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Summary 

Pancreatic cancer is an almost universally lethal disease with a 5-year survival rate of 

just 9%. While extensive efforts have been focused on defining the genetic alterations that are 

present in tumors of patients with pancreatic ductal adenocarcinoma (PDAC), less is known 

about the transcriptional regulatory pathways that promote the progression of the disease. 

The c-Myc transcription factor features prominently in human cancers, being overexpressed 

or activated in more than 70% of malignancies. Recent studies, using a genetic dominant 

negative protein (Omomyc), have demonstrated that Myc inhibition causes rapid eradication 

of mutant Kras-driven lung adenocarcinomas in vivo. The effects on normal tissue were mild 

and fully reversible. Similarly, it has been shown that Myc is important for the initiation and 

progression of PDAC. To address this question, our lab previously generated 3D organoid 

cultures of pancreatic epithelium and neoplastic tissues from a genetically engineered mouse 

model (GEMM) of PDAC. Analysis of RNA-seq data comparing normal (WT), pre-neoplastic 

(KrasG12V) and tumor organoids (KrasG12V; Trp53R172H) showed a clear signature of 

upregulated Myc target genes in tumor organoids that was not significant when normal 

organoids were compared to PanIN-derived organoids. However, there was no difference in 

the mRNA or protein levels of Myc between the normal and tumor organoids. Comparison 

of Myc occupancy by ChIP-seq revealed a significant overall enrichment of Myc at promoters 

in tumor organoids. In addition, we identified 841 tumor-specific Myc peaks suggesting 

differences in the transcriptional regulation by Myc between proliferating normal and tumor 

cells and propose a model of cooperation between Myc and other transcription factors in 

PDAC.  

Additionally, a global transcriptomic comparison of normal duct-derived and tumor-

derived organoids identified Spdef, an ETS family member, as the most upregulated 
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transcription factor in tumor organoids. Here, we show that Spdef is upregulated in murine 

tumor organoids in a mutant-Kras dependent manner in vitro and is overexpressed in human 

PDAC and patient-derived tumor organoids. In tumor organoids, we find that Spdef directly 

regulates the expression of the GI-specific kinase/endonuclease Ern2/Ire1b. Additionally, 

Spdef promotes the orthotopic growth of tumor organoids in vivo and the non-canonical 

splicing of Xbp1 – a central arm of the unfolded protein response pathway. Together, these 

results reveal a previously unappreciated role of Spdef in pancreatic cancer and nominate its 

downstream target, Ern2/Ire1b, as a potential therapeutic target for intractable PDAC. 
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CHAPTER 1. INTRODUCTION 

1.1 Epidemiology and risk factors for PDAC 

Pancreatic ductal adenocarcinoma (PDAC) is a uniformly lethal disease that is projected 

to become the second leading cause of cancer-associated mortality by 2030 (Rahib et al. 2014). 

Despite extensive efforts in preclinical and clinical science, survival has not improved 

substantially over the past 40 years, and the current 5-year survival rate is merely 9% (Bray et 

al. 2018). There are at least 4 factors that influence the dismal prognosis of patients with 

pancreatic cancer: 1) initial diagnosis usually occurs at an advanced stage with minimal and 

often non-specific symptoms; 2) pancreatic cancer is an aggressive disease with early distant 

metastases and perineural and vascular growth preventing surgical removal; 3) pancreatic 

cancer is refractory to most conventional treatment options; and 4) pancreatic tumors harbor 

multiple genetic and epigenetic alterations that have proven to be difficult to target in the 

clinic (Bray et al. 2018).  

In 2018, it was estimated that 458,918 new cases of pancreatic cancer will be diagnosed 

worldwide and 432,242 deaths will result from this disease  (Bray et al. 2018). Most of these 

diagnoses (>50%) would come from countries with high human development index (HDI) 

reflecting the difficulties with diagnosing the disease – highly trained and specialized 

physicians and expensive diagnostic equipment are often required to detect the disease. 

Pancreatic cancer accounts for about 3% of all cancers in the United States and about 7% of all 

cancer deaths (Rahib et al. 2014). It is estimated that 5-10% of PDAC cases have a hereditary 

component. The major factor associated with an increase in the incidence of pancreatic cancer 

compared is chronic pancreatitis – a chronic inflammation of the pancreas (Petersen 2016). In 

addition, smoking, diabetes and obesity have all been associated with ~2-fold increase in the 

risk of the disease (Bruenderman and Martin 2015). Despite recent progress in the 
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development of advanced imaging technologies to detect pancreatic cancer, there are 

currently no effective screening tools to detect asymptomatic premalignant or early malignant 

disease.  

The pancreas is a secretory organ that serves both exocrine and endocrine functions within 

the digestive system. It supplies digestive enzymes and bicarbonate to the duodenum and 

produces peptide hormones including insulin and glucagon to regulate systemic glucose 

metabolism. The organ is composed of 4 main cell types – digestive enzyme-secreting acinar 

cells, bicarbonate-secreting ductal cells lining the pancreatic ducts, hormone-secreting islet 

cells and vitamin A-storing stellate cells. The acinar cells comprise the majority of the pancreas 

and are secretory factories with extensive endoplasmic reticula (ER), organized into 

functional clusters called acini. They secrete multiple digestive enzymes (proteases, amylases, 

lipases, ribonuclease and deoxyribonuclease) into intralobular ducts that drain into the main 

pancreatic duct (duct of Wirsung). The ducts are lined by simple cuboidal cells that secrete 

bicarbonate into the duodenum. The integrity of the duct system is of key importance in 

preventing entry of the exocrine enzymes into the interstitial space where they may be 

activated and cause tissue damage which manifests as pancreatitis. In addition to dense 

collagenous walls that surround the ducts, intercellular tight junctions between duct cells play 

a major role in preventing leakage of the duct system. The adult pancreatic islets (islets of 

Langerhans) constitute 1-2% of the pancreas and contain five distinct endocrine cell types – 

alpha, beta, delta, epsilon and PP (gamma or F) cells. 

PDAC is the most common form of pancreatic cancer and accounts for >75% of all 

pancreatic cancer cases. PDAC is related to the ductal epithelial compartment of the pancreas. 

Less common neoplasms include neuroendocrine tumors (15-20%), colloid carcinomas (2%), 

solid pseudopapipllary carcinomas (2%), acinar cell carcinomas (2%) and pancreatoblastomas 
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(0.5%). Advanced PDAC has been shown to originate from three different precursor lesions: 

Pancreatic intraepithelial neoplasias (PanINs), mucinous cystic neoplasms (MