is the third leading cause of cancer-related deaths in the United States, 

with a 12% 5-year relative survival rate, the lowest among all common cancers1. Pancreatic 

ductal adenocarcinoma (PDA) is the most common and challenging form of pancreatic 

cancer due to its highly metastatic nature, lack of screening, and resistance to current 

chemotherapeutic regimens. In PDA, carcinogenesis begins with a gain-of-function 

mutation of KRAS in the pancreatic ductal epithelial cells, leading to the formation of 

pancreatic intraepithelial neoplasia (PanIN) lesions. The activating mutation in KRAS then 

cooperates with the loss-of-function mutations of tumor suppressor genes, including TP53, 

SMAD4, and CDKN2A, to further promote PDA progression2. In contrast, recurrent genetic 

alterations driving PDA metastasis remain elusive. Instead, metastatic lesions harbor a 

similar pattern of driver mutations as seen throughout the primary PDA3, suggesting that PDA 

metastasis may be driven by nongenetic alterations, such as fluctuations in signal 

transduction and transcriptional programs. However, the molecular mechanisms driving 

such fluctuations are understudied; therefore, there is an urgent need to understand the 

driving force behind PDA progression to develop new therapeutic strategies to counter 

disease progression and improve patients’ survival. 

 

Aberrant expressions of transcription factors (TFs) and the subsequent alterations in 

epigenetic landscapes may be responsible for the fluctuations of transcriptional programs 

during cancer progression4. For example, through modulating enhancer activities, TF TP63 is 
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capable of activating the transcriptional programs of the squamous PDA subtype, leading to 

an aggressive cancer phenotype5. Until recently, studying the dynamic changes of 

transcriptional programs as cancer progresses has been difficult due to the lack of in vitro 

PDA progression models for different stages of PDA. To address this, we previously 

established an in vitro organoid model derived from Kras+/LSL-G12D; Trp53+/LSL-R172H; Pdx1-Cre 

(KPC) mouse6. The KPC mouse model is considered the standard model to study PDA 

initiation and progression, which faithfully recapitulates many aspects of human disease7. 

The organoid models derived from the KPC PDA tissues allowed a direct comparison of the 

tumor (mT)- and paired metastasis (mM)-derived organoids. Previously, we showed that TF 

FOXA1 is capable of activating the transcriptional programs of endoderm lineage through 

enhancer reprogramming to promote PDA metastasis8. Likewise, it is possible that other TFs 

are also aberrantly regulated in PDA progression and confer aggressive characters through 

such epigenetic reprogramming, which warrants further investigation. 

 

During development, the required cellular processes (e.g., differentiation and death) are 

tightly regulated by interactions between epigenomes and TF-mediated lineage-specific 

gene programs9. Interestingly, the genes involved in neurodevelopmental programs, such as 

axon guidance pathways, are frequently altered in many cancers, including PDA, leading to 

disease progression10; 11. It is, therefore, probable that cancer cells hijack TFs that govern 

these developmental pathways to confer a survival benefit. Homeobox TFs are evolutionarily 

conserved master regulators that are essential for embryonic development. Among the 

homeobox TFs, Engrailed-1 (EN1) is essential in the development of the central nervous 
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system and implicated in the control of cell differentiation, growth, survival, and axon 

guidance at the cellular level12-16. In addition, several studies have reported aberrantly 

expressed EN1 and its association with poor prognosis in human malignancies, including 

glioblastoma, salivary gland adenoid cystic carcinoma, and breast-related cancers17-23. 

However, the detailed molecular mechanisms by which EN1 promotes PDA progression 

remain unknown.  

 

In this study, we first identified aberrant expression of EN1 from mM-derived PDA organoids. 

We then showed that EN1 promotes metastatic properties in PDA through direct bindings to 

promoter and enhancer of the genes involved in several cellular pathways, including cell 

death and mitogen-activated protein kinase (MAPK) pathways. As a result, aberrant 

expression of EN1 accelerates PDA progression in vivo. Therefore, targeting EN1 and its 

downstream pathways can be an effective therapeutic strategy for EN1-high PDA patients. 
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Material and Methods 

 

Mouse models 

All experiments were performed in accordance with the Institutional Animal Care and Use 

Committee (IACUC) of the University of California Davis and the NIH policies of the 

laboratory animal use. The behaviors and characterization of KPC (Kras+/LSL-G12D; Trp53+/LSL-

R172H; Pdx1-Cre) alleles with the C57BL/6J strain have been described previously8; 65. 

129S6/SvEvTac mouse harboring En1tm8.1Alj allele66 were purchased from the Jackson 

Laboratory (JAX stock #007918) and the allele were introduced into KPC mice through a 

series backcrosses to generate KPEC (Kras+/LSL-G12D; Trp53+/LSL-R172H; En1loxP/loxP; Pdx1-Cre) mice. 

For histological analysis, KPC and KPEC mice were sacrificed at 120 days of age. All animals 

were housed in the specific pathogen-free conditions and were regularly monitored by the 

veterinarians.  

 

Human specimens 

Human tissue microarrays from 39 patients were obtained from the Rapid Autopsy Program 

at the University of Nebraska Medical Center. Written informed consent was obtained prior 

to tissue acquisition from all patients. Human pancreatic, metastatic, and unaffected 

specimens from decedents who have previously been diagnosed with pancreatic ductal 

adenocarcinoma were obtained from the University of Nebraska Medical Center’s Tissue 

Bank through the Rapid Autopsy Program (RAP) in compliance with IRB 091-01. Non-cancer 

tissues are collected in a manner similar to RAP specimens through the UNMC Normal 
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Organ Recovery (NORs) Program. To ensure specimen quality, organs were harvested within 

three hours post-mortem, and the specimens flash-frozen in liquid nitrogen or were placed 

in formalin for immediate fixation. Sections are cut from paraffin blocks of formalin-fixed 

tissue into 4-micron thick sections and mounted on charged slides. Samples were assessed 

to be tumor and metastasis based on pathologist analysis.  

 

Tissue culture conditions 

Murine pancreatic primary tumor organoids (mT3, mT6, mT19, and mT23), metastatic 

organoids (mM1, mM3, mM6, and mM10), and tumor 2D cell lines (mT3-2D, mT4-2D, mT5-

2D, and mT8-2D) from the tumor-bearing KPC mice were established and characterized 

previously6; 8; 67. Murine pancreatic organoid culture media contains Advanced DMEM/F-12 

(Thermo Fisher 12634028), 10mM HEPES (Thermo Fisher 15630080), 1% Penicillin-

Streptomycin (Thermo Fisher 15140122), 1% GlutaMAX Supplement (Thermo Fisher 

35050061), 0.5M A 83-01 (Fisher Scientific 29-391-0), 0.05g/mL mEGF (Fisher Scientific 

PMG8043), 0.1mg/mL hFGF-10 (Pepro Tech 100-26), 0.01mM hGastrin I (Fisher Scientific 30-

061), 0.1g/mL mNoggin (Pepro Tech 250-38), 1.25mM N-Acetyl-L-cysteine (Millipore Sigma 

A9165), 10M Nicotinamide (Millipore Sigma N0636), 1X B-27 Supplement (Fisher Scientific 

17-504-044), and 1x RSPO1-conditioned medium.  Murine 2D culture media contains DMEM 

(Corning 10-013-CV), 10% FBS (Gen Clone 25-550H), and 1% Penicillin-Streptomycin. 

Human PDA cell lines SUIT2 (Glow Biologics GBTC-1088B), CFPAC1 (ATCC CRL-1918), 

BxPC3 (ATCC CRL-1687), and PATU 8988s (Glow Biologics GBTC-0209H) were cultured with 

RPMI 1640 (Corning 10-040-CV), 10% FBS, and 1% Penicillin-Streptomycin.  



 
43 

Next-generation sequencing 

Cleavage under targets & release using nuclease (CUT&RUN) assay 

CUT&RUN assay was performed according to the manufacturer’s instructions (Cell Signaling 

Technology CST 86652). Briefly, cells were trypsinized (Fisher Scientific 25-300-062) into 

single cells and counted using 0.4% Trypan Blue Stain (Thermo Fisher T10282) and Countess 

3 FL Automated Cell Counter (Thermo Fisher). 250,000 cells were used for each reaction and 

input sample. CST CUT&RUN Protocol Section I.A. “Live Cell Preparation” was followed to 

precipitate histone marks, and the Section I.B. “Fixed Cell Preparation” was followed to 

precipitate FLAG-tagged EN1. 1L of anti-acetyl-Histone H3 (Lys27) antibody (CST 8173), 

1L of anti-tri-Methyl-Histone H3 (Lys4) antibody (CST 9751), or 1L of anti-FLAG® M2 

antibody (Thomas Scientific C986X12) was added to each reaction. Antibody incubation was 

carried at 4C for 16 hours. 50 pg sample normalization spike-in DNA was added into each 

reaction during DNA digestion and diffusion. Fragmented DNA was purified using ChIP DNA 

Clean & Concentrator (ZYMO Research D5205).  Bioruptor (Diagenode) was used to sonicate 

the input samples for 13 cycles (30 sec on/30 sec off at high amplitude). For data analysis, 

pair-end raw data was aligned to mm9 reference genome using Bowtie268 and filtered using 

SAMtools69. bamCoverage70 was used to generate UCSC BigWig file. Peak calling was 

performed using MACS2 callpeak71; 72. Data was annotated using ChIPseeker73.  

 

RNA preparation for sequencing 

For 2D cells, 70% confluent cells were trypsinized into single cells to yield 2x106 cells. For 

organoids, 70% of confluent organoids were trypsinized into single cells to yield 5x105 cells. 
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Cells were lysed with TRIzol reagent (Fisher Scientific 15-596-026), and RNA was collected 

per the manufacturer’s instructions. Isolated RNA was treated with PureLink on-column 

DNase set (Thermo Fisher 12185010) and purified using PureLink RNA mini kit (Thermo 

Fisher 12183018A). For data analysis, pair-end raw data was aligned to the mm9 reference 

genome for murine samples and the hg19 reference genome for human samples using 

HISAT274. Sequencing reads were counted and normalized using featureCounts75. DESeq276 

was then used to identify differentially expressed genes.  

 

Library preparation and sequencing 

Library preparation and sequencing for CUT&RUN and RNA were performed by Novogene 

Co., LTD (Beijing, China). Briefly, for CUT&RUN, sample quality control was performed prior 

to library construction. Then, the DNA fragments were end-repaired, A-tailed, and ligated 

with Illumina adapters. Following this, the DNA library was filtered by size selection and PCR 

amplification. Quantified DNA libraries were pooled and sequenced using NovaSeq6000 

PE150. Quality controls, including sequencing quality distribution, sequencing error rate 

distribution, ATCG base distribution, and adapter filtering, were performed before raw data 

delivery. For RNA, sample quality control was performed prior to library construction. Then, 

mRNA was purified from the total RNA using polyT-oligo beads. After fragmentation, the first 

strand of cDNA was synthesized using random hexamers, and the second strand of cDNA 

was synthesized using dTTP. Following, the cDNA was end-repaired, A-tailed, ligated with 

Illumina adapters, size selection, amplification, and purification. Quantified libraries were 

pooled and sequenced using NovaSeq6000, and paired-end reads were generated. Quality 
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controls, including removing adapter, poly-N, and low quality reads, and Q20, Q30, and GC 

content calculations, were performed before raw data delivery.   

 

Gene Ontology Analysis 

GO for the RNA-seq datasets was analyzed using GSEA77; 78 C5: ontology gene sets derived 

from the GO Biologal Process ontology. GREAT analysis79 was used to perform GO for the 

EN1 genomic targets generated from the CUT&RUN-seq experiment. After data annotation 

of the EN1 genomic targets by ChIPseeker, DAVID80; 81 was used to perform GO for the EN1 

target genes. 

 

Protein and DNA-related experiments 

Cloning 

FLAG-tagged En1 cDNA (Neo-FLAG-En1) was subcloned into MSCV-PGK-Neo-IRES-GFP 

(Neo-Empty) plasmid (Addgene 105505). FLAG-tagged EN1 expression plasmid (MSCV-

FLAG-EN1) was obtained from VectorBuilder (Vector ID: VB220501-1183hep) and the 

negative control plasmid (MSCV-Empty) was generated using restriction enzymes AvrII (NEB 

R0174S) and EcoRI-HF (NEB R3101S), and blunting & ligation kit (NEB E0542S) to remove 

FLAG-EN1 sequence.  En1 and EN1 shRNAs were obtained from the TRC shRNA library 

available at the Broad Institute (shEn1 #1 TRCN0000082149, shEn1 #2 TRCN0000414478, 

shEN1 #1 TRCN0000013899, shEN1 #2 TRCN0000013968) in pLKO.1 puro construct. Dusp1 

promoter was generated using AmpliTaq Gold 360 Master Mix (Thermo Fisher 4398881) and 

cloned into a pLS-mP-Luc plasmid (Addgene 106253) using restriction enzymes Xbal (NEB 
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R0145S) and SbfI-HF (NEB R3642S). The primer pair used for Dusp1 promoter PCR or EN1 

gRNA cloning are listed in Table 2.  

 

Reverse transcription and quantitative PCR 

Total RNA was extracted using TRIzol reagents per the manufacturer’s instructions as 

described in the RNA preparation for sequencing. RNA concentration was measured using 

NanoDrop 1000 (Thermo Fisher). 1500 ng of RNA was used for cDNA synthesis with a high-

capacity cDNA reverse transcription kit (Thermo Fisher 4368814). 1 L of the cDNA or 

CUT&RUN DNA was used for qPCR with Power SYBR green PCR master mix (Thermo Fisher 

4368702) on LightCycler 480 instrument II (Roche Diagnostics). The qPCR results were 

quantified using the 2^(delta)(delta)Ct method with housekeeping gene GAPDH, Gapdh, or 

ACTB, Actb for data normalization. qPCR primer sequences used in the manuscript are listed 

in Table 2.   

 

Western blot analysis 

70% confluent cells were harvested and lysed with protein extraction buffer (50 mM Tris pH 

7.4, 1 mM EDTA, 150 mM NaCl, 1% NP-40, and 1x Halt protease inhibitor cocktail (Thermo 

Fisher 78437)) on ice for 30 minutes, centrifuged at 20,000 RCF 4°C for 20 minutes, and 

collected the supernatant. Protein was measured for concentration with a protein assay kit 

(Bio-Rad 5000111) and denatured with a sample reducing agent (Thermo Fisher NP0009). 10 

g protein lysate was loaded into 4 to 12% Bis-Tris 1.0 cm gels (Thermo Fisher NP0321BOX 

or NP0322BOX) and electrophoresis was carried using mini gel tank (Thermo Fisher A25977) 
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at 120 V. Protein transfer to PVDF membrane (Millipore Sigma IPVH00010) was carried using 

transfer cell (Bio-rad 1703930) at 400 mA for 2 hours at 4°C. The membrane was blocked with 

5% Non-fat milk dissolved in PBS with 1% Tween-20 (PBST) at room temperature for 1 hour, 

washed with PBST four times for 5 minutes each, and incubated with diluted primary 

antibody at 4°C for 16 hours. The membrane was washed with PBST four times 5 minutes 

each and incubated with diluted secondary antibody at room temperature for 1 hour, 

followed by PBST wash four times 5 minutes each. Luminol signals were developed using 

pico chemiluminescent substrate (Thermo Fisher 34577) and detected using Amersham 

Imager 600 (GE Healthcare Life Sciences). Antibodies used in the manuscript are listed in 

Table 3. For data analysis, phospho-ERK data normalization = (phospho-ERK bands 

intensities)/(ERK bands intensities). HIF-1a and c-MYC data normalization = HIF-1a or c-MYC 

bands intensities/Vinculin bands intensities. Secondary normalization was analyzed by 

comparing the En1 knockdown groups with the scramble control. 

 

Nuclear co-immunoprecipitation and mass spectrometry 

A nuclear complex co-immunoprecipitation assay was performed according to the 

manufacturer’s instructions (Active Motif 54001) using the high stringency buffer. Protein 

complex was captured using DynaGreen Protein A/G Magnetic beads (Thermo Fisher 

80104G) and 5 g of antibody per reaction. The antibodies used in this experiment are listed 

in Table 3. LC-MS/MS and data analysis were performed by the UC Davis Genome Center 

Proteomics Core Facility. The significantly enriched protein was identified based on log2 fold 
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change >2 in the peptide abundance between the experiment vs. the control, as determined 

from two independent biological samples.  

 

Genotyping 

Mice toes were clipped at day 10.5, and the genomic DNA was isolated using 30mL TaqAN 

buffer (10mM Tris-HCl, 50mM KCl, 2.5 mM MgCl2, 0.45% NP-40, 0.45% Tween-20, and 

3L/mL of Proteinase K (NEB P8107S)) at 56C for 1 hour followed by denaturation at 96C 

for 10 minutes. Taq DNA polymerase (NEB M0273E) was used to PCR Trp53 and Cre. 

Platinum hot start PCR master mix (Thermo Fisher 13000012) was used to PCR Kras and En1. 

PCR conditions for Trp53, Trp53 het/homo, and Cre was 94°C 3 min, 40 cycles of 94°C 1 min 

/ 60°C 1 min / 72°C 1 min, and 72°C 3 min. PCR conditions for Kras were 94°C 3 min, 35 

cycles of 94°C 1 min / 69°C 2 min / 72°C 1 min, and 72°C 3 min. PCR conditions for En1 were 

94°C 2 min, 40 cycles of 94°C 30 sec / 60°C 30 sec / 72°C 30 sec, and 72°C 2 min. AmpliTaq 

Gold 360 master mix (Thermo Fisher 4398876) was used to PCR 1 loxP En1, and the PCR 

condition was 95°C 5 min, 40 cycles of 95°C 30 sec / 61°C 30 sec / 72°C 30 sec, and 72°C 5 

min. PCR primer sequences used in the manuscript are listed in Table 2.  

 

Retrovirus production and infection 

Retrovirus was produced in either Phoenix-AMPHO (ATCC CRL-3213) or Phoenix-ECO (ATCC 

CRL-3214), and lentivirus was produced in HEK293T (ATCC CRL-3216) via X-tremeGENE9 

(Millipore Sigma 6365809001) transfection. Cells were first grown to 70% confluence in a 10-

cm tissue culture plate (Genesee Scientific 25-202). Before transfection, culture media was 
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replaced with DMEM supplemented with 10% FBS. For retrovirus, 10g transfer plasmid and 

15L X-tremeGENE9 reagent were mixed well in 400L DMEM. For lentivirus, 5g transfer 

plasmid, 2.25g psPAX2 (Addgene 12260), and 0.75g pMD2.G (Addgene 12259) was mixed 

well in 400mL DMEM. The mixture was incubated at room temperature for 20 minutes then 

added to the cell culture dropwise. The condition media was collected after 48-72 hours and 

filtered through a 0.2mm filter (PALL 4612). Organoid infection procedures were described 

previously8. For infecting 2D cells, filtered conditional media was added to host cells grown 

at 50% confluence with 10mg/mL polybrene (Thomas Scientific C788D57 (EA/1)). Three days 

after infection, the cells were selected by 2g/mL puromycin (Fisher Scientific 53-79-2), 

1mg/mL Geneticin G418, or fluorescence-activated cell sorting (Sony SH800S).  

 

Luciferase reporter assay 

Pierce Firefly Luciferase Glow Assay Kit (Thermo Fisher 16176) was used to perform the 

luciferase reporter assay per the manufacturer’s instructions. 30,000 cells were collected 

and lysed with 100 L lysis buffer. 20 L of the cell lysate was then mixed with 50 L of the 

luciferase mix. After 10 minutes of incubation, avoiding light, the luciferase activity was 

detected by SpectraMax iD5 microplate reader (Molecular Devices).  

 

Histology 

Immunohistochemistry staining 

Paraffin-embedded tissue sections were first placed in an oven at 60°C for 30 minutes. The 

slides were placed in Histo-Clear (National Diagnostics HS-200) for two changes 10 minutes 
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each, 100% EtOH two changes 2 minutes each, 95% EtOH two changes 2 minutes each, 

85% EtOH two changes 2 minutes each, 75% EtOH two changes 2 minutes each, deionized 

distilled water (ddH2O) one change for 1 minute, and PBS one change for 1 minute. To retrieve 

antigens, the slides were placed in Citrate-EDTA buffer (Abcam ab93678), boiled using an 

electric pressure cooker (Cuisinart) for 10 minutes at low pressure, and slowly cooled at 

room temperature for 1 hour. Incubate the sections with PBS, two changes 5 minutes each. 

The sections were then incubated with BLOXALL (Vector Lab SP-6000-100) for 10 minutes 

and 2.5% horse serum (Vector Lab S-2012-50) for 30 minutes. The sections were incubated 

with the horse serum diluted primary antibody for 16 hours at 4°C. Then, the slides were 

washed with PBST one change for 3 minutes and PBS one change for 3 minutes. Hereafter, 

the sections were processed using VECTASTAIN Universal ABC-HRP kit (Vector Lab PK-7200), 

DAB substrate kit (Vector Lab SK-4100), hematoxylin counterstain (Vector Lab H-3401), and 

mount with VectaMount (Vector Lab H-5000-60) per manufacturer’s instructions. Antibodies 

used in the manuscript are listed in Table 3. For hematoxylin and eosin (H&E) staining, 

paraffin-embedded tissue sections were first placed in Histo-clear for three charges, 3 

minutes each. A Hematoxylin and Eosin stain kit (Vector Lab H-3502) was then used to stain 

for H&E per the manufacturer’s instructions.  

 

Immunofluorescence staining 

Paraffin-embedded tissue sections were first placed in an oven at 60°C for 30 minutes. The 

slides were placed in Histo-Clear (National Diagnostics HS-200) for two changes 10 minutes 

each, 100% EtOH two changes 2 minutes each, 95% EtOH two changes 2 minutes each, 
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85% EtOH two changes 2 minutes each, 75% EtOH two changes 2 minutes each, deionized 

distilled water (ddH2O) one change for 1 minute, and PBS one change for 1 minute. To retrieve 

antigens, the slides were placed in Citrate-EDTA buffer (Abcam ab93678), boiled using an 

electric pressure cooker (Cuisinart) for 10 minutes at low pressure, and slowly cooled at 

room temperature for 1 hour. Incubate the sections with PBS, two changes 5 minutes each. 

The sections were then incubated with BLOXALL (Vector Lab SP-6000-100) for 10 minutes 

and 2.5% horse serum (Vector Lab S-2012-50) for 30 minutes. The sections were incubated 

with the blocking serum diluted antibody for 16 hours at 4°C. Then, the slides were washed 

with PBST with two changes for 5 minutes and PBS with one change for 5 minutes. The 

sections were incubated with the blocking serum diluted secondary antibody for 1 hour at 

room temperature. Then, the slides were washed with PBST with two changes for 5 minutes 

and PBS with one change for 5 minutes. Hereafter, the slides were mounted with a DAPI 

mounting medium (Thermo Fisher 00-4959-52). Antibodies used in the manuscript are listed 

in Table 3. 

 

In vitro assays 

Colony formation assay 

All cell lines were trypsinized to generate single cell suspensions and counted three times to 

average the cell counts. KPC-2D cell lines (1,000 cells) were resuspended in DMEM 

supplemented with 10% FBS and 1% Penicillin-Streptomycin and plated in 6-well tissue 

culture plates (Celltreat 229105) for 5 days. CFPAC1 (500 cells) and PaTu8988S (1000 cells) 

were resuspended in RPMI 1640 supplemented with 10% FBS and 1% Penicillin-
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Streptomycin and plated in 6-well tissue culture plates for 7 and 14 days respectively. SUIT2 

(500 cells) and BxPC3 (1000 cells) were resuspended in RPMI 1640 supplemented with 10% 

FBS and 1% Penicillin-Streptomycin and plated in 24-well tissue culture plates (Corning 

3527) for 5 and 14 days respectively. Colonies were stained at room temperature for 1 hour 

with 2% crystal violet (Thomas Scientific 30430001-1) diluted in 100% methanol to reach the 

0.5% final concentration, followed by tap water wash three times and running water wash 

for five minutes. The plates were imaged with a printer scanner (HP LaserJet Pro), and 

clonogenic growth was analyzed using the ImageJ (NIH) plugin ColonyArea82.  

 

Tumor spheroid formation assay 

All cell lines were trypsinized to generate single cell suspensions and counted three times to 

average the cell counts. 500 cells of CFPAC1 or SUIT2, 1000 cells of PaTu8988S or BxPC3, 

and 25,000 cells of KPC-2D cells were resuspended in 3D Tumorsphere Medium XF 

(PromoCell C-28075) and plated in ultra-low attachment 24-well plates (Millipore Sigma 

CLS3473-24EA) for 7 days. Culture suspensions were mixed well prior to imaging using the 

EVOS M5000 imaging system (Fisher Scientific) under a 4x bright field. Spheroids were 

analyzed by the ImageJ plugin Cell Colony Edge83.  

 

Wound-healing assay 

Cells were grown to 90% in 6-well tissue culture plates and wounded linearly using a 200 L 

tip followed by three washes of PBS. 24 hours after, cell migration was imaged under 4x bright 

field. Percentage of migration was determined by ImageJ plugin MRI Wound Healing Tool84.  
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Boyden chamber invasion assay 

Matrigel (Corning 356231) was first diluted in DMEM at 1:3 dilution. 100 L diluted Matrigel 

was then placed in a transwell insert (Neta Scientific SIAL-CLS3464) and incubated in the 

tissue culture incubator for 3 hours. 600 L of DMEM supplemented with 10% FBS was 

added to the lower chamber. 50,000 per 200 L of cells were then added on top of the 

solidified Matrigel and incubated for 24 hours. After, the transwell was removed and gently 

scrubbed with a cotton swab and washed twice with PBS. Cells were then stained with SYTO 

13 GFP nucleic acid stain (Life Technologies S7575) per manufacturer’s instructions and 

imaged under 4x GFP channel for cell count.  

 

Organoid survival assay  

Pancreatic organoids were maintained in the complete organoid media prior to single cell 

dissociation as previously described8. 5,000 cells were resuspended in 50 L Matrigel and 

plated into a 24-well tissue culture plate for 4 or 5 days. Organoids were cultured either in 

the organoid complete media and the reduced media (DMEM supplemented with 10% FBS 

and 1% Penicillin-Streptomycin). Organoids were imaged under a 4x bright field and 

quantified by ImageJ.  

 

Organotypic tumor-on-a-chip assay 

Detailed protocols to micro-fabricate tumor-blood vessels have been described previously33; 

85. Briefly, the organotypic PDA on-a-chip was made with polydimethysiloxane gaskets and 
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coated with 0.1 mg/mL poly-L-lysine (Millipore Sigma 4707), 1% glutaraldehyde (Electron 

Microscopy Sciences 16310), and 2.5 mg/mL rat tail collagen I (Corning 354236). Mouse KPC 

mT3-2D empty and En1 cells were grown in DMEM (Corning 10-013-CV) and human 

umbilical vein endothelial cells in EGM-2 (Lonza CC-3162). PDA cells were seeded on day 1, 

and endothelial cells were seeded on day 2. Media in the PDA channel and biomimetic blood 

vessel was refreshed and monitored daily throughout the experiment.  

 

In vivo assays 

Female 6- to 8-week-old syngeneic C57BL/6J or athymic immune-compromised (NU/NU) 

nude mice were purchased from the Jackson Laboratory (000664) and Charles River 

Laboratory (088), respectively. All animal procedures were conducted in accordance with 

the IACUC at Cold Spring Harbor Laboratory. For subcutaneous transplantation, mice were 

first anesthetized by isoflurane. 500,000 cells resuspended with 50mL Matrigel were injected 

into the left flank of the subcutaneous space. For orthotopic transplantation, mice were first 

anesthetized by isoflurane. Iodine solution was applied to the incision site. Then, a small 

incision (~1 cm) was made at the upper left quadrant of the abdomen. Following, 500,000 

cells resuspended with 50mL Matrigel were injected into the pancreas parenchyma.  For tail 

vein transplantation, restrained mice were injected with 50,000 cells resuspended in 50mL 

PBS intravenously through the tail vein.  

 

Data Availability 
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The sequencing data that support the findings of this study are openly available in NCBI 

Gene Expression Omnibus database: GSE228805.  

 

Table 2 Oligonucleotide list.  

 

Primer Name Sequence PCR final 

concentration 

Function 

EN1_F CTTCTTCAGCTTCCTGGTGC 1 mM RT-qPCR 

EN1_R GTGGTCAAAACTGACTCGCA 1 mM RT-qPCR 

En1_F TCCGAATAGCGTGTGCAGTA 1 mM RT-qPCR 

En1_R CCTACTCATGGGTTCGGCTA 1 mM RT-qPCR 

GAPDH_F CCAAGGAGTAAGACCCCTGG 1 mM RT-qPCR 

GAPDH_R AGGGGAGATTCAGTGTGGTG 1 mM RT-qPCR 

Gapdh_F AGGTCGGTGTGAACGGATTTG 1 mM RT-qPCR 

Gapdh_R TGTAGACCATGTAGTTGAGGTCA 1 mM RT-qPCR 

ACTB_F CACCAACTGGGACGACAT 0.1 mM RT-qPCR 

ACTB_R ACAGCCTGGATAGCAACG 0.1 mM RT-qPCR 

Actb_F GTGACGTTGACATCCGTAAAGA 0.1 mM RT-qPCR 

Actb_R GCCGGACTCATCGTACTCC 0.1 mM RT-qPCR 

FLAG-EN1_F GAGCTGTCTCTGAACGAATCC 1 mM RT-qPCR 

FLAG-EN1_R GGGCCAGCCCATTCTTTAT 1 mM RT-qPCR 
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Dusp1 promoter 

1F 

GGGGAGTGGGTAGTGAGAGA 1 mM CUT&RUN-

qPCR 

Dusp1 promoter 

1R 

ACTCTCGCCATTTGTCCTCG 1 mM CUT&RUN-

qPCR 

Dusp1 promoter 

2F 

CTGCGGTTCTCCAGAAAAAG 1 mM CUT&RUN-

qPCR 

Dusp1 promoter 

2R 

CGGTGAAGCCAGATTAGGAG 1 mM CUT&RUN-

qPCR 

Dusp1 promoter 

3F 

GGGAAAGGGGAGTGGGTAGT 1 mM CUT&RUN-

qPCR 

Dusp1 promoter 

3R 

CTCGCCATTTGTCCTCGGTA 1 mM CUT&RUN-

qPCR 

Dusp1 

intergenic F 

ACCCTGATGGATTGGCAAGG 1 mM CUT&RUN-

qPCR 

Dusp1 

intergenic R 

GCTGGTACCACACTGACTCC 1 mM CUT&RUN-

qPCR 

En1_F CTAGCCAAACTGCTTTCGACCG 0.2 mM Genotypin

g 

En1_R GGTAGAGAAGAGGCGAGG 0.2 mM Genotypin

g 
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Kras_1 GTCGACAAGCTCATGCGGGTG 0.2 mM Genotypin

g 

Kras_2 CCTTTACAAGCGCACGCAGACTGTAG

A 

0.2 mM Genotypin

g 

Kras_3 AGCTAGCCACCATGGCTTGAGTAAGT

CTGCA 

0.2 mM Genotypin

g 

Trp53_1 AGCTAGCCACCATGGCTTGAGTAAGT

CTGCA 

0.2 mM Genotypin

g 

Trp53_2 CTTGGAGACATAGCCACACTG 0.2 mM Genotypin

g 

Trp53_3 TTACACATCCAGCCTCTGTGG 0.2 mM Genotypin

g 

Trp53_loxp_F AGCCTGCCTAGCTTCCTCAGG 0.2 mM Genotypin

g 

Trp53_loxp_R CTTGGAGACATAGCCACACTG 0.2 mM Genotypin

g 

Cre Internal_F CTGTCCCTGTATGCCTCTGG 0.2 mM Genotypin

g 

Cre Internal_R AGATGGAGAAAGGACTAGGCTACA 0.2 mM Genotypin

g 
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Cre_F CCTGGACTACATCTTGAGTTGC 0.2 mM Genotypin

g 

Cre_R AGGCAAATTTTGGTGTACGG 0.2 mM Genotypin

g 

1 loxP En1_F GGACTCCAAGAACTCACTGTATCTT 0.2 mM Genotypin

g 

1 loxP En1_R TGGGTGGGTAGAGAAGAGGC 0.2 mM Genotypin

g 

Dusp1 promoter 

F 

CCTGCAGGACAGAAGCGGGGG 1 mM Cloning 

Dusp1 promoter 

R 

CCTGCAGGTCAGCGTAAAACTTTTAAA

GTGACATTC 

1 mM Cloning 

EN1 gRNA F CACCGGCACCAAATACCCGGAGCA 1 mM Cloning 

EN1 gRNA R AAACTGCTCCGGGTATTTGGTGCC 1 mM Cloning 

 

Table 3. Antibody list.  

 

Antibody Name Manufacturer Catalog Experime

nt  

Dilution 

EN1  Biorbyt orb37720 IHC 1 to 200 
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EN1  Novus Biologicals NBP2-

57757 

IHC 1 to 100 

EN1  Developmental studies 

hybridoma bank 

4G11 IHC 1 to 200 

FLAG Thomas Scientific C986X12 

(EA/1) 

WB 1 to 1000 

GAPDH Santa Cruz Biotechnology sc-32233 WB 1 to 2000 

Vinculin Cell Signaling Technology 13901 WB 1 to 2000 

Phospho-ERK1/2 Cell Signaling Technology 4370S WB 1 to 1000 

ERK1/2 Cell Signaling Technology 4695S WB 1 to 1000 

HIF-1alpha Cell Signaling Technology 36169S WB 1 to 1000 

c-MYC Abcam ab32072 WB 1 to 1000 

FLAG Thomas Scientific C986X12 

(EA/1) 

CUT&RU

N 

1 

mL/reacti

on 

H3K27Ac Cell Signaling Technology 8137 CUT&RU

N 

1 

mL/reacti

on 

H3K4me3 Cell Signaling Technology 9751 CUT&RU

N 

1 

mL/reacti

on 
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Anti-mouse IgG Fisher Scientific NC983245

8 

WB 1 to 

20,000 

Anti-rabbit IgG Fisher Scientific NC973672

6 

WB 1 to 

20,000 

Vimentin Abcam ab92547 IF 1 to 300 

CK19 Developmental studies 

hybridoma bank 

TROMA-III IF 1 to 500 

Anti-

human/rabbit IgG 

Proteintech srbAF488-1 IF 1 to 800 

Anti-rat IgG H&L Abcam ab150166 IF 1 to 200 

DUSP1 Novus Biologicals JJ0930 WB 1 to 1000 

DUSP1 Novus Biologicals JJ0930 IF 1 to 100 

FLAG Thomas Scientific C986X12 

(EA/1) 

IP 5 

mg/reacti

on 

Anti-mouse IgG Fisher Scientific NC983245

8 

IP 5 

mg/reacti

on 

Ku80 Fisher Scientific PA5-17454 WB 1 to 1000 

Histone H3 Novus Biologicals NB500-171 WB 1 to 1000 

gH2A.X Cell Signaling Technology 9718 WB 1 to 1000 
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cleaved 

Caspase3 

Cell Signaling Technology 9664 WB 1 to 1000 
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Results 

 

EN1 expression is associated with PDA progression and patient poor prognosis 

 

To identify pro-survival factors contributing to PDA progression, we first developed an 

organoid survival assay where single cell-dissociated pancreatic organoids were grown in 

DMEM supplemented with 10% FBS without additional growth factors and Wnt ligands 

(hereafter referred to as the reduced media). In the reduced media, only mM organoid-

derived cells survived, formed organoids, and could be passaged continuously, while mT 

organoid-derived cells failed to grow (Figure 3).  

Figure 3. (A) Organoid survival assay of KPC tumor (mT)- and metastasis (mM)-derived organoids. Organoids 

were dissociated into single cells, plated, and grown in 10% FBS DMEM (reduced media) for 5 days. Scale bars, 

1 mm. (B) Image-based quantification of mT and paired mM organoid survival in the reduced media 4 days post-

cell seeding. n=3, mean  SEM. (C) Bar plot representing the number of passages the organoids underwent. 

Arrow indicating the organoids can be passaged continuously in the reduced media. p-values were determined 

by unpaired student’s t test (two-tail) and *, **, ***, **** indicate p-val < 0.05, < 0.01, <0.001, <0.0001, 

respectively. 
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Consistent with the known functions of wild-type p53 in cell death24, the inactivation of p53 

in mT organoids resulted in increased organoid formation in the organoid survival assay and 

promoted PDA progression in vivo (Figure 4), suggesting that organoid survival phenotype 

can serve as a translatable readout for the in vivo context.  

 

Figure 4. (A-B) Image representation of the development of organoid survival assay in the indicated mT and mM 

organoid pairs with Trp53 knockout and Rosa26 knockout control in the reduced media. Scale bar, 1mm. (C-D) 

Subcutaneous transplantation of mT6 organoids with Trp53 knockout using CRISPR/Cas9. gRNA against the 

Rosa26 locus was used as a control. The tumors were imaged (E) and quantified for tumor weight (F) at 39 days 

post-injection. n=5 per group, mean  SD. Scale bar, 10mm. p-values were determined by unpaired student’s t 

test (two-tail) and *, **, ***, **** indicate p-val < 0.05, < 0.01, <0.001, <0.0001, respectively. 

 

Through transcriptome and epigenome profiling on the paired mT and mM organoids, we 

previously identified that aberrant expression of several developmental TFs led to enhancer 
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reprogramming and endowed aggressive characteristics seen in PDA metastasis8; 25. The TFs, 

including Batf2, Foxa1, Gata5, Prrx2, Pax9, Trerf1, and En1, were highly expressed in mM 

organoids compared to their paired mT organoids (Figure 5).  

 

 

 

Figure 5. RNA-seq-based En1, Batf2, Foxa1, Gata5, Prrx2, Pax9, and Trerf1 mRNA expression in organoids from 

Oni et al. (GSE66348) and Roe et al. (GSE99311). Each dot represents an organoid line. p-values were 

determined by unpaired student’s t test (two-tail) and *, **, ***, **** indicate p-val < 0.05, < 0.01, <0.001, 

<0.0001, respectively. 

 

To identify functionally important TF(s), we performed the organoid survival assay with mT 

organoids and the 7 TFs. The retroviral introduction of the 7 TFs enabled mT organoids to 

survive and propagate in the reduced media (Figure 6A). The withdrawal of an individual TF 

revealed that mT organoids failed to survive and form organoids without EN1 (Figure 6A-B). 

Likewise, the introduction of En1 cDNA in mT organoids increased organoid survival, 

suggesting that EN1 is a critical pro-survival factor in PDA (Figure 6C-D).  
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Figure 6. (A) 7 TFs (BATF, EN1, FOXA1, GATA5, PAX9, PRRX2, TRERF1) were introduced in mT3 organoids and 

subjected to organoid survival assay. Each TF was withdrawn from the 7 TFs combination. Scale bars, 1 mm. 

(B) Relative cell density in the organoid survival assay of Figure 6A was quantified. Mean  SEM is shown. (C) 

mT3 organoids with En1 cDNA were subjected to organoid survival assay either in the reduced media or in the 

complete media for 5 days. (D) Relative cell density in the organoid survival assay of Figure 6C was quantified. 

Mean  SEM is shown. p-values were determined by unpaired student’s t test (two-tail) and *, **, ***, **** 

indicate p-val < 0.05, < 0.01, <0.001, <0.0001, respectively. 

 

In concordance with our previous finding8, when FOXA1 was removed from the 7 TF 

combination, the organoid survival was also impeded, although to a lesser degree than the 

EN1 withdrawal. To determine if the advanced stage of PDA expressed EN1 proteins, we 

performed EN1 IHC using the KPC mice tissue sections and the orthotopic transplantation 
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sections of the mT organoids. Indeed, we confirmed that EN1 expression was elevated in the 

late stage of PDA (Figure 7).  

 

 

 

Figure 7. (A-B) EN1 IHC of the indicated tissue sections, including primary tumor and peritoneal metastatic 

lesions from KPC mice (A) and mT3 organoids orthotopic injection models (B). Scale bars, 100 mm. (C) EN1 

IHC of the pancreatic primary tumor, lung, and peritoneal metastases from a KPC mouse. Scale bar, 100 µm. 

 



 
67 

We then analyzed the publicly available RNA-seq datasets of human PDA patients26; 27. 

Consistent with murine models of PDA, we found that EN1 expression was elevated in the 

advanced stage of PDA (Figure 8A-B). In addition, analyses of the transcriptomic profile of 

PDA PDOs and the scRNA-seq dataset28; 29 revealed that a subset of PDA patients showed 

EN1 expression (Figure 8C-D).  

 

Figure 8. (A) Microarray-based EN1 mRNA expression in cell lines and human PDA tissues from Moffitt et al. 

(GSE71729). (B) EN1 normalized read count of primary purified circulating tumor cells from pancreatic cancer 

patients (localized and metastatic) and healthy donors from Franses et al. (GSE144561). (C) EN1 mRNA 

normalized read count from PDA patient-derived organoids (PDOs) in Tiriac et al. (phs001611.v1.p1). (D) EN1 

mRNA mean counts per cell of 24 pancreatic patients from Peng et al. scRNA-seq (CRA001160). Mean  SD is 

shown. p-values were determined by unpaired student’s t test (two-tail) and *, **, ***, **** indicate p-val < 0.05, 

< 0.01, <0.001, <0.0001, respectively. 
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Moreover, we found that the increased expression of EN1 was associated with poor 

prognosis in the TCGA dataset (Figure 9A). Gene Set Enrichment Analysis (GSEA) of the 

publicly available expression datasets26; 29-32 further revealed that EN1 expression was 

closely associated with the molecular signatures implicated in the aggressiveness of PDA, 

including epithelial-mesenchymal transition (EMT) and squamous/basal-like molecular 

subtype (Figure 1B-F). Therefore, EN1 is tightly associated with the aggressive features of 

PDA, and aberrant expression of EN1 could provide pro-survival cues and contribute to the 

aggressiveness of PDA cells.  
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Figure 9. (A) EN1 is associated with patient poor prognosis. Pancreatic cancer patients (TCGA-PAAD) were 

stratified based on EN1 expression (EN1-high n=20 vs. -low n=129). p-value was determined by logrank 

(Mantel-Cox) test. (B) Top 20 significantly enriched hallmarks of GSEA in EN1-high vs. -low patients from TCGA-

PAAD. Normalized enrichment score (NES) is shown. (C) GSEA of epithelial-to-mesenchymal transition 

signatures in EN1-high vs. -low pancreatic cancer patients or cell lines from TCGA-PAAD, Moffitt et al. 

(GSE71729), Bian et al. (GSE89792), and Tiriac et al. (phs001611.v1.p1) NES, p-value, and FDR q-value were 

determined by GSEA. (D) Normalized EN1 gene counts in progenitor and squamous PDA subtypes from Bailey 

et al. (GSE49149 and GSE36924). A dotted line indicates a cutoff to determine EN1 high vs. low to perform 

Fisher’s exact test (p-val < 0.05). The cutoff was determined by a median value of EN1 expression in the 

squamous subtype. (E) GSEA of squamous (left) and progenitor (right) signatures in EN1-high vs. -low 

pancreatic cancer patients from Bian et al. (GSE89792). NES, p-value, and FDR q-value were determined by 

GSEA. (F) Squamous subtype markers, TP63 and KRT5 mRNA counts in EN1-high (T6, T14, T16, T17) vs. -low 

(T1, T2, T3, T5) PDA patients from Peng et al. scRNA-seq (CRA001160). p-values were determined by unpaired 

student’s t test (two-tail) and *, **, ***, **** indicate p-val < 0.05, < 0.01, <0.001, <0.0001, respectively. 
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EN1 promotes aggressive characteristics in PDA cells 

 

Given the association between EN1 expression and gene signatures of EMT and squamous 

subtype, we first hypothesized that EN1 could foster aggressive characteristics of PDA. To 

this end, we retrovirally introduced En1 cDNA into murine KPC (mT-2D) cell lines (Figure 10A), 

and measured cell proliferation, invasion, migration, and anchorage-independent growth. 

While EN1 did not change the cell proliferation rate (Figure 10B), we found EN1 

overexpression increased the cell invasion (Figure 10C), migration (Figure 10D-E), and 

anchorage-independent growth (Figure 10F), indicating that EN1 promotes the metastatic 

nature of PDA in vitro.  

 

 

 

Figure 10. (A) Relative En1 mRNA expression determined by RT-qPCR in mT3-2D and mT23-2D cell lines with 

(En1) and without (empty) En1 cDNA overexpression. (B) mT3-2D and mT23-2D cells with En1 cDNA were 

subjected to cell proliferation assay compared to empty vector control. Cell proliferation rate was determined 
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by ATP-based cell viability assay using CellTiterGlo and luminescence was measured daily for 4 days and 

normalized to day 1. n=3 per time point, mean  SD. (C) mT3-2D cells with (En1) and without (empty) En1 cDNA 

overexpression were subjected to Boyden-chamber invasion assay for 24 hours, and the cells migrating to 

across the transwell were stained by SYTO 13 (right) and quantified per 4x image field (left). n=3, mean  SEM. 

(D) mT3-2D empty and En1 cells were subjected to wound-healing assay, and the percentage of wound closure 

was monitored (right) and quantified (left) at 0- and 24-hour post-scratching. n=3, mean  SEM. (E) mT23-2D 

with En1 cDNA were subjected to wound-healing assay compared to empty vector control, and the area of the 

closed wound was quantified at 0- and 24-hour post-scratching, and the percentage of wound closure was 

calculated. n=3, mean  SD. (F) mT3-2D cells with En1 cDNA were subjected to anchorage-independent tumor 

spheroid formation assay for 72 hours, and the numbers of spheroids were monitored (right) and quantified 

(left). n=3, mean  SEM. p-values were determined by student’s t test (two-tail) and * and ** indicate p-val < 

0.05, and < 0.01, respectively. 

 

 

To further corroborate the role of EN1 in metastatic transitions, we used a two-channel 

microfluidic organotypic model33 to investigate the role of EN1 in the intravasation potential 

of the cells (Figure 11A). In the model, the collagen-matrix embedded channel (green) 

contains mT-2D cells, and the other channel (red) contains a biomimetic blood vessel. As a 

result, EN1-expressing cells invaded the collagen matrix toward the blood vessels at a faster 

rate compared to the control. Furthermore, tail-vein injections of mT-2D cells revealed that 

EN1-expressing cells readily colonized in the lung parenchyma (Figure 11B), suggesting that 

EN1-mediated pro-survival and pro-migratory/invasive phenotypes conferred the 

metastatic ability necessary for lung colonization.  
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Figure 11. (A) mT3-2D empty (n=7) and En1 (n=4) cells were subjected to organotypic tumor-on-a-chip assay 

(left) for 7 days, and the distance of the cell migrated toward to endothelial vessel was monitored (middle) and 

quantified (right) (n=8 per time point, mean  SD). p<0.001; p-value were determined by Two-way ANOVA. Scale 

bar, 200 µm. (B) mT3-2D cells with En1 cDNA were subject for tail-vein injection (n=5 per group) in C57BL/6 

syngeneic mice. After 4 weeks, the animals were sacrificed, and the lung lobes were imaged (right) and 

quantified (left) for tumor area per lung lobe. n=5, mean  SD. p-values were determined by student’s t test 

(two-tail) and * and ** indicate p-val < 0.05, and < 0.01, respectively. 

 

To test if EN1 plays similar roles in the human PDA cells, we chose CFPAC1 and PaTu 8988s 

human PDA cell lines that do not express EN1 (Figure 12A), and retrovirally introduced FLAG-

tagged EN1 cDNA (Figure 12B).  In accordance with the data from murine mT-2D cells, EN1 

overexpression increased clonogenic growth (Figure 12C-D, respectively) and anchorage-

independent tumor-sphere formation (Figure 12E-F, respectively) in CFPAC1 and PaTu 8988s 
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cells. Taken together, the gain-of-function experiments showed that EN1 fosters aggressive 

characteristics of PDA, including cell survival, migration, and intravasation.  

 

 

 

Figure 12. (A) Relative EN1 mRNA expression in human PDA cell lines determined by RT-qPCR. n=3, mean  SD. 

(B) Western blot analysis to determine the protein expression of FLAG-tagged EN1 compared to the plasmid 

without EN1 cDNA (empty) control in CFPAC1 and PaTu 8988s cell lines. (C) CFPAC1 empty and EN1 cells were 

subject for colony formation assay for 7 days, and the colonies were stained by crystal violet (right) and 

quantified (left) by percentage growth area. n=9, mean  SD. (D) PaTu8988s empty and EN1 cells were 

subjected for colony formation assay for 14 days, and the colonies were stained by crystal violet (right) and 

quantified (left) by percentage growth area. n=3, mean  SD. (E) CFPAC1 empty and EN1 cells were subject for 
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anchorage-independent tumor spheroid formation assay for 7 days, and the numbers of spheroids were 

monitored (right) and quantified (left). n=9, mean  SD. Scale bars, 350 mm. (F) PaTu8988s empty and EN1 cells 

were subjected for anchorage-independent tumor spheroid formation assay for 7 days, and the numbers of 

spheroids were monitored (right) and quantified (left). n=3, mean  SEM. Scale bars, 350 mm. p-values were 

determined by student’s t test (two-tail) and * and ** indicate p-val < 0.05, and < 0.01, respectively. 
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EN1 deficiency attenuates PDA progression 

 

Since EN1 expression contributes to the aggressive natures of PDA cells, we reasoned that 

an EN1-targeting strategy might be therapeutically relevant. To investigate the effects of EN1 

depletion in metastatic pancreatic cancer, we lentivirally introduced shRNAs against En1 

either targeting coding sequence (CDS) or 3’-untranslated regions (3’ UTR) into mM3P and 

mM15 organoids (Figure 13A). We then subjected the mM organoids to the organoid survival 

and clonogenic cell growth assays. While EN1 depletion had no effect on cell growth in the 

complete organoid media (Figure 13B), we observed that the survival of the cells was 

markedly diminished in the reduced media upon EN1 depletion (Figure 13C-D).  

 

 

 

Figure 13. (A) Relative En1 mRNA expressions determined by RT-qPCR in mM3P, mM15, and mM10 organoids 

with shRNA targeting En1 mRNA coding region (shEn1 #1 CDS) and En1 mRNA 3’ untranslated region (shEn1 
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#2 3’UTR) compared to the scramble shRNA (sh-scr) control organoid. n=3, mean  SD. (B) Image-based 

quantification of organoid growth for mM3P and mM10 shScr, shEn1 #1, and shEn1 #2 organoids in the 

complete media. Organoid growth was normalized to day 1. n=3, mean  SD. (C) mM3P organoids with 

scramble (shScr) and two En1 (shEn1) shRNA constructs were subjected to organoid survival assay for 4 days. 

Depletion of EN1 impaired organoid survival in the reduced media, and En1 cDNA rescued the EN1-depletion 

phenotype (middle). The complete media served as control (right). Quantification of organoid survival (left). 

n=3, mean  SD. Scale bars, 1mm. (D) shScr and shEn1 mM10 organoids were subjected to organoid survival 

assay for 4 days (top) and quantification of organoids (bottom). Scale bars, 1mm. p-values were determined by 

unpaired student’s t test (two-tail) and *, **, ***, **** indicate p-val < 0.05, < 0.01, <0.001, <0.0001, respectively. 

 

Moreover, the ability to grow clonogenicly in 2D was also impaired by the En1 knockdown 

(Figure 14). To exclude the possibility of shRNA off-target effects, we performed a rescue 

experiment using retroviral En1 cDNA. The phenotype of the reduced survival was rescued 

by En1 cDNA in the shRNA-3’UTR organoids but not in the shRNA-CDS organoids (Figure 

13C).  
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Figure 14. (A) shScr and shEn1 mM3P organoids were subjected to colony formation assay for 7 days, and the 

colonies were stained by crystal violet (top) and quantified (bottom) by percentage growth area. n=3, mean  

SD. (B) (D) shScr and shEn1 mM10 organoids were subjected to colony formation assay for 7 days, and the 

colonies were stained by crystal violet (left) and quantified (right) by percentage growth area. 

 

To confirm the phenotype seen in vitro, we used subcutaneous and orthotopic 

transplantation models of PDA to determine the effects of En1 knockdown in mM organoids 

in vivo. Previously, we showed mM organoids were highly metastatic compared to the paired 

mT organoids in orthotopic, tail-vein, and intrasplenic transplantation models8. Consistent 

with in vitro phenotypes, En1 knockdown significantly reduced primary tumor burden in both 

subcutaneous and orthotopic models (Figure 15). In the orthotopic model, we observed 

reduced liver and lung metastases (Figure 16), suggesting EN1 possibly enhances the 

metastatic potentials of PDA.  
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Figure 15. (A) 5x105 cells of dissociated shScr and shEn1 mM3P organoids were subjected to subcutaneous 

transplantation in athymic NU/NU mice. The animals were sacrificed at 4-weeks post transplantation. EN1 

depletion reduced the primary tumor burden and En1 cDNA rescued the phenotype. Representative images of 

the subcutaneous tumors (top) and quantification (bottom) of the tumor volume. n=5 per group, mean  SD. (B) 

5x105 cells of dissociated shScr and shEn1 mM3P organoids were subjected to orthotopic transplantation in 

athymic NU/NU mice for 7 weeks and quantified for primary tumor weight. The mean  SD is shown (n=5 for 

shScr and n=4 for shEn1). 
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Figure 16. 5x105 cells of dissociated shScr and shEn1 mM3P organoids were subjected to orthotopic 

transplantation in athymic NU/NU mice for 7 weeks. The number of animals with liver metastases (A) and the 

number of lung micrometastasis (n>10) (B) were quantified. The mean  SD is shown (n=5 for shScr and n=4 

for shEn1). (C) Summary of metastases from mM3P shScr (n=5) and sh-En1 orthotopic transplants (n=5), 7 

weeks post-transplantation. Depletion of En1 reduced liver metastasis frequency. Fisher’s exact test, p-val 

<0.05. (D) Representative H&E staining of liver metastasis from the orthotopic injections of mM3P shScr and 



 
80 

shEn1 organoids. Scale bar, 50 µm. (E) Representative H&E staining of lung metastasis from the orthotopic 

injections of mM3P shScr and shEn1 organoids. Scale bar, 50 µm. 

 

 

To address the role of EN1 in the human context, we depleted EN1 using two independent 

EN1 shRNA constructs in EN1-expressing SUIT2 and BxPC3 human PDA cell lines (Figure 12A 

and 17A). As expected, EN1 depletion in human PDA cell lines led to reduced colony 

formation and anchorage-independent tumor-sphere formation (Figure 12B-E). Taken 

together, our results from the loss-of-function experiments showed that EN1 expression is 

required for cell survival and metastatic capabilities in vitro and in vivo, suggesting that EN1 

and EN1-related pathways might be potential therapeutic targets for PDA.  
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Figure 17. (A) Relative EN1 mRNA expressions are determined by RT-qPCR in SUIT2 (left) and BxPC3 (right) cell 

lines with shRNAs targeting EN1 mRNA compared to the scramble shRNA. n=3, mean  SD. (B) shScr and 

shEN1 SUIT2 cells were subjected to colony formation assay for 5 days, and the colonies were stained with 

crystal violet (top) and quantified (bottom) for the percentage growth area. n=3, mean  SD. (C) shScr and 

shEN1 SUIT2 cells were subjected to anchorage-independent tumor spheroid formation assay for 7 days, and 

the numbers of spheroids were monitored (left) and quantified (right). n=3, mean  SD. Scale bars, 350 mm. (D) 

shScr and shEN1 BxPC3 cells were subjected to colony formation assay for 2 weeks, and the colonies were 

stained with crystal violet (top) and quantified (bottom) for the percentage growth area. n=3, mean  SD. (E) 

shScr and shEN1 BxPC3 cells were subjected to anchorage-independent tumor spheroid formation assay for 

7 days, and the numbers of spheroids were monitored (left) and quantified (right). n=3, mean  SD. Scale bars, 

350 mm. p-values were determined by unpaired student’s t test (two-tail) and *, **, ***, **** indicate p-val < 

0.05, < 0.01, <0.001, <0.0001, respectively. 
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Identifying genomic targets of EN1 in murine PDA cells 

 

Using gain- and loss-of-function experiments, we thus far demonstrated that EN1 is 

sufficient and necessary to develop aggressive characteristics in PDA. We reasoned that the 

underlying mechanisms of how EN1 confers these characteristics are likely dependent on 

its direct gene targets. Therefore, to dissect the underlying mechanism(s) by which EN1 

endows the aggressive characteristics, we attempted to determine genome-wide EN1 

binding sites and identify direct target genes of EN1. To address this, we first retrovirally 

introduced FLAG-tagged En1 cDNA into mT-2D cell lines (Figure 18) and performed cleavage 

under target & release using nuclease followed by sequencing (CUT&RUN-seq) targeting the 

FLAG epitope in mT4-2D and mT5-2D cell lines.  

 

 

 

Figure 18. Western blot analysis to determine the protein expression of FLAG-tagged EN1 compared to the 

empty control in mT3-2D, mT4-2D, mT5-2D, mT8-2D, and mT19-2D cells. 
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From our bioinformatic analysis of CUT&RUN-seq, we identified 35,256 and 26,582 EN1 

peaks in mT4-2D and mT5-2D KPC cells, respectively (Figure 19A). We then overlapped the 

two datasets and identified a total of 20,271 common peaks between these two cell lines. 

Among these peaks, most were located at gene promoters (41.74%) and intergenic/intron 

regions (54.26%) (Figure 19B), indicating that EN1 binds at gene promoters and enhancers. 

HOMER motif analysis of 20,271 common peaks showed the enrichment of known EN1 motif 

(GSE120957), other homeobox TFs motifs (LHX9 and ISL1) (Figure 20A), and de novo 

discovery of EN1 motif (Figure 20B).  
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Figure 19. (A) Density plots of CUT&RUN-seq signal of the EN1 DNA-binding peaks in mT4-2D and mT5-2D cells 

with FLAG-En1 cDNA. (B) Genome-wide distribution of the common EN1 peaks between mT4-2D FLAG-EN1 

and mT5-2D FLAG-EN1 cells (n=20,271).  
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Figure 20. (A) Homer motif analysis for the known motifs using the overlapping mT4-2D and mT5-2D EN1 peaks. 

(B) Homer motif analysis for the de novo motifs using the overlapping mT4-2D and mT5-2D EN1 peaks. p-value 

was determined by HOMER. 

 

While the known EN1 motif was enriched in the triple-negative breast cancer (TNBC) cell 

lines23, we found minimum overlaps of EN1 peaks between PDA and TNBC cells (Figure 21A), 

suggesting EN1 genomic targets could differ depending on tissue or cell types. To 

understand the functional and biological importance of EN1 genomic targets and peak-

associated genes, we performed gene ontology (GO) analysis using the Genomic Regions 
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Enrichment of Annotations Tool (GREAT) (Figure 21B) and the Database for Annotation, 

Visualization, and Integrated Discovery (DAVID) (Figure 21C). Both analyses showed the 

enrichment of apoptotic processes, cytoskeleton organizations, and cell cycle regulations.  

 

 

 

Figure 21. (A) Overlapping EN1 peaks identified in triple-negative breast cancer (TNBC) cells (MCF7, SUM149, 

and SUM159) and mT4-2D & mT5-2D cells. To properly compare murine and human genomes, we convert the 

EN1 peak positions identified in mT-2D cell lines (NCBI37/mm9) to human genome assembly (GRCh37/hg19) 

using UCSC Lift Genome Annotations tool. Of the 20,271 EN1 peaks identified in mT-2D cell lines, 17,967 peaks 

were LiftOver successfully. Among the TNBC cell lines, 182, 213, and 471 peak overlaps were identified in MCF7, 

SUM159, and SUM149 cells, respectively. (B) Genomic Regions Enrichment of Annotations Tool (GREAT) 

analysis of the overlapping mT4-2D and mT5-2D EN1 peaks showing the top 15 enriched pathways in biological 

functions. p-value was determined by GREAT. (C) Gene ontology (GO) analysis using the Database for 



 
87 

Annotation, Visualization, and Integrated Discovery (DAVID). The top 15 enriched pathways in biological 

functions were shown. 

 

When the transcriptome profiles of PDA from the publicly available datasets were stratified 

into EN1-high and -low patient groups29; 34-38, we identified the majority of genes associated 

with EN1 peaks were down-regulated in EN1-high patients (Figure 22), suggesting a 

predominant transcriptional repressive role of EN1 in PDA cells.  

 

 

 

Figure 22. (A) GSEA of the genes associated with En1 peaks in EN1-high vs. -low pancreatic cancer patients 

from Yang et al. (GSE62452). The genes associated with top 1,500 EN1 peaks among 20,271 common peaks 

were used for GSEA. NES, p-value, and FDR q-value were determined by GSEA. (B) GSEA of the top 1500 EN1 

peak-associated genes in EN1-high vs. -low pancreatic cancer patients, organoids, or cell lines from Tiriac et 

al. (phs001611.v1.p1), Klett et al. (GSE101448), Jiang et al. (GSE71989), TCGA-PAAD, and Puleo et al. NES, p-

value, and FDR q-value were determined by GSEA.  
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Identifying transcriptional targets of EN1 in PDA cells  

 

Once EN1 genomic targets were identified, we next sought to pinpoint the transcriptional 

targets of EN1 in order to stratify if and/or how EN1 governs the expressions of its gene targets. 

To address this, we performed RNA-seq analysis of mM3P and mM15 organoids introduced 

with scramble or En1-targeting shRNAs (Figure 13A). Differentially expressed gene analysis 

resulted in 154 differentially expressed genes (DEGs) with a statistical significance (p-val 

<0.05) (Figure 23). Of the total DEGs, 120 genes (79%) were upregulated upon En1 

knockdown, suggesting a transcriptional repressive role of EN1 in PDA.  
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Figure 23. Volcano plot representing RNA-seq of mM3P and mM15 organoids with scramble (shScr) and two 

En1 (shEn1) shRNA constructs. Differentially expressed gene analysis identified 154 differentially expressed 

genes (DEG). Among the DEGs, 120 genes were upregulated (red), and 32 genes were downregulated (blue) 

upon En1 depletion; among which, 92 DEGs (dark red or dark blue) were the direct EN1 targets. DEG-direct EN1 

target genes involved in cell death pathways were annotated. 
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To then understand the functional significance of differentially expressed genes, we 

performed GO analysis using DAVID and GSEA (Figure 24). Both analyses showed the 

enrichment of apoptotic signaling pathways, in agreement with the functional annotations 

of EN1 genomic targets (Figure 21B-C).  

 

 

 

Figure 24. (A) GO analysis of the DEGs using DAVID. Top 20 significantly enriched biological functions were 

shown. (B) Normalized enrichment score (NES) of the GSEA Hallmark gene set in mM3P and mM15 organoids 

upon En1 knock-down. The top 16 significantly enriched hallmarks (left) and examples of the GSEA plots (right) 



 
91 

are shown. Hallmark_Apoptosis and Hallmark_Myc_Targets_V2 gene sets were enriched in shEn1 and shScr, 

respectively.  

 

We also found that En1 depletion increased cleaved Caspase 3 expression without any 

change in DNA damage-related protein expressions (Figure 25A), consistent with the 

observation that regulations of cell death pathways were significantly enriched in the 

upregulated DEGs upon En1 knockdown (Figure 25B). Among the downregulated DEGs, 

metabolic processes, including amino acid transport, regulation of TOR signaling, and 

transmembrane transport, were enriched (Figure 25B). Collectively, the data suggest EN1 is 

a multifaceted regulator of various cellular processes involved not only in pro-survival and 

cell death but also in metabolism. Furthermore, hallmarks for E2F and MYC targets were also 

enriched in shScr organoids (Figure 24B), well correlated with molecular signatures enriched 

in EN1-high patients from the TCGA-PAAD dataset (Figure 9B). While EN1 expression was 

associated with EMT signature in the TCGA-PAAD dataset (Figure 9C), we did not find any 

enrichment of EMT signatures in RNA-seq analyses of En1-depleted mM organoids, 

suggesting that EMT-related genes are not direct targets of EN1. Interestingly, upon 

orthotopic transplantations of mM organoids, En1 depletion resulted in the down-regulation 

of Vimentin, a mesenchymal marker in the primary tumors, and increased CK-19 positivity in 

the metastatic PDA cells (Figure 25C), indicating that EN1 may play a permissive role of the 

expression of EMT-related genes in vivo.  
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Figure 25. (A) Western blot analysis to determine the protein expression of cleaved Caspase 3, KU80 and 

gH2A.X. in mM3P organoids with scramble (shScr) and two independent En1 (shEn1) shRNA constructs 

cultured in the reduced media for 24 hours before harvesting. (B) DAVID analysis of the upregulated DEGs (top) 

and downregulated DEGs (bottom) after En1 knockdown in mM3P and mM15 organoids showing the top 

enriched pathways in biology functions. p-value was determined by DAVID. (C) Immunofluorescence staining 

of vimentin and CK-19 in the tissue sections collected from orthotopically transplanted mM3P organoids (figure 

3D-F), comparing shScr and shEn1 conditions, depicting primary tumor (left) and distant liver metastasis (right). 

Scale bar, 150 mm.  
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To further elucidate the correlation between EN1 genomic and transcriptional targets, we 

performed GSEA and showed EN1 peak-associated genes were significantly enriched after 

En1 knockdown (Figure 26A), highlighting that EN1 governs the gene expression 

predominantly through transcription repression. We also performed RNA-seq analysis for 

SUIT2 cells after EN1 knockdown and identified 1,057 DEGs (Figure 26B). Similar to murine 

cells, gene ontology analysis showed apoptosis, cell adhesion, and migration process were 

enriched in the DEGs (Figure 27C), indicating the functional similarities of EN1 between 

murine and human PDA cells. Taken together, our data showed that as a TF, the major role of 

EN1 is transcription repression; in turn, the differentially expressed EN1 gene targets 

regulate anti-apoptotic, EMT, cell-cycle regulations, and metabolic programs.  
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Figure 26. (A) GSEA of the genes associated with top 1,500 EN1 peaks revealed that putative EN1 target genes 

were up-regulated upon En1 depletion in mM organoids. (B) Volcano plot representing RNA-sequencing of 

SUIT2 shScr and two independent shEN1 constructs identified 1056 differentially expressed genes (DEG). 

Among the DEGs, 638 genes were upregulated, and 418 genes were downregulated after En1 knockdown. (C) 

DAVID analysis of the DEGs after EN1 knockdown in SUIT2 cells showing the top 10 enriched pathways in 

biology functions. p-value was determined by DAVID. 
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EN1 modulates gene promoter and enhancer activities to promote PDA progression 

 

Our analysis of the EN1 binding regions in the pancreatic cancer genome strongly suggested 

that EN1 targets promoters and enhancers through its DNA-binding domain. Since the 

majority of EN1 transcriptional targets were upregulated upon EN1 knockdown (Figure 23), 

we reasoned that EN1 could repress gene transcription by altering promoter and enhancer 

activities. To better understand how EN1 regulates its target gene expression, we performed 

CUT&RUN-seq targeting active promoter marker tri-methylation of lysine 4 on histone H3 
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protein subunit (H3K4me3) and active enhancer marker acetylation of lysine 27 on histone 

H3 protein subunit (H3K27ac) using mT3-2D cell line overexpressing EN1. We then asked the 

question whether EN1 expression would alter H3K4me3 and H3K27ac occupancy in EN1 

binding regions. H3K4me3 and H3K27ac CUT&RUN-seq analysis in mT3-2D cells revealed 

that H3K4me3 and H3K27ac occupancy were reduced surrounding EN1 binding sites (Figure 

27A) and the promoters of EN1 gene targets (Figure 27B), indicating that EN1 binding 

reduced the activities of the target gene promoter and enhancer.  
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Figure 27. (A) Density plots of H3K4me3 (left) and H3K27ac (right) CUT&RUN-seq signals at EN1 genomic 

binding sites in mT3-2D empty | FLAG-En1 cells. (B) Density plots of H3K4me3 (left) and H3K27ac (right) 

CUT&RUN-seq signals at EN1 peak-associated gene promoters and the transcription start sites (TSS) in mT3-

2D empty | FLAG-En1 cells.  

 

Next, we performed H3K4me3 and H3K27ac CUT&RUN-seq with three additional biological 

replicates (mT4-2D, mT5-2D, and mT8-2D cell lines) upon EN1 overexpression and generated 

averaged meta-profiles (Figure28). Similar to mT3-2D cells, upon EN1 overexpression, 

H3K4me3 and H3K27ac occupancies were decreased around EN1 binding regions and 

promoters of EN1 gene targets, suggesting EN1 can repress gene expression through 

modulating promoter and enhancer activities of its target genes.  
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Figure 28. (A) Averaged density plots of H3K4me3 (left) and H3K27ac (right) CUT&RUN-seq signals at EN1 

genomic binding sites in mT4-2D, mT5-2D, and mT8-2D empty | FLAG-EN1 cells. (B) Averaged density plots of 

H3K4me3 (left) and H3K27ac (right) CUT&RUN-seq signals at EN1 peak-associated gene promoters and the 

TSS in mT4-2D, mT5-2D, and mT8-2D empty | FLAG-EN1 cells. 

 

For instance, EN1 binds the promoter and distal enhancer of dual specificity phosphatase 1, 

Dusp1 gene, and H3K4me3 and H3K27ac occupancies at these loci were reduced upon En1 

overexpression (Figure 29A), suggesting that EN1 could repress Dusp1 expression through 

limiting the promoter and/or enhancer activities of Dusp1. Indeed, EN1 could bind to the 

Dusp1 promoter in CUT&RUN-qPCR assay and repressed the promoter activity (Figure 29B-

C).  
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Figure 29. (A) Representative gene browser track of H3K27ac, H3K4me3, and EN1 CUT&RUN-seq signal at 

Dusp1 gene in mT3-2D empty (blue) and FLAG-EN1 (red) cells. (B) CUT&RUN assay targeting FLAG-tagged EN1 

in three mT-2D cell lines, followed by qPCR analysis employing three primer pairs spanning Dusp1 promoter 

EN1 binding sites identified in figure 6E. (C) Luciferase activity assay assessing the Dusp1 promoter activity in 

mM3P-2D cell line with scramble (shScr) and two independent En1 (shEn1) shRNA constructs (n=3).  

 

DUSP1 is known to play a role in regulating cell death by dephosphorylating MAPKs39; 40. 

Indeed, En1 depletion upregulated Dusp1 expression (Figure 23 and 30A-B). Furthermore, 
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other Dusp family genes were also upregulated upon En1 knockdown, including Dusp4, 

Dusp5, Dusp6, Dusp8, Dusp10, Dusp16, and Dusp19 (Figure 30C).  

 

 

 

Figure 30. (A) Western blot analysis to determine the protein expression of DUSP1 in mM3P and mM15 

organoids with shScr and two independent shEn1 constructs. (B) Immunofluorescence staining of DUSP1 and 

CK-19 in primary tumor tissue sections collected from shScr (top) and shEn1 (bottom) mM3P orthotopically 

transplanted organoids. Scale bar, 150 mm.  (C) Heatmap showing the expressions of Dusp genes in shScr and 

shEn1 mM3P and mM15 organoids, as derived from the RNA-seq dataset presented in figure 23. 

 

 

To examine if EN1 affects ERK signaling activities, we performed phospho-ERK1/2 Western 

blotting in mM3P and mM15 organoids (Figure 31A-B). En1 depletion resulted in decreased 

phospho-ERK1/2 signals, which was more pronounced in the reduced media (Figure 31A), 
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suggesting that EN1 positively regulates MAPK via repressing a negative regulator of MAPK 

pathway. These findings offer a potential personalized medicine approach for EN1-high PDA 

patients with MAPK inhibitors (e.g., ERK inhibitor) to improve the treatment efficacy and 

patient survival outcomes. Although EN1 genomic and transcriptomic targets are involved in 

cellular response to hypoxia and MYC pathways (Figure 23), we did not observe any 

significant change in HIF-1a and c-MYC protein expressions upon En1 knockdown (Figure 

31C).  

 

 

 

Figure 31. (A) Western blot analysis to determine the protein expression of phospho-ERK1/2 (Thr202/Tyr204) 

and total ERK1/2 in mM3P organoids with scramble (shScr) and two independent En1 (shEn1) shRNA 

constructs. Blots on the left showed organoids cultured in the complete organoid media and on the right 

showed organoids cultured in the reduced media for 24 hours before harvesting. Band intensity was 

determined by ImageJ.  (B) Western blot analysis to determine the protein expression of phospho-ERK1/2 

(Thr202/Tyr204) and total ERK1/2 in mM15 organoids cultured in the complete media with scramble (shScr) 

and two independent En1 (shEn1) shRNA constructs. (C) Western blot analysis to determine the protein 

expression of HIF-1a and c-MYC in mM3P and mM15 organoids cultured in the reduced media for 24 hours with 
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scramble (shScr) and two independent En1 (shEn1) shRNA constructs. Vinculin data for mM3P was duplicated 

as Figure 31A right panel.  

  

It has been shown that En1 mutant mice shared a similar phenotype with Ezh2 mutant mice41; 

42. Given the role of EZH2 in H3K27me343 and the role of EN1 in transcriptional repression, 

we performed H3K27me3 CUT&RUN-seq with mT4-2D, mT5-2D, and mT8-2D cell lines upon 

EN1 overexpression. While we observed the enriched H3K27me3 occupancy at the known 

EZH2 binding regions44, we saw negligible H3K27me3 occupancy at EN1 binding regions and 

no discernible changes upon EN1 overexpression (Figure 32), suggesting EN1-mediated 

transcription repression is independent of EZH2 catalytic activities.  

 

 

 

Figure 32. Averaged density plots of H3K27me3 CUT&RUN-seq signals around EZH2 genomic binding sites (left) 

and EN1 genomic binding sites (right) in mT4-2D, mT5-2D, and mT8-2D empty | FLAG-EN1 cells. 
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To further explore the potential mechanisms by which EN1 interacts with transcriptional 

repressors to repress its gene targets, we performed nuclear co-immunoprecipitation of 

FLAG-tagged EN1 followed by mass spectrometry with mT3-2D and mT19-2D cell lines upon 

EN1 overexpression and identified 68 significantly enriched EN1 interacting proteins (Figure 

33A). GO analysis identified negative regulation of transcription as the top enriched 

biological pathway (Figure 33B), which includes ARID4B, KAT2A, SINHCAF, WDR5, EZH2, 

MED9, MCPH1, SIRT7, and ZFP819. These findings shed light on potential mechanisms of 

how EN1 exerts transcriptional repression of its target genes, which warrants further 

investigations. 
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Figure 33. (A) Nuclear co-immunoprecipitation assay of FLAG-tagged EN1 followed by mass spectrometry in 

mT3-2D and mT19-2D EN1 overexpressed cell lines identified 68 EN1-interacting proteins. Proteins involved 

in transcription repression were highlighted in red. (B) DAVID analysis of the EN1 interacting proteins showing 

the top significantly enriched pathways in biological functions.  
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EN1 promotes PDA progression in GEMMs and PDA patients 

 

Next, we asked whether EN1 deficiency in pancreatic epithelial cells could delay PDA 

progression in genetically modified mouse models (GEMMs). To this end, we crossed the 

conditional knock-out alleles of En1 (aka En1flox/flox) with KPC mice to generate KPEC (Kras+/LSL-

G12D; Trp53+/LSL-R172H; En1flox/flox; Pdx1-Cre) mice (Figure 34).  

 

 

 

Figure 34. Schematic representation of the genetically engineered mouse models with Kras+/LSL-G12D, Trp53+/LSL-

R172H, Pdx1-Cre (KPC) and En1flox/flox (KPEC) alleles. 

 

There was no gross defect in pancreatic development when inactivating EN1 in the pancreas 

of EC mice (Figure 35A). Long-term survival analysis showed that EN1 inactivation extended 

the animal overall survival (Figure 35B), with the medium survival of 191 days for the KPEC 

mice and 125 days for the KPC mice.  
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Figure 35. (A) H&E staining of pancreas isolated from En1flox/flox; Pdx1-Cre (EC) mouse at 67 days age. (B) Kaplan-

Meier plot of KPC (n = 52) and KPEC (n = 66) mice survival. The median survival of KPC mice is 147 days and the 

median survival of KPEC mice is 212 days. ****p<0.0001 was determined by Log-rank (Mantel-Cox) test and 

GehIBreslow-Wilcoxon test.  
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To illustrate the effect of En1 inactivation in PDA progression, we sacrificed 10 mice per 

genotype at 120 days age for histopathological analysis. Histopathological analysis of KPC 

and KPEC mice showed the KPEC mice had significantly less percentage of abnormal 

pancreata, including acinar to ductal metaplasia (ADM), PanIN, and PDA, compared to KPC 

pancreata at 120 days of age (Figure 36). 

 

 

 

Figure 36. Bar plot representing the percentage of abnormal pancreata (red) and normal pancreata (blue) from 

the KPC mice (n=10) and KPEC mice (n=10) at 120-day age. Representative H&E staining of KPC pancreas 

(bottom left, scale bar, 300 mm) and KPEC pancreas (bottom right, scale bar, 300 mm). 
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Of the examined animals at 120 days of age, 80% of KPC mice developed PDA compared to 

only 40% of the KPEC mice that had developed PDA (Figure 37A). One tumor-derived 

organoid (1 out of 4) from KPEC mice that we tested harbored unrecombined alleles of En1 

(Figure 37B), suggesting that there might be a selective advantage for the unrecombined 

allele of En1 during the PDA progression of certain KPEC mice. Overall, En1 deficiency 

significantly attenuated PDA progression in our autochthonous mouse model.  
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Figure 37. (A) Quantification of the number of mice bearing tumors at 120-day age from KPC (n=10) and KPEC 

(n=10) mice. (B) PCR analysis of 1 loxP-En1 (recombined, top) and LSL-En1 cassette (unrecombined, bottom) 
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using tumor and metastasis organoids derived from KPEC mice. T: tumor; M: metastasis; L: liver; and P: 

peritoneum. Expected En1 1 loxP size: 600 bp; expected LSL-En1 size: 380 bp. 

 

To confirm our findings in human PDA patient setting, we performed EN1 

immunohistochemistry in the paired primary tumors and liver metastases tissue microarray 

from 19 PDA patients of the Rapid Autopsy Program (Figure 38A). We found 7 out of 19 

patients had a higher EN1 protein expression in the metastatic lesions compared to their 

paired primary tumors. Consistent with our finding that EN1 is a prognostic factor in PDA, 

EN1 protein expression level in the primary tumor was inversely correlated with the patient 

survival data (Figure 38B). Taken together, our data showed that aberrant expression of EN1 

facilitates PDA progression, resulting in poor survival of PDA GEMMs and patients. 
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Figure 38. (A) Immunohistochemistry staining of EN1 in 19 human pancreatic and metastatic specimens from 

rapid autopsies (left). Representative image of a primary tumor EN1 IHC staining from patient #55 (Top right, 

scale bar, 100 mm). Representative image of a liver metastasis EN1 IHC staining from patient #55 (Bottom right, 

scale bar, 100 mm). (B) Kaplan-Meier plot of patient days survived after diagnosis corresponding to EN1-high 

(n=27) vs. -low (n=8) from the tissue microarray IHC. *p<0.05 was determined by Log-rank (Mantel-Cox) test 

and Gehan-Breslow-Wilcoxon test.  
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Discussion 

 

Non-mutational epigenetic reprogramming is one of the hallmarks of cancer45. A growing 

body of evidence highlights the critical roles of epigenetic alterations in carcinogenesis, 

including PDA. Previously, we and others have shown that aberrantly expressed transcription 

factors (e.g., TP63, FOXA1, EVI1, and TEAD2) alter the pancreatic epigenome, thereby 

promoting PDA progression and a molecular subtype transition4; 5; 8; 46; 47. Patients with 

metastatic PDA have a strikingly poor prognosis and limited response rate to current first-

line chemotherapies, including FOLFIRINOX and gemcitabine/nab-Paclitaxel48; 49. The poor 

clinical outcome could be attributed to intrinsic chemoresistance of the cancer cell or the 

pro-survival program acquired during pancreatic carcinogenesis, which might be mediated 

through aberrant expressions of TFs and subsequent alteration in epigenetic landscapes and 

gene expressions. A better understanding of these mechanisms would allow us to identify 

potential targets and improve patient survival.  

 

Here, we identified aberrant expressions of EN1, a neuro-development TF in the late stage of 

PDA, resulting in enhancer reprogramming and endowing aggressive characteristics in PDA 

progression. EN1 has been shown to be a pro-survival factor in brain development and 

associated with poor prognosis in multiple cancer types, such as adenoid cystic sarcoma, 

triple-negative breast cancer, nasopharyngeal carcinoma, and osteosarcoma17-23. Our data 

showed that EN1 perturbations altered the expression of a number of genes involved in 

apoptosis-, MYC-, hypoxia- and E2F-related pathways. For instance, we found that EN1 
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depletion altered MAPK pathways likely through the up-regulation of negative regulators 

such as DUSP1, promoting cell survival. Collectively, EN1-mediated transcriptional 

alterations render the aggressive characteristics seen in our in vitro and in vivo studies. This 

observation highlights the critical role of developmental TF-mediated epigenetic 

reprogramming in cancer and might offer a unique therapeutic opportunity to exploit EN1-

mediated epigenetic vulnerability in PDA.  

 

While TFs are generally thought to be undruggable, it would be feasible to target the critical 

interacting proteins or functionally important downstream genes of the TFs50. EN1 is known 

to function as a transcription repressor via the EH1 domain51; 52. Consistent with the known 

role as a transcriptional repressor, we showed a majority of EN1 target genes (79%) were 

upregulated upon EN1 depletion, suggesting that EN1 is predominantly a transcription 

repressor in the PDA context. The detailed molecular mechanisms of how EN1 reduced 

H3K27ac and H3K4me3 occupancy remain unknown and should be further explored. Thus, 

it would be worthwhile to identify repressive protein complexes that EN1 recruits to its 

genomic binding sites in PDA. For instance, in triple-negative breast cancer (TNBC), 

synthetic peptides targeting EN1 protein-protein interaction domains have been shown to 

induce cellular apoptotic responses in vitro18. Likewise, targeting strategies of other 

interacting proteins in TNBC, such as TLE3, TRIM24-TRIM28-TRIM33 complex23 , and BRD4-

S53, might attenuate EN1-mediated aggressive cancer phenotypes in the breast cancer 

context.  
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In addition, inhibition of direct EN1 downstream target genes might also be a novel 

therapeutic strategy. For example, Dusp1, a phosphatase negatively regulating ERK, JNK, 

and p38 MAPK activities39, was identified as a direct repressive target of EN1 in our study. 

Thus, En1 depletion resulted in an anti-survival phenotype, likely through up-regulation of 

DUSP1, a negative regulator of MAPK. A previous study has also shown that DUSP1 can 

antagonize a pro-survival signal upon gemcitabine treatment in PDA54. Similarly, the 

downregulation of DUSP1 has been shown to confer pro-tumorigenic and metastatic 

characteristics (e.g., proliferation, migration, invasion, anti-apoptosis) in other cancer types, 

such as bladder and prostate cancers55-57. It should be noted that EN1 genomic binding sites 

appear to be context-dependent since we did not find the EN1 target genes associated with 

WNT and Hedgehog signaling pathways that were previously identified in TNBC21; 23. It is 

possible that the pre-existing epigenetic landscape in different cell types dictates the EN1 

binding sites.   

 

EN1 is an essential gene during embryonic development, and its expression in the 

neuroepithelium is required to form the midbrain and hindbrain58. Within the adult central 

nervous system, the mesodiencephalic dopaminergic neurons constitutively utilize EN1 to 

maintain cellular identity, survival, outgrowth, and pathfinding59-63. A line of evidence 

appears to point out that PDA exhibits neurodevelopment-related programs, such as axon 

guidance pathways, for their survival and tumorigenicity11, while cancer cells generally 

utilize transcriptional programs associated with the cell lineage for survival9. In addition, a 

recent single-nucleus analysis of PDA samples identified a distinct neural-like progenitor 
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(NRP) tumor cell type from patients who received the neoadjuvant therapies. Genes 

enriched in the NPR subtype were linked to axon guidance pathways, cell-cell adhesions, 

migrations, and negative regulations of cell death64. Although EN1 was not differentially 

expressed in the NRP PDA subpopulation, the EN1-mediated transcriptional program, 

including axon guidance, cell-cell junction organizations, negative regulation of apoptosis, 

cell migration, and cytoskeleton organizations, may exert similar functions to the NRP-

related programs in PDA as the neural-related genes were expressed within invasive epithelia 

of PDA to support cell survival and the development of therapeutic resistance. This 

observation highlights the clinical significance of aberrantly expressed TFs and their 

contributions to the pancreatic epigenome, in turn promoting PDA progression, metastasis, 

and chemotherapeutic resistance.  

 

In summary, we provided new evidence that EN1, a neurodevelopmental TF, could be 

aberrantly expressed in the late stage of PDA progression. EN1 can regulate a set of genes 

that govern pro-survival signals, contributing to metastatic characteristics of PDA. 

Importantly, we identified the direct targets of EN1 in PDA and elucidated the effect of EN1 

in pancreatic cancer epigenome, which provides path to develop novel and exploitable drug 

targets in the future. 
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Chapter Three—Nucleoplasmic Macromolecular Crowding and Pancreatic Cancer 

Metastasis 

 

Summary 

 

Pancreatic ductal adenocarcinoma (PDA) represents a formidable challenge in oncology 

due to its aggressive nature and high metastatic propensity. Despite its grim prognosis, most 

patients are diagnosed at an advanced stage, leading to a dismal 5-year survival rate below 

5%. This study endeavors to unravel the unexplored relationship between PDA progression 

and nucleoplasmic macromolecular crowding, a critical yet often overlooked factor in 

biological processes. Utilizing innovative tools, including nucleoplasmic genetically 

encoded multimeric nanoparticles and a 3D PDA organoid model, we investigated 

nucleoplasmic macromolecular crowding in PDA progression and metastasis. We first 

observed differential nucleoplasmic macromolecular crowding in murine metastatic PDA 

organoids. We then unveiled the up-regulation of nesprin-3, a crucial component of the 

outer nuclear membrane and the linker of the nucleoskeleton and cytoskeleton complex, in 

metastatic PDA organoids. Perturbation of nesprin-3 leads to alterations in nucleoplasmic 

macromolecular crowding and attenuations of metastatic potential in vitro, indicating the 

significant role of nesprin-3 in regulating nuclear macromolecular crowding and cancer 

metastasis. By bridging the gap between genetic and biophysical factors, this preliminary 

study provides insights and warrants further investigations into the biophysical properties of 

the nucleoplasm and its influence on the aggressive traits of PDA. 
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Introduction 

 

Pancreatic ductal adenocarcinoma (PDA) is one of the most challenging malignancies.  PDA 

represents a formidable challenge in oncology due to its aggressive nature and high 

metastatic propensity. Despite incremental improvements of the 5-year relative survival rate 

of PDA patients to 12.5% over the past few years1, the 5-year survival rate for metastatic PDA 

patients remains unchanged at a dismal 3.2%2. Gain-of-function mutations of KRAS in 

pancreatic epithelial cells, leading to the formation of pancreatic intraepithelial neoplasia 

(PanIN), initiate PDA progression, followed by loss-of-function mutations of tumor 

suppressor genes, such as CDKN2A, TP53, and SMAD43. However, no known recurrent 

genetic mutations drive PDA metastasis4. In fact, metastatic lesions are genetically similar 

to the primary tumor, suggesting that non-genetic factors are responsible for metastatic 

transitions. Metastasis is a multistep process requiring cancer cells to overcome various 

physical barriers. This involves acquiring migratory and invasive characteristics, 

intravasating, surviving systemic circulation, extravasating, and colonizing secondary organ 

sites. One possible mechanism for metastatic PDA cells to overcome these challenges 

involves fluctuations in gene expression caused by epigenetic alterations to acquire invasive 

traits. Additionally, an emerging research field indicates that the mechanical properties of 

the cell nucleus play a crucial role in cancer metastasis. More specifically, the nuclear 

lamina acts as a mechanical scaffold for chromosome positioning, chromatin remodeling, 

and transcriptional regulations5. However, it remains unknown if the biophysical properties 

of the nucleus, including macromolecular crowding, affect PDA metastasis. 
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Macromolecular crowding is implicated in various biological and cellular processes, 

including chromatin compaction, epigenetic regulation, and gene expression regulation6. 

Nuclei, constituting 20-40% of the cellular volume, are densely packed with biological 

macromolecules such as proteins and nucleic acids7. A balanced concentration of these 

crowding agents energetically favors intermolecular interactions, thereby accelerating 

reaction rates. Alterations in macromolecular crowding can significantly impact biological 

functions within nuclei, including RNA synthesis8, chromatin interaction and compaction9,  

and the transcription rate of specific genes7.  Consequently, macromolecular crowding 

impacts cell differentiation10 and nuclear volume11, a hallmark of cancer. Despite the 

implication of cytosolic macromolecular crowding in cancer progression and therapeutic 

resistance12, the role of nucleoplasmic macromolecular crowding in tumor progression and 

metastasis remains unexplored. 

 

To study macromolecular crowding, we employ the ectopic expression and single-particle 

tracking of nucleoplasmic genetically encoded multimeric nanoparticles (nucGEMs)13.  

NucGEMs are comprised of the Pyrococcus furiosus encapsulin scaffold protein fused with 

a green fluorescent protein (GFP) and a nuclear localization signal (NLS) from the large T-

antigen of SV40, assembling into stable 40 nm in diameter particles that are similar in size 

compared to RNA Polymerase II within the nucleus14.  Once nucGEM is expressed, the 

motion of the GEMs can be observed to infer various biophysical properties within the 
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nucleus, such as viscosity, elasticity, and structure based on the characteristic motion of 

the nucGEM14.  

 

Until recently, studying the dynamic changes of biophysical and molecular dynamics during 

cancer progression has been challenging due to the lack of relevant in vitro models capable 

of recapitulating different stages of PDA. To address this obstacle, we previously established 

an in vitro organoid model derived from a genetically engineered mouse model harboring 

Kras+/LSL-G12D; Trp53+/LSL-R172H; Pdx1-Cre (hereinafter referred to as KPC) alleles15.  The organoid 

models derived from the normal murine pancreas and the KPC PDA tissues allow a direct 

comparison of the normal (mN)-, tumor (mT)- and paired metastasis (mM)-derived organoids 

at biochemical, biophysical, and cell biological levels at each stage of the diease 

progression. Furthermore, 2D cell lines can be derived from the mT and mM organoids, 

enabling a direct comparison of the biophysical and cell biological properties of the cancer 

cells during adaptation to the plastic petri dish. 

 

In this study, we identified Nesprin-3 as a potential oncogene and regulator of 

nucleoplasmic macromolecular crowding in pancreatic cancer cells. The gene Syne3 

encodes nesprin-3 and is a crucial member of the outer nuclear membrane and the linker of 

the nucleoskeleton and cytoskeleton (LINC) complex. LINC complexes are nuclear 

envelope-spanning molecular bridges that physically couple the nucleus to cytoskeletal 

structures and play critical roles in regulating nuclear-cytoplasmic transport via nuclear 

pore complexes, mechanotransduction, genome stability, chromatin organization, and gene 
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transcription16,17. Furthermore, disruptions of the LINC complex, known to impair force 

transmission between the nucleus and cytoskeleton, are associated with defects in cell 

migration18,19, suggesting a potential influence of nucleoplasmic biophysical properties on 

cancer cell metastasis. Moreover, disruption in the LINC complex altered cytoplasmic 

stiffness20, a factor implicated in cellular plasticity and the induction of epithelial-to-

mesenchymal transition (EMT)21. Perturbation of Nesprin-3 leads to alterations in 

nucleoplasmic macromolecular crowding and attenuations of metastatic potential in vitro, 

indicating the significant role of nesprin-3 in regulating nuclear macromolecular crowding 

and cancer metastasis. Therefore, targeting Nesprin-3 and nucleoplasmic macromolecular 

crowding could be effective therapeutic strategies against PDA metastasis.  
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Materials and Methods 

 

Tissue culture conditions 

Murine pancreatic normal organoids (mN11, mN12, and mN13), primary tumor organoids 

(mT3, mT19, and mT23), metastatic organoids (mM1, mM6, and mM10), and tumor 2D cell 

lines (mT19-2D and mM6-2D) from the tumor-bearing KPC mice were established and 

characterized previously22. . Murine pancreatic organoid culture media contains Advanced 

DMEM/F-12 (Thermo Fisher 12634028), 10mM HEPES (Thermo Fisher 15630080), 1% 

Penicillin-Streptomycin (Thermo Fisher 15140122), 1% GlutaMAX Supplement (Thermo 

Fisher 35050061), 0.5mM A 83-01 (Fisher Scientific 29-391-0), 0.05mg/mL mEGF (Fisher 

Scientific PMG8043), 0.1mg/mL hFGF-10 (Pepro Tech 100-26), 0.01mM hGastrin I (Fisher 

Scientific 30-061), 0.1mg/mL mNoggin (Pepro Tech 250-38), 1.25mM N-Acetyl-L-cysteine 

(Millipore Sigma A9165), 10mM Nicotinamide (Millipore Sigma N0636), 1X B-27 Supplement 

(Fisher Scientific 17-504-044), and 1x RSPO1-conditioned medium.  Murine 2D culture 

media contains DMEM (Corning 10-013-CV), 10% FBS (Gen Clone 25-550H), and 1% 

Penicillin-Streptomycin.  

 

Cloning 

Scramble shRNA was obtained previously22. Syne3 shRNAs sequences were obtained from 

the TRC shRNA library available at the Broad Institute (shSyne3 CDS TRCN0000283060 and 

shSyne3 3’UTR TRCN0000283064) and cloned in the pLKO.1 puro construct (Addgene 8453). 

8 g of pLKO.1 plasmid was first digested overnight at 37 ℃ using 2L AgeI-HF (NEB R3552L) 
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and 2L EcoRI-HF (NEB R3101L). The digested plasmid was then dephosphorylated using 

2L Quick CIP (NEB M0525L) at 37 ℃ for 3 hours and purified using PureLinkTM PCR 

purification kit (Thermo Fisher K310001) and diluted to 50ng/L. 1L of each paired 

oligonucleotide stocks (100 M) was first phosphorylated using T4 Polynucleotide Kinase 

(NEB M0201L) at 37 ℃ for 30 minutes and then heated to 95 ℃ for 5 minutes followed by 

ramping down to 25 ℃ at 5 ℃/minute for annealing and diluted at 1:200 dilution factor. 1L 

of annealed primers were ligated with the pLKO.1 vector using Quick LigationTM kit (NEB 

M2200L) at room temperature for 30 minutes. Sanger sequencing was performed by 

Genewiz using U6 primer (5’ ACTATCATATGCTTACCGTAAC 3’) for validation. pLV V5-tagged 

Syne3 puro was obtained from Addgene (Addgene 175136), and pLV mCherry puro was 

obtained from VectorBuilder.  

 

Reverse transcription and quantitative PCR 

Total RNA was extracted using TRIzol reagents per the manufacturer’s instructions as 

described in the RNA preparation for sequencing. RNA concentration was measured using 

NanoDrop 1000 (Thermo Fisher). 1500 ng of RNA was used for cDNA synthesis with a high-

capacity cDNA reverse transcription kit (Thermo Fisher 4368814). 1 mL of the cDNA or 

CUT&RUN DNA was used for qPCR with PowerTrackTM SYBR green qPCR master mix (Thermo 

Fisher 446109) on LightCycler 480 instrument II (Roche Diagnostics). The qPCR results were 

quantified using the 2^(delta)(delta)Ct method with housekeeping gene Gapdh and Actb for 

data normalization. qPCR primer sequences used in the study include Gapdh Forward 5’ 

TTCACCACCATGGAGAAGGC 3’, Gapdh Reverse 5’ CCCTTTTGGCTCCACCCT 3’, Actb 
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Forward 5’ GTGACGTTGACATCCGTAAAGA 3’, Actb Reverse 5’ GCCGGACTCATCGTACTCC 3’, 

Syne3 Forward 5’ GCAGGTGACAAGTTCTGTGAGG 3’, Syne3 Reverse 5’ 

TGGAGGTCTAGGAGCTTCCTGT 3’.  

 

Lentivirus production and infection 

Lentivirus was produced in HEK293T (ATCC CRL-3216) via X-tremeGENE9 (Millipore Sigma 

6365809001) transfection using psPAX2 (Addgene 12260) and pMD2.G (Addgene 12259). 

Detailed protocols for transfection and infection procedures were described previously22. 

 

Colony formation assay 

KPC-2D cell lines were trypsinized to generate single-cell suspensions and counted three 

times to average the cell counts. 1000 cells were resuspended in DMEM supplemented with 

10% FBS and 1% Penicillin-Streptomycin and plated in 6-well tissue culture plates (Celltreat 

229105) for 14 days. Colonies were stained at room temperature for 1 hour with 2% crystal 

violet (Thomas Scientific 30430001-1) diluted in 100% methanol to reach the 0.5% final 

concentration, followed by tap water wash three times and running water wash for five 

minutes. The plates were imaged with iPhone 12 Pro Max (Apple), and clonogenic growth was 

analyzed using the ImageJ (NIH) plugin ColonyArea23.  

 

Tumor spheroid formation assay 

All cell lines were trypsinized to generate single cell suspensions and counted three times to 

average the cell counts. 15,000 cells of KPC-2D cells were resuspended in 3D Tumorsphere 
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Medium XF (PromoCell C-28075) and plated in ultra-low attachment 24-well plates 

(Millipore Sigma CLS3473-24EA) for 14 days. Culture suspensions were mixed well before 

imaging using the EVOS M5000 imaging system (Fisher Scientific) under a 4x bright field. 

Spheroids were analyzed using the ImageJ plugin Cell Colony Edge24.  

 

Wound-healing assay 

Cells were grown to 100% in 6-well tissue culture plates and wounded linearly using a 200 

L tip followed by three washes of PBS. Cell migration was imaged every 6 hours for 18 hours 

under 4x bright field. The percentage of migration was determined by the ImageJ plugin MRI 

Wound Healing Tool25.  

 

Cell proliferation assay 

All cell lines were trypsinized to generate single cell suspensions and counted three times to 

average the cell counts. 5000 cells were plated in 100 L of the culture media and serial 

diluted 7 times at 1:2 dilution factor in 96-well plates for 36 or 60 hours. 100 µL of diluted 

AlamarBlue solution prepared by mixing 180 µL of Resazurin (Fisher Scientific, 

AC418900010) in 50 mL of PBS was added to each well and incubated at 37 ℃ for 2 hours. 

Absorbance at 570nm was measured using a SpectraMax iD5 microplate reader (Molecular 

Devices). Data analysis was performed as previously described26.  

 

Boyden chamber invasion assay 
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Matrigel (Corning 356231) was first diluted in DMEM at 1:10 dilution. 100 L diluted Matrigel 

was placed in a transwell insert (Neta Scientific SIAL-CLS3464), incubated in the tissue 

culture incubator for 3 hours, and removed completely using vacuum suctioning. 600 L of 

DMEM supplemented with 10% FBS was added to the lower chamber. 50,000 per 200 L of 

cells were then added on top of the solidified Matrigel and incubated for 36 hours. After, the 

transwell was removed and gently scrubbed with a cotton swab and washed twice with PBS. 

Cells were then stained with Giemsa stain (Millipore Sigma G5637).  

 

RNA sequencing data analysis 

mT3, mT19, mT23, and paired mM1, mM6, and mM10 organoid RNA sequencing data were 

obtained from a publicly available database27. Pair-end raw data was aligned to mm10 

reference genome using HISAT228. Sequencing reads were counted and normalized using 

featureCounts29. DESeq230 was then used to identify differentially expressed genes.  

 

nucGEM Imaging and data analysis 

A pipeline for imaging nucGEM and the subsequent data analysis was developed by the Starr 

& Luxton Labs at the University of California, Davis.  
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Results 

 

To investigate whether metastatic PDA organoids exhibit differential nucleoplasmic 

macromolecular crowding from tumor PDA organoids, we lentivirally introduced nucGEMs 

into three pairs of mT and mM organoids from KPC mice. Using spinning-disk confocal 

microscopy for live cell imaging, we first optimized the quantification of molecular crowding, 

characterized by the effective diffusion rate, in the nucleoplasm of single cells within 3D 

organoids (Figure 39).  

 

 

 

Figure 39. A representative image of nucGEM (left) in the mM6 organoid. Single nuclei are contrasted by 

Hochest staining (right). The nucGEM is imaged using a 100x Nikon HCA Spinning Disc Confocal Microscope 

at the UC Davis Light Microscopy Core.  
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We observed a higher diffusion rate in the nuclei of mM organoids at the 40 nm length scale, 

indicating a reduced collision frequency and a lower molecular reaction rate at the 

mesoscale compared to mT organoids (Figure 40).  

 

 

 

Figure 40. Nucleoplasmic macromolecular crowding in paired murine KPC tumor and metastasis PDA 

organoids. Each data point represents the average effective diffusion of nucGEMs in a single nucleus from the 

indicated organoids. mT3 n = 69, mT19 n = 54, mT23 n = 99, mM1 n = 79, mM6 n = 56, and mM10 n = 99. **** p 

< 0.0001, one-way ANOVA.  

 

Given that 2D cell culture is a prevalent model for cancer research, we asked if the process 

of adapting a plastic petri dish would alter the biophysical properties of the cell nuclei from 

in vivo-mimicking 3D culture to 2D monolayer culture. To address this, we lentivirally 

expressed nucGEMs into organoid-derived 2D cell lines, including mT3-2D, mT19-2D, mT23-

2D, mM1-2D, mM6-2D, and mM10-2D cells (Figure 41). We observed only the mT23-

2D/mM10-2D pair of cell lines recapitulated the findings in 3D organoid and that the 

mesoscale macromolecular diffusion rate was higher in mT3-2D and mT19-2D cell lines.  
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Figure 41. Nucleoplasmic macromolecular crowding in paired murine KPC tumor and metastasis PDA 

organoid-derived 2D cell lines. Each data point represents the average effective diffusion of nucGEMs in a 

single nucleus from the indicated organoids. mT3 n = 109, mT19 n = 148, mT23 n = 113, mM1 n = 126, mM6 n = 

110, and mM10 n = 133. **** p < 0.0001, one-way ANOVA.  

 

Interestingly, when comparing between 3D organoids and 2D cell lines, we observed that the 

nucleoplasmic macromolecular diffusion was significantly higher in the 2D cell lines 

compared to the parental 3D organoid, with the exception of the mM6-2D/3D pair (Figure 42). 

Furthermore, the diffusion rate in 2D cells had a larger range of distribution compared to the 

parental 3D organoids.  
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Figure 42. Comparison of nucleoplasmic macromolecular crowding in 3D organoid and organoid-derived 2D 

cell lines. **** p < 0.0001, one-way ANOVA.  

 

It has been shown that alteration of the extracellular environment can influence the 

biophysical properties within the cell, including metabolism, signaling, cellular, and nuclear 

stiffness31,32. Therefore, we asked if the observed difference in nuclear diffusion between the 

3D organoid and 2D cell lines was due to the difference in the extracellular environment. To 

address this, we plated the nucGEM-expressing mT19-2D cell into Matrigel, allowed the cells 

to form organoids, and imaged the nucGEMs after three weeks of passaging. Interestingly, 

we observed that the averaged nuclear macromolecular diffusion rate did not change after 

2D cells grew into 3D organoids (mT19 2-3D) (Figure 43), indicating that the observed 

increase in nuclear macromolecular diffusion during organoid adaptation to 2D plastic petri 

dish was not due to the change in extracellular environment but the intrinsic properties of 

the cell. It is worth noting that comparing mT19 2D and mT19 2-3D, the range of diffusion 

coefficient was reduced when cells were in the 3D matrix form, resembling the parental 

organoid (Figure 43).  
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Figure 43. Nucleoplasmic macromolecular crowding in mT19 organoid, organoid-derived 2D cells, and 2D 

cells reformed into organoids. Each data point represents the average effective diffusion of nucGEMs in a single 

nucleus from the indicated organoids. mT19 3D n = 54, mT19 2D n = 148, and mT19 2-3D n = 85. **** p < 0.0001, 

one-way ANOVA.  

 

To identify potential regulators of nuclear crowding, we analyzed publicly available RNA-seq 

datasets of pancreatic organoid models for PDA progression27. We observed differential 

expression of LINC complex protein-encoding genes, with nuclear envelope spectrin repeat 

protein 3 (nesprin-3, encoded by the Syne3 gene) up-regulated and nesprin-4 (encoded by 

the Syne4 gene) down-regulated in mM relative to mT organoids (Figure 44). We also 

observed the upregulation of other LINC complex genes, including Tor1a, Tor1b, Sun1, and 

Sun2 (Figure 44).  
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Figure 44. A heatmap of significantly differentially expressed genes from the RNA-sequencing analysis of 

paired mT and mM PDA organoids27. p < 0.05, the p-value was determined by DESeq230.  

 

LINC complexes are nuclear envelope-spanning molecular bridges that physically couple 

the nucleus to cytoskeletal structures and play critical roles in regulating nuclear-

cytoplasmic transport via nuclear pore complexes, mechanotransduction, genome stability, 

chromatin organization, and gene transcription16,17. In addition, disruption in the LINC 

complex altered cytoplasmic stiffness20, a factor implicated in cellular plasticity and the 
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induction of epithelial-to-mesenchymal transition (EMT)21. Furthermore, Nesprin-3 

indirectly interacts with vimentin (Vim) intermediate filaments via the cytoskeletal 

crosslinker protein plectin (Plec)33, both of which are crucial for cell polarity and EMT34. Given 

the upregulation of Syne3, Vim, and Plec in mM vs. mT PDA organoids (Figure 44), we 

hypothesized that Nesprin-3 regulates nuclear molecular crowding to promote pancreatic 

cancer metastasis. To address this hypothesis, we ectopically introduced V5-tagged Syne3 

in the mT19-2D cell line (Figure 45) and measured cell proliferation, migration, and 

anchorage-independent growth.  
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Figure 45. Immunofluorescence staining of anti-V5 in mT19-2D cells that lentivirally introduced with V5-tagged 

Nesprin-3 or mCherry control. Nesprin-3 was localized at the nuclear membrane. Scale bar: 40 m.  

 

While Nesprin-3 did not change cell proliferation (Figure 46), survival (Figure 47), or 

anchorage-independent growth (Figure 48), we found that Nesprin-3 overexpression 

increased cell migration (Figure 49) and invasion (Figure 50), indicating that Nesprin-3 is 

sufficient to promote PDA aggressive characteristics in vitro.  

 

 

 

 

 

Figure 46. mT19-2D cells with V5-Syne3 cDNA were subjected to cell proliferation assay compared to the 

mCherry vector control. Cell proliferation rate was determined by cell viability assay using Alamar blue, and 

absorbance was measured at 36- and 60-hours post-seeding. n=6 per cell number, mean  SD.  
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Figure 47. mT19-2D mCherry and SYNE3-overexpression cells were subject to colony formation assay for 14 

days, and the colonies were stained by crystal violet (right) and quantified (left) by percentage growth area. n=9, 

mean  SD. 
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Figure 48. mT19-2D mCherry and SYNE3-overexpression cells were subject for anchorage-independent tumor 

spheroid formation assay for 14 days, and the numbers of spheroids were monitored (right) and quantified (left). 

n=3, mean  SD.  
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Figure 49. mT19-2D mCherry and SYNE3-overexpression cells were subjected to wound-healing assay, and the 

percentage of wound closure was monitored (right) and quantified (left) at 0-, 6-, 12-, and 18-hour post-

scratching. n=3, mean  SD.  

 

 

 

 

Figure 50. mT19-2D mCherry and SYNE3-overexpression cells were subjected to Boyden-chamber Matrigel 

invasion assay for 36 hours, and the cells migrating across the transwell were fixed with methanol, stained by 

Giemza (top), and quantified per 4x image field (bottom). n=3, mean  SD. * p < 0.01, student t-test. 
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Since Nesprin-3 expression contributed to the aggressive natures of PDA cells, we reasoned 

that a SYNE3-targeting strategy might be therapeutically relevant. To investigate the effects 

of Nesprin-3 depletion in metastatic pancreatic cancer, we lentivirally introduced shRNAs 

against Syne3 either targeting coding sequence (CDS) or 3’-untranslated regions (3’ UTR) 

into the mM6-2D cell line (Figure 51).  

 

 

Figure 51. Relative Syne3 mRNA expressions determined by RT-qPCR in mM6-2D cells with shRNA targeting 

Syne3 mRNA coding region (shSyne3 CDS) and Syne3  mRNA 3’ untranslated region (shSyne3 3’UTR) compared 

to the scramble shRNA (shScr) control cells. n=3, mean  SD.  

 

We then subjected the cells to cell proliferation, migration, invasion, and anchorage-

independent growth assays. While Nesprin-3 knockdown did not change cell proliferation 

(Figure 52) or survival (Figure 53), we found that it impaired anchorage-independent growth 

(Figure 54), cell migration (Figure 55), and invasion (Figure 56), indicating that Nesprin-3 is 

necessary for PDA transformation, migration, and invasion in vitro.  
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Figure 52. mM6-2D cells with shScr, shSyne3 CDS, and shSyne3 UTR were subjected to cell proliferation assay 

compared to the mCherry vector control. Cell proliferation rate was determined by cell viability assay using 

Alamar blue, and absorbance was measured at 36- and 60-hours post-seeding. n=6 per cell number, mean  

SD.  

 

 

Figure 53. mM6-2D cells with shScr, shSyne3 CDS, and shSyne3 UTR were subject to colony formation assay 

for 14 days, and the colonies were stained by crystal violet (top) and quantified (down) by percentage growth 

area. n=9, mean  SD. 
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Figure 54. mM6-2D cells with shScr, shSyne3 CDS, and shSyne3 UTR were subject for anchorage-independent 

tumor spheroid formation assay for 14 days, and the numbers of spheroids were monitored (right) and 

quantified (left). n=3, mean  SD. * p < 0.01, student t-test.  
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Figure 55. mM6-2D cells with shScr, shSyne3 CDS, and shSyne3 UTR were subjected to wound-healing assay, 

and the percentage of wound closure was monitored (right) and quantified (left) at 0-, 6-, 12-, and 18-hour post-

scratching. n=3, mean  SD. 
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Figure 56. mM6-2D cells with shScr, shSyne3 CDS, and shSyne3 UTR were subjected to Boyden-chamber 

Matrigel invasion assay for 36 hours, and the cells migrating across the transwell were fixed with methanol, 

stained by Giemza (top), and quantified per 4x image field (bottom). n=3, mean  SD. **p < 0.001, student t-

test. 

 

Finally, to determine if Nesprin-3 regulates the nucleoplasmic macromolecular crowing, we 

ectopically introduced nucGEM into mM6-2D cells expressing shScr, shSyne3 CDS, and 

shSyne3 UTR constructs and tracked the nucGEM particle motion. The depletion of nesprin-

3 from mM6-derived 2D cells decreased the level of nucleoplasmic macromolecular 

crowding observed in the scramble control (Figure 57), suggesting Nesprin-3 could regulate 

nucleoplasmic particle diffusion at the mesoscale.  
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Figure 57. Nucleoplasmic macromolecular crowding in mM6-2D cells expressing scramble shRNA, shSyne3 

CDS, and shSyne3 UTR. Each data point represents the average effective diffusion of nucGEMs in a single 

nucleus from the indicated organoids. N = 99 for each cell line. *** p < 0.001, **** p < 0.0001, one-way ANOVA. 
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Discussion 

 

The alteration of nucleoplasmic macromolecular crowding during PDA progression remains 

an unexplored area of research. Previous studies have shown that highly invasive cells 

exhibit distinct physical properties, such as increased cell deformability and traction forces, 

compared with less invasive cancer cells5. Our preliminary data from paired mT and mM 

organoids indicate that mM organoids exhibit higher nucGEMs effective diffusion compared 

to mT organoids. Furthermore, we observed that Nesprin-3/SYNE3 is a key regulator of 

metastatic PDA cell nucleoplasmic macromolecular crowding, anchorage-independent cell 

growth, cell migration, and invasion. Overall, these results provided novel insights into how 

physical properties of the nucleus are tightly associated with molecular and cellular 

processes in metastatic PDA cells, which could potentially lead to the identification of new 

targets for metastatic pancreatic cancer.  

 

Macromolecular crowding is implicated in various biological and cellular processes, 

including chromatin compaction, epigenetic regulation, and gene expression regulation6. 

Nuclei, constituting 20-40% of the cellular volume, are densely packed with biological 

macromolecules such as proteins and nucleic acids7. A balanced concentration of these 

crowding agents energetically favors intermolecular interactions, thereby accelerating 

reaction rates. Alterations in macromolecular crowding can significantly impact biological 

functions within nuclei, including RNA synthesis8, chromatin interaction and compaction9,  

and the transcription rate of certain genes7. Consequently, macromolecular crowding 



 
155 

impacts cell differentiation10 and nuclear volume11, a hallmark of cancer. The specific 

mechanisms of how macromolecular crowding impacts chromatin organization, 

transcriptional regulations, and subsequent metastasis remain elusive. In a simulation 

model and an artificial cellular nanosystem, increased nucleoplasmic macromolecular 

crowding, to a certain degree, can promote transcriptional bursting by limiting 

macromolecular crowding and decreasing the kinetics between transcription factor and 

promoter interactions35,36. At the nuclear architecture level, an interesting model was 

proposed in which nuclear crowding promotes chromatin fiber to form 10-nm fiber instead 

of 30-nm fiber37. Nevertheless, the relationship between nuclear crowding and epigenetic 

regulations could be further assessed by altering the concentration of the crowding agents 

inside the nuclei and analyzing heterochromatin/euchromatin, chromosomal A/B 

compartments, and transcriptional profiling using ATAC-sequencing, chromosome 

conformation capture experiments, and RNA-sequencing analysis; furthermore, the 

metastatic phenotype can be assessed upon perturbing the nuclear macromolecular 

crowding to establish the relationship between nuclear crowding and cancer metastasis.  

 

In this study, we compared the nuclear macromolecular crowding between organoids and 

organoid-derived 2D cell lines. We found a significant increase in nuclear diffusion in 2D 

cells with a wide range of diffusion rates. Furthermore, when the 2D cells reformed into 

organoids, the nuclear diffusion remained constant, indicating the alteration of the diffusion 

was due to cell-intrinsic properties. Indeed, the 2D cell lines and the parental 3D organoid 

displayed distinct molecular and in vivo phenotypic differences. It was found that comparing 
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orthotopic transplantations of PDA 3D organoid vs. 2D cell lines, the organoids 

transplantation led to the formation of desmoplasia, resembling the autochthonous KPC 

pancreatic cancer mouse model15. In contrast, 2D cell transplants lacked desmoplasia38, 

suggesting that 3D organoid and 2D cell lines have distinct cellular phenotypes. At the 

molecular level, it was found that KPC metastasis organoid and organoid-derived tumor and 

metastasis 2D cell lines exhibit Trp53 loss of heterozygosity and aneuploidy15,39, while the 

tumor organoid did not exhibit Trp53 loss of heterozygosity and aneuploidy15. Furthermore, 

when the pancreatic normal, PanIN, tumor, and metastasis were transplanted into the 

mouse pancreas, they formed the normal ductal structure, preinvasive PanIN, and tumor, 

respectively, while the metastasis transplant rapidly formed invasive PDA within one month15. 

These observations indicated that the organoid model preserved the biological 

characteristics of PDA tumors in vitro compared to in vivo and that the adaptation of a 2D 

plastic petri dish is a selective process that only isolates a subset of PDA cells. Therefore, 

the nuclear diffusion rates must also be determined in the organoids with SYNE3 

overexpression or knockdown to recapitulate the in vivo biological characteristics.  

 

From RNA-seq analysis, we identified the overexpression of vimentin and plectin in 

metastatic PDA organoids.  It is known that Plectin-1, a cytoskeletal crosslinker protein, is a 

biomarker for pancreatic cancer40. Interestingly, Nesprin-3 interacts with plectin, which 

anchors intermediate filament vimentin41,34. Furthermore, a Plectin-1-based chimeric 

antigen receptor (CAR) T-cell has been developed to improve the pancreatic cancer 

therapeutic regimen42. However, the functional significance of Plectin-1 in PDA has never 



 
157 

been discovered. Given the observation of impaired cell migration and invasion upon SYNE3 

knockdown, it is reasonable to hypothesize that the nucleus, the nuclear positioning, and 

the physical connections of the nucleus to the cytoskeleton are important for cell migration, 

invasion, and cancer progression. Therefore, further mechanistic experiments should be 

conducted to elucidate the significance of the Syne3-Plec-Vim axis during PDA progression 

and metastasis to develop a more robust therapeutic regimen. Furthermore, several other 

LINC genes were also dysregulated in PDA metastasis, including Tor1a/1b and Sun1/2. 

Therefore, it would be beneficial also to investigate the role of these proteins on 

nucleoplasmic macromolecular crowding and PDA metastasis.  

 

The mechanical properties of the cancer cells, such as softness vs. stiffness and 

deformability, represent an important characteristic of their ability to adapt and survive 

throughout the metastasis cascade43–45. Furthermore, it was demonstrated that intracellular 

viscosity can be used to distinguish the efficiency of metastatic cancer cells in extravasating 

into the blood vessel46. Interestingly, it has been shown that different composition of lamin 

isoforms interacts with LINC complexes distinctively to modulate cytoplasmic stiffness47. 

For example, loss of lamin A can lead to an increase in the nuclear volume47. In our RNA-seq 

data, we found lamin A expression was significantly upregulated, and lamin B expression 

was significantly downregulated in the metastatic PDA organoid. Therefore,  it’s possible that 

lamin-LINC interaction is an important factor in regulating PDA metastasis. Cell volume, 

density, and viscosity can also regulate macromolecular diffusion6,14,48. Moreover, it was 

theorized that increasing nuclear volume while remaining constant in macromolecule 
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concentrations would reduce nuclear stiffness and promote cellular invasion through tight 

junctions49. Therefore, to conclude that PDA metastasis nuclei are less crowded and that 

SYNE3 regulates nuclear macromolecular crowding, one must measure the size and volume 

of the nuclei from PDA tumor, metastasis, and cells upon SYNE3 overexpression or 

knockdown.  

 

Several experiments and questions must be addressed in order to make definitive 

conclusions about the regulatory roles of Nesprin-3 and nucleoplasmic macromolecular 

crowding in PDA metastasis. First, we must conduct in vitro functional genetic perturbation 

experiments using biological replications to ensure scientific reproducibility, including using 

mT3-2D and mM10-2D for SYNE3 overexpression experiments and mM1-2D and mM10-2D 

for SYNE3 knockdown experiments. In addition, rescue experiments in shSyne3 3’UTR by 

overexpressing SYNE3 should be performed to ensure the target specificity of the shRNAs.  

Furthermore, nucGEM should be ectopically expressed in these biological replications and 

rescue experiments. In particular, since Syne3 knockdown resulted in a decreased effective 

diffusion rate, one would expect an increase in nucleoplasmic diffusion upon SYNE3 

overexpression in the shSyne3 3’UTR cell lines to properly establish the correlative relations 

between SYNE3 and nucleoplasmic macromolecular crowding.  

 

From a cancer biology perspective, SYNE3 expressions during PDA tumor progression in vivo 

and patient relevance must be established. For example, orthotopic transplantation of 

murine metastatic PDA cell lines/organoids with SYNE3 knockdown or knockout (loss-of-
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function) and murine tumor PDA cell lines/organoids with SYNE3 overexpression (gain-of-

function) should be performed to demonstrate the in vivo relevance of SYNE3 during PDA 

progression and metastasis. In addition, SYNE3 expressions should be assessed using PDA 

patient samples, such as performing immunohistochemistry staining of SYNE3 in PDA tissue 

microarray containing both tumor and metastasis samples or performing RNA-seq analysis 

probing SYNE3 expressions, and patient survival should be stratified based on SYNE3 

expression levels. Furthermore, nucGEM should be introduced to human normal, tumor, 

and/or metastasis PDA organoids to recapitulate the findings from the murine organoid 

models. These experiments would be sufficient to establish the in vivo and human relevance 

of SYNE3 in PDA progression. From the molecular crowding perspective, perturbation of the 

nuclear diffusion rate and assessment of cancer aggressiveness should be conducted. For 

example, performing a titration of nucGEM lentivirus experiment to alter the nuclear density 

followed by in vitro functional assays would lead to a robust conclusion as to whether 

macromolecular crowding inside the nuclei regulates PDA progression and metastasis. 

Furthermore, determining the nucleoplasmic macromolecular crowding using murine 

normal and PanIN organoids would provide a comprehensive relationship of molecular 

crowding during pancreatic carcinogenesis and disease progression.  
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 Chapter Four—Organoid Technology and Pancreatic Cancer Research 

 

Summary 

 

Given pancreatic cancer (PDA) organoids were used as the primary research model in 

Chapters Two and Three of the dissertation, it is imperative to provide a comprehensive 

overview of the current understanding of these organoids. Pancreatic epithelium organoid 

culture has revolutionized PDA research by faithfully recapitulating disease progression and 

therapeutic responses. Established through innovative techniques, these models preserve 

key physiological features and enable molecular characterization, unveiling transcriptional 

and epigenetic dynamics underlying PDA pathogenesis. Moreover, patient-derived 

organoids offer predictive biomarker identification and drug sensitivity testing, guiding 

precision medicine strategies. In addition, co-culture models reveal tumor 

microenvironment interactions, elucidating immune responses and therapeutic resistance 

mechanisms. Therefore, organoid culture represents a promising avenue for personalized 

PDA treatment development and warrants continued exploration for improved patient 

outcomes. 
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History of Pancreatic Organoid Culture Development 

 

In 2015, the Tuveson and the Clevers laboratories reported an in vitro 3D tissue culturing 

method termed pancreatic organoid to model murine and human PDA progression and 

metastasis1, which is widely adopted within the pancreatic cancer research community. A 

pancreatic organoid is defined by a group of adult pancreatic epithelial cells including 

progenitors organized into a 3D spheroid that can be expanded long-term ex vivo with 

defined cellular organizations, including basal-apical polarity and lumen formation2. Unlike 

the traditional 2D cell line or xenograft transplantation models, pancreatic organoids derived 

from a small quantity of both murine and human tissues accurately recapitulate the 

physiologically relevant characteristics of PDA progression in vitro, can be generated more 

efficiently in a relatively short time frame, and allow the PDA stage-specific comparisons at 

the genetic, epigenetic transcriptomic, and proteomic profiling1,3,4, facilitating the discovery 

of novel biomarkers and therapeutic strategies. During the development of the pancreatic 

organoid culture, various culturing techniques, matrix composition, and media formulation 

were tested for the growth, expansion, and biological characteristics of the organoids.    

 

The journey to developing effective pancreatic organoid culture began with the pioneering 

work of the Ruby lab in 1980, which marked the genesis of pancreatic 3D culture by achieving 

successful ex vivo culturing of the ductal epithelium from rat pancreas5. In 2012, the Bar-

Sagi lab introduced a method enabling the passaging and expansion of murine primary 

ductal epithelial cells into spheroids6. This technique involved microdissection of murine 
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pancreatic ducts, enzymatic dissociation of the ducts into single cells or small clusters, and 

plating in an 80% Matrigel matrix, which formed spheroids within 48 hours6. However, these 

approaches were limited for research utilities in its capacity for cell expansion.  

 

The Ku and Riggs laboratories introduced a method employing 1% methylcellulose and 5% 

Matrigel mix, facilitating the formation of “Ring” colonies characterized by hollow spheres 

with ductal epithelial identity7. Notably, this culture system selectively supported the 

proliferation of ductal cells while excluding cells with endocrine or acinar identities7. 

Furthermore, when the cells were placed into a laminin-based matrix, the cultured cells 

could differentiate into endocrine/acinar cell identities7, not only indicating the bi-potency 

of the ductal epithelial cells but also highlighting the importance of culture conditions in 

establishing the appropriate research model for scientific inquiries. The Rustgi lab 

transitioned into growing spheroids not only from adult and embryonic mouse pancreas, but 

also from the genetically engineered mouse model harboring Kras+/LSL-G12D; Trp53+/LSL-R172H; 

Pdx1-Cre (KPC) alleles8. The lab developed a method utilizing Dolichos biflorus agglutinin 

lectin, a glycoprotein that specifically recognizes pancreatic ducts, to isolate the pancreatic 

ductal cells selectively8. Culturing these cells in type I collagen resulted in forming single-

cell-layered spheroids with hollow cores within ten days8.  

 

The Clevers lab developed the first culturing method classified as organoid by embedding 

fragmented normal murine pancreatic ducts in a Matrigel matrix supplemented with roof 

plate-specific spondin 1 (RSPO1), a Wnt agonist3. This led to the formation of single-cell-
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layered organoids containing adult pancreatic progenitor cells with hollow cores within 24-

48 hours, capable of maintaining long-term expansion, passaging, and bi-potency without 

malignant transformation for over ten months. Intriguingly, upon orthotopic transplantation 

into the mouse pancreas, these organoids gave rise to ductal structures, indicating the 

preservation of the biological characteristics inherent to ductal nature within the organoid 

culture method. Taking a similar methodology, the Kuo lab pioneered an air-liquid interface 

organoid culture model, embedding minced pancreatic ductal tissues from wild-type or 

genetically engineered mice with Kras+/LSL-G12D; Trp53flox/flox alleles in a collagen matrix exposed 

to both culture media and air4. These organoids comprised epithelial, endocrine, and 

stromal components and demonstrated oncogenic transformation potential in vitro upon 

the addition of adenovirus expressing Cre recombinase, enabling long-term expansion and 

passaging of oncogenic transformed organoids in contrast to limited passaging in contrast 

to the wild type or untransformed pancreatic ductal organoids.  

 

Finally, the Clevers and Tuveson labs further refined Matrigel-embedded organoid culturing 

models to recapitulate different stages of pancreatic cancer, including normal, pancreatic 

intraepithelial neoplasia (PanIN), paired primary tumor, and metastases1. These refined 

culturing conditions facilitated the unlimited expansion of normal and PanIN epithelial cells1, 

which, although does not fully represent the in vivo characteristics of the ductal epithelium, 

the organoid technology offered an invaluable platform for studying stepwise pancreatic 

cancer progression at the molecular and cellular levels.  
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Pancreatic organoids represent a significant advancement in the study of PDA, offering a 

more physiologically relevant and efficient model compared to traditional 2D cultures and 

xenograft models. By enabling detailed genetic and molecular analyses at various stages of 

disease progression, these organoids provide a powerful platform for identifying novel 

biomarkers and therapeutic targets. The evolution of 3D culturing techniques, as 

demonstrated by various pioneering laboratories, has greatly enhanced our ability to study 

pancreatic cancer, paving the way for more effective and targeted treatments in the future. 
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Molecular and Cellular Characteristics of Pancreatic Organoid Culture 

 

Understanding the differences between 2D and 3D cultures is important for choosing proper 

preclinical models that align with our research questions. Although 2D cell culture plays a 

pivotal role in cancer research, it often fails to recapitulate the complexities of in vivo biology, 

leading to challenges in translating research findings to clinical applications9. Such a 

challenge is largely due to a lack of appropriate cellular organizations in 2D cell cultures, 

which affects downstream cell signaling and functions10. For example, when plating 2D-

adapted PANC-1 cells in a methylcellulose-based matrix, it was observed an upregulation in 

the expression of key markers associated with hypoxia and anaerobic glycolysis, including 

glucose transporter 1, lactate dehydrogenase, and HIF-1a as the cells forming organoids, 

indicating hypoxia and aerobic glycolysis11. Moreover, analysis of the extracellular matrix 

showed an increased expression of E-cadherin, collagen I, and fibronectin I, along with 

chemoresistance-related genes, conferring gemcitabine resistance in vitro11. Furthermore, 

as Chapter Three described, macromolecular crowding inside of the nuclei is significantly 

increased in the 2D cells compared to the 3D parental organoid, rendering the possibility of 

cellular organization affect biophysical properties and the subsequent cell signaling and 

molecular profiling, including transcriptional, metabolomics, and proteomics landscapes.  

 

In pancreatic 3D cultures, multiple studies reported that pancreatic epithelial cells were 

organized with proper basal-apical polarity and cytoskeletal establishment seen in vivo, 

evident by the localization of microvilli, transmembrane glycoprotein mucin 1 (MUC1), tight 
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junctions, and F-actin at the lumen-facing apical surface, and lamina and base membrane 

collagen localized the basal surface, respectively5,7,8. Moreover, organoids derived from 

PanIN also recapitulated the in vivo histopathology with enlarged pleomorphic nuclei and 

cribriform formations4. Overall, the pancreatic organoid model accurately recapitulates the 

tissue organization seen in vivo, demonstrating its reliability as a research model for studying 

pancreatic progression.  

 

Organoid culture conditions, such as matrix compositions and media formulations, can 

significantly impact molecular and cellular profiling of the organoid, impacting research 

findings and therapeutic discovery. For instance, switching the Matrigel-based matrix to a 

laminin-based matrix promotes organoid differentiation from ductal lineage into 

endocrine/acinar lineages, evidenced by the expression of C-peptide, glucagon, amylase, 

and insulin7. The addition of RSPO1, for example, led to the exponential growth and 

expansion of the organoid but promoted the identity of the ductal cells to fetal progenitors 

identity, evidenced by the expression of Pdx1l Nkx6.1 and Ngn33. In addition, growth factors 

and WNT/R-spondin-rich media conditions may skew the representation of the original 

tumor or alter the characteristics of the tumors, albeit this applies to every in vitro/ex vivo 

preclinical model. Despite of these potential shortcomings, pancreatic organoid models 

have proven valuable for recapitulating disease progression in vivo and patient settings. In 

the murine pancreatic organoids developed by the Clevers and Tuveson labs, a notable 

upregulation of Muc5ac, Muc6, and Tff1 was observed in mP organoids, indicative of 

preserved PanIN lesions1. These organoids exhibited the ability to form PanIN lesions 
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characterized by increased cell proliferation and stroma formation when orthotopically 

transplanted into the mouse pancreas. Both transplanted mT and mM organoids exhibited 

stroma formation and resembled autochthonous tumors from the KPC mouse model, in 

contrast to mT organoids, which required several months of progression to metastasis upon 

orthotopic transplantation, whereas mM organoids metastasize within one month. This 

discrepancy in metastatic potential highlights the importance of organoid models in 

studying cancer metastasis mechanisms. In the patient settings for clinical relevance, 

distinct morphological and molecular differences were observed in human normal (hN) and 

tumor (hT) (including human fine needle biopsy samples, hFNA) organoids. hN organoids 

displayed a cuboidal morphology, while hT organoids displayed a dysplastic tall columnar 

morphology. Furthermore, hT organoids were highly aneuploid and harbored mutations in 

KRAS, TP53, SMAD4, and CDKN2A, along with MYC amplification and loss of tumor 

suppressors TGFBR2 and DCC. Upon orthotopic transplantation into Nu/Nu mice, hN 

organoids formed normal ducts, while hT organoids rapidly progressed to form PanIN lesions 

within one month. Subsequently, they developed infiltrative carcinoma with a prominent 

desmoplastic reaction and distinct RNA signatures, including upregulation of AGR2, ACSM3, 

GCNT1, GCNT3, UGDH, and nucleoporin family genes, along with downregulation of PTPRD1. 

Pancreatic organoids can also behave differently under different oncogenic insults. For 

example, the oncogenic transduction of the organoid with KRASG12V showed cystic 

organization with apical nuclei positioning and localization of SOX9 within the nuclei; in 

contrast, the oncogenic transduction of TP53R175H showed atypical organization of the nuclei 



 
174 

with filled lumens and localization of SOX9 in the cytoplasm, a marker for poor prognosis, 

offering insights into tumor behavior upon different oncogenic insults12. 

 

Together, pancreatic organoid culture offers a physiologically relevant platform for studying 

pancreatic cancer biology and exploring potential therapeutic strategies. By recapitulating 

key molecular and cellular characteristics of the disease, organoid models provide valuable 

insights into disease mechanisms and offer opportunities for personalized medicine 

approaches. Continued research in this area promises to enhance our understanding of 

pancreatic cancer further and improve patient outcomes. 
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Organoid Modeling of Transcriptional and Epigenetic Dynamics 

 

Pancreatic carcinogenesis is mostly driven by gain-of-function mutations of the oncogene 

KRAS, which cooperate with loss-of-function mutations of tumor suppressor genes such as 

TP53, CDKN2A, and SMAD414. However, recurrent genetic mutations that further drive 

cancer aggressiveness and metastatic capabilities remain largely unknown. Since 

metastatic PDA often maintains a similar mutation landscape to the primary tumor15, it is 

essential to comprehend cell-autonomous factors, such as transcription factor (TF)-

directed programming and epigenetic alterations, that can drive PDA progression and 

metastasis in order to develop effective cancer therapeutics. Patient-derived organoid 

models from tumor and metastasis tissues offer a promising platform that addresses many 

of these limitations16. These three-dimensional cultures maintain the epigenetic and 

transcriptional status of the original tumors1,16,17, including basal-like and squamous 

characteristics, and allow for uniform culture conditions and longitudinal sampling. Unlike 

2D cultures, which often lead to highly aggressive and metastatic phenotypes18, organoids 

better preserve the heterogeneity and behavior of the original tumor cells1, providing a more 

accurate representation of cancer cells. A significant advantage of organoid models is their 

ability to be derived from fine needle biopsy samples, enabling the expansion of organoids 

for various experimental approaches, including multi-omics studies19,20. This is particularly 

noteworthy given that most omics experiments with human PDA specimens have been 

performed on early-stage tumors from surgical resections21. Here, we comprehensively 
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review how PDA organoid models improve our understanding of how epigenetic alterations 

promote PDA progression and metastasis. 

 

The PDA organoid model has provided unprecedented resolution of aberrant transcriptional 

regulation, underscoring the pivotal role of TFs in altering the epigenetic landscape to 

promote PDA progression and metastasis. Notably, Roe and colleagues identified 

metastasis-associated open chromatin and enhancer networks, revealing the role of TF 

Forhead Box A1 (FOXA1) in activating a subset of metastasis-associated enhancers and 

subsequent embryonic foregut endoderm transcriptional program, thereby promoting PDA 

metastasis17. This was elucidated using paired tumor- and metastasis-derived organoids 

from genetically engineered mouse models (GEMMs) of pancreatic cancer, which provided 

a robust platform for studying these epigenetic alterations. Similarly, we recently utilized the 

organoid model to compare PDA tumor and metastasis transcriptomics and epigenetic 

landscapes to identify the aberrant expressions of TF Engrailed-1 (EN1) in metastatic PDA. 

We discovered that EN1 deactivates promoter and/or enhancer activities of its target genes 

to initiate transcription repression, leading to downregulations of ERK1/2 antagonist, cell 

survival, and PDA metastasis22. 

 

Tonelli and colleagues discovered that the TF SAM Pointed Domain Containing ETS 

Transcription Factor (SPDEF) governs the progenitor subtype identity of PDA23. SPDEF 

regulates the mucus production program and supports tumor growth by regulating ER stress 

sensors AGR2, ERN2, and IRE1 beta for maintaining ER homeostasis23, providing a 
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therapeutic avenue for targeting the progenitor subtype of PDA. Within a similar context, Kim 

and colleagues unveiled metastasis-associated super-enhancers driving the activation of 

embryonic development TF ecotropic viral integration site 1 (EVI1), leading to EVI1-directed 

chromatin accessibility alterations and subsequent activation WNT/beta-catenin/TCF 

signaling cascade to promote PDA malignancy24. Yoo and colleagues discovered the TEA 

domain transcription factor 2 (TEAD2) facilitates the transition of PDA cells to a basal-like 

subtype, characterized by enhanced angiogenesis and metastatic capability through the 

activation of endothelial-associated enhancers25. Together, these findings collectively 

illustrate how aberrantly expressed TFs can reprogram the epigenome, resulting in increased 

aggressiveness and metastatic potential in pancreatic cancer, offering new avenues for 

therapeutic interventions targeting these epigenetic changes. 

 

Previous studies have delineated two major PDA subtypes: the progenitor subtype and the 

basal/squamous subtype, with the latter associated with poor clinical prognosis26–28. To 

better dissect cell-autonomous characteristics, such as PDA subtypes, Tiriac and 

colleagues pioneered a patient-derived organoid (PDO) culturing method using cells 

isolated from various PDA sources, including primary tumors (hT), metastases (hM), fine-

needle biopsies (hF), and normal pancreatic ducts (hN)16. Molecular analysis of the 

organoids revealed that the PDOs not only mirrored the genetic hallmarks of PDA, including 

mutations in KRAS-related signaling pathways and common tumor suppressors, but also 

identified progenitor and basal/squamous transcriptomic subtypes that correlated with 

patient survival outcomes, providing a robust preclinical model for studying PDA 



 
178 

pathogenesis16. Moreover, pharmacotyping assessment of chemotherapeutic agents on the 

PDO showed a remarkable correlation between in vitro drug sensitivity and patient treatment 

response and survival16, offering a potential platform for precision medicine. 

 

Basal/squamous subtype of PDA, characterized by hypermethylation and concordant 

downregulation of genes that govern pancreatic endodermal cell-fate determination, 

including PDX1, MNX1, GATA6, and HNF1B, leading to a complete loss of endodermal 

identity28. This discovery underscores the critical role of DNA methylation in defining 

molecular subtypes of PDA and their respective prognoses. Building on these findings, Wang 

and colleagues compared to mouse and human PDA organoids and discovered that DNA 

could be differentially methylated based on PDA progression stage and subtypes29. Not only 

the hypermethylated DNA was associated with repressive enhancer/promoter markers, 

indicating the correlation between DNA methylation and gene expression, but it was 

discovered that genes associated with the progenitor subtypes were hypermethylated in the 

basal/squamous subtype samples, including HNF4A and GATA629, indicating the 

significance of epigenetic regulations and subtype maintenance in PDA. These findings 

reveal the significant impact of DNA methylation on PDA progression and molecular subtype 

differentiation. The ability to use organoids to study these epigenetic alterations not only 

enhances our understanding of PDA's molecular underpinnings but also offers the potential 

for developing diagnostic markers for molecular subtypes. 
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In conclusion, PDA organoid models have emerged as a transformative tool in pancreatic 

cancer research, enabling a more nuanced understanding of the disease's molecular and 

epigenetic alterations. These models offer distinct advantages over traditional preclinical 

models, preserving the complexity and heterogeneity of the original tumors. The ability to 

derive organoids from fine needle biopsy samples allows for the longitudinal study of tumor 

progression and metastasis, including advanced stages of PDA. This capability is crucial for 

investigating epigenetic alterations, such as DNA methylation and transcription factor-

driven enhancer reprogramming, which play pivotal roles in PDA aggressiveness and 

metastasis. Research utilizing these organoids has highlighted the contributions of key 

transcription factors like FOXA1, EN1, EVI1, and TEAD2 in driving epigenetic changes that 

enhance tumor malignancy. Additionally, identifying subtype-specific DNA methylation 

patterns, particularly in the squamous subtype, underscores the potential of organoids in 

developing diagnostic markers and targeted therapies. As we continue to leverage the power 

of organoid technology, we anticipate significant advancements in our fundamental 

understanding of pancreatic cancer and the development of innovative clinical interventions 

to improve patient outcomes. 
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Organoid Modeling of PDA Microenvironment 

 

The tumor microenvironment (TME) of PDA contains diverse cell populations, notably 

cancer-associated fibroblast (CAF), which profoundly influence tumor progression and 

therapeutic resistance. Desmoplasia, characterized by the deposition of a dense 

extracellular matrix (ECM) by activated CAFs, represents a prominent histopathological 

feature of PDA30 and is a hallmark of PDA, presenting significant challenges in drug delivery31. 

As cancer progresses, CAF exhibits distinct functional phenotypes that can either facilitate 

or impede tumor growth, depending on contextual cues32. Various studies targeting CAFs in 

murine models, such as stromal depletion via the inhibition of Hedgehog signaling31 or 

depletion of ECM component glycosaminoglycan hyaluronan33, have shown promising 

results in enhancing chemotherapeutic delivery. However, clinical translation of CAF-

targeting strategies has yet to yield significant improvements in PDA patient overall survival 

or progression-free survival34,35. A subsequent mechanistic study showed the inhibition of 

Hedgehog signaling-induced immunosuppressive TME by promoting CAF subtype 

differentiation36, emphasizing the need for improved preclinical tools to decipher PDA 

stromal biology. In addition, PDA is often characterized as an immune “cold” tumor, largely 

resistant to immunotherapeutic interventions due to the minimal presence and/or 

dysfunctional effector immune cells within the tumor mass37. Recent development of co-

culture models with organoids and various cell types, such as CAFs and immune cells, offer 

a promising platform and a comprehensive approach for examining and modeling the 
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dynamic interplay of PDA TME. Additionally, these models are invaluable for therapeutic 

discovery and testing new strategies to enhance drug delivery to combat PDA.  

 

Tuveson laboratory laid a foundational understanding of the TME in PDA by developing co-

culture models combining PDA organoids and pancreatic stellate cells (PSCs), the 

precursors of CAFs. The co-culture model demonstrated mutual benefits where both 

organoids and PSCs encouraged each other's growth, producing a dense stroma typical of 

PDA38. In-depth analysis of the co-culture model unveiled two distinct CAF subtypes: 

myofibroblast (myCAF) and inflammatory CAFs (iCAF)39. MyCAFs, marked by alpha-smooth 

muscle actin expression, localized proximally to cancer cells and secreted ECM organized 

into collagen fibrils. Conversely, interleukin 6 (IL-6)-positive iCAFs were positioned distantly 

from the cancer cells and secreted inflammatory cytokines, including IL-6 and IL-1139. 

Subsequent investigations by Biffi and colleagues elucidated the intricate signaling 

pathways governing CAF activation, revealing the dual role of TGF-beta/SMAD2/3 signaling 

pathways in myCAF activation and antagonism of IL1/JAK/STAT signaling required iCAF 

activation40. Importantly, these findings were corroborated by tissue staining and in vivo 

single-cell RNA-seq analysis of the KPC tumor39,40, underscoring the physiological relevance 

of the co-culture model utilizing PDA organoids and PSCs. This nuanced understanding of 

CAF heterogeneity is essential for developing targeted therapies that more effectively 

address the complex stromal interactions in PDA. 
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Building on the foundation of CAF heterogeneity and the dynamic TME of PDA, PDO, and CAF 

co-culturing models have also been established, mirroring subtype differentiation observed 

in murine systems. These co-culturing conditions induced epithelial-to-mesenchymal 

transition gene signatures in PDA organoids and confer therapeutic resistance to 

chemotherapies, including gemcitabine, 5-FU, and paclitaxel41,42.  

 

In addition to CAF, T lymphocytes are also part of the PDA TME and play a significant role in 

PDA progression. The exploration of immunotherapy, particularly T-cell-based approaches, 

holds promise in PDA treatment. Yet, the patient response rates remain variable, providing 

the need for a deeper understanding of therapeutic resistance mechanisms43. D’Angelo and 

colleagues demonstrated increased T-cell activation, including increased granzyme B 

production and activation marker CD137, when co-culturing murine PDA organoids with 

peripheral blood mononuclear cells (PBMCs) isolated from healthy mice44, highlighting the 

potential for preclinical modeling of immunotherapy responses. Zhou and colleagues 

further advanced this approach by incorporating additional TME components, such as 

endothelial cells, CAFs, and macrophages, into PDA organoid cultures45. Co-culturing with 

antigen-presented T-cells outside the Matrigel scaffold demonstrated T-cell infiltration into 

the PDA organoid, yielding a T-cell incorporated PDA organoid model that recapitulates the 

immunosuppressive TME45. Drug screening efforts within this model identified BET and 

HDAC inhibitors, ITF2357 and I-BET151, as potent enhancers of PDA antigen presentation 

and anti-tumor activity of the cytotoxic T-cells45, offering a robust platform to discover 

immunotherapy vulnerability.  
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Further in-depth analysis by Knoblauch and colleagues revealed alterations in T-cell 

differentiation under co-culture conditions, characterized by decreased CD4+ memory T-

cells and increased CD4+ regulatory T-cells46, indicative of an immune suppressive 

environment. In short, the PDA organoid and immune cell co-culture models, particularly 

those developed by Zhou and colleagues, faithfully recapitulated immune TME in vivo, 

providing a reliable pre-clinical tool to elucidate underlying immunotherapy resistance 

mechanisms and develop effective therapeutic strategies, shifting from one-size-fits-all 

therapies to customized precision medicine.  

 

Together, integrating organoid modeling with various cell types has significantly advanced 

our understanding of the complex interactions among different cells within the TME. Notably, 

the identification and functional characterization of CAF and their dynamic roles in tumor 

progression and therapeutic resistance underscore the importance of these stromal 

components in PDA. Furthermore, co-culture models with immune cells emphasized the 

need for tailored therapeutic strategies to overcome immune evasion and resistance. In 

conclusion, combining PDA organoids with various TME components such as CAFs, immune 

cells, and endothelial cells, have proven invaluable in mimicking the in vivo conditions and 

unraveling the intricate signaling pathways involved, offering a promising avenue for 

improving therapeutic discovery and precision medicine in PDA treatment.   
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Organoid Modeling of Biomarker and Therapeutics Development 

 

PDA presents significant diagnostic challenges due to its late detection and rapid 

progression. Currently, the primary diagnostic biomarker for PDA is CA19-947; however, its 

specificity is limited, as elevations in CA19-9 levels can also be observed in other 

gastrointestinal diseases and conditions such as pancreatitis48,49. A major constraint in 

advancing PDA diagnostics is the reliance on tissue samples obtained primarily through 

surgical resection, accessible in only about 20% of PDA cases due to the advanced stage of 

the disease at diagnosis50. This limitation significantly hinders the capacity to conduct 

extensive diagnostic and prognostic evaluations. Pancreatic cancer organoids have 

emerged as a revolutionary tool in oncology, enabling the expansion of patient-derived cells 

from minimal biopsy samples1. Moreover, organoids can be subjected to multi-omics 

analyses, thereby allowing a more thorough exploration of tumor heterogeneity, molecular 

characteristics, and novel biomarkers across different stages of cancer. 

 

Using a humanized mouse-derived PDA organoid model, Engle and colleagues discovered 

the critical role of CA19-9 in promoting hyperactivation of EGFR signaling, evidenced by 

increased phosphorylation of EGFR and downstream effectors like FAK, AKT, and ERK1/2; 

additionally, fibulin-3 (FBLN3) is identified as a CA19-9-modified protein that acts as an 

EGFR ligand51. Blocking FBLN3 prevents EGFR phosphorylation, highlighting its crucial role 

in CA19-9-induced EGFR activation and underscoring the significance of CA19-9 in 

promoting pancreatic cancer51, indicating therapeutic relevance. This model not only aids in 
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understanding the role of biomarkers in disease progression but also provides a platform for 

testing diagnostic and therapeutic strategies.  

 

The urgent need for improved therapeutic strategies in PDA, coupled with the limited 

treatment options, poor prognosis, and observed chemorefractory diseases in patients52, 

underscores the need for a preclinical model that can effectively model patient response to 

therapeutic regiments. By overcoming the limitations associated with the availability of 

patient-derived tissues and enhancing our understanding of tumor biology through models 

like humanized mice and the establishment of PDOs, organoids stand at the forefront of a 

paradigm shift in PDA diagnostics and therapeutics, providing a platform for rapid evaluation 

of treatment response and biomarkers1,53. Through deep molecular characterization, PDO 

drug sensitivity profiles can be generated within a clinically meaningful timeframe, reflecting 

patient response to therapy and predicting the acquisition of resistance16,53. Therefore, 

organoid models offer a promising platform for PDA therapeutic discovery by providing 

clinically relevant platforms for predictive biomarker identification and drug sensitivity 

testing. 

 

Tiriac and colleagues provided important insights into the predictive power of organoids 

through the discovery of interpatient heterogeneity in chemotherapeutics using patient-

derived organoids16. This study established that the therapeutic sensitivity of the PDOs 

correlates with the patient response to chemotherapeutic regimens, highlighting the clinical 

relevance of the model for guiding treatment strategies16. Additionally, organoid 
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pharmacotyping enabled the identification of alternative treatment strategies for 

chemorefractory tumors, such as broad-spectrum kinase inhibitors and other targeted 

agents16, providing a platform for discovering patient-specific targeting agents to overcome 

chemoresistance.  

 

One significant application of organoids in cancer therapeutics is identifying and evaluating 

drug resistance mechanisms and testing novel therapeutic combinations for synergistic 

treatment outcomes. Ponz-Sarvise and colleagues compared normal and tumor organoids 

to discover ERBB2/3 signaling activation during MEK and AKT inhibition, showing the 

advantage of dual inhibition using pan-ERBB and MEK/AKT inhibition in treating pancreatic 

cancer54. Moreover, Gulay and colleagues utilized PDOs to study the efficacy of KRASG12D 

inhibitors in conjunction with pan-ERBB inhibitors55. This study not only demonstrated that 

targeting these KRASG12D mutations alone can lead to the rapid development of drug 

resistance in PDA, but more importantly, the addition of pan-ERBB inhibitors circumvented 

the resistance phenotype55, suggesting targeting synergistic interactions is more efficient 

and critical for clinical applications.   

 

Hobbs and colleagues used PDA organoid to discover distinct molecular profiling between 

KrasG12D and KrasG12R mutations and found that KrasG12R PDA relies on PI3K activity to support 

macropinocytosis therefore, the cells are sensitive to ERK and autophagy inhibition56. 

Similarly, Goodwin and colleagues used PDA organoids to identify synergistic inhibition of 

PDA using CDK4/6 and ERK-MAPK inhibitors57. Huang and colleagues also leveraged PDOs 
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to uncover the sensitivity of certain PDOs to epigenetic inhibitors, such as targeting EZH2, a 

histone modifier, suggesting EZH2-dependent epigenetic pathways can promote PDA 

progression and conferring therapeutic resistance12.  

 

In summary, the utilization of organoid models in pancreatic cancer marks a significant 

advancement in studies of cancer therapeutics and resistance mechanisms. These three-

dimensional cultures offer an unprecedented opportunity to tailor and refine therapeutic 

strategies for individual patients. By mirroring patient-specific contexts, organoids may 

provide a more accurate prediction of drug efficacies and resistance patterns, facilitating the 

development of more effective combination therapies. Ultimately, aligning therapeutic 

interventions more closely with the unique characteristics of each tumor improves patient 

outcomes. 
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Conclusion 

 

The advancements in pancreatic organoid culture have revolutionized the field of cancer 

research, providing an invaluable tool for modeling the complex cellular and molecular 

dynamics of pancreatic cancer in a controlled environment. This model system has enabled 

the study of disease mechanisms, therapeutic responses, and the identification of 

biomarkers. By recapitulating the cellular architecture and signaling pathways of in vivo 

tumors, organoid cultures offer a robust platform for investigating cancer progression, 

metastasis, and drug resistance. These insights are crucial for developing personalized 

medicine approaches and improving patient outcomes. Despite certain limitations, such as 

the overactivation of specific signaling pathways and the lack of a precise tumor 

microenvironment in organoid cultures, continued refinement of organoid technology holds 

promise for enhancing our understanding of pancreatic cancer and translating research 

findings into clinical practice. Thus, pancreatic organoid models stand as an innovative and 

transformative approach, bridging the gap between basic research and therapeutic 

innovation in the fight against this formidable disease. 
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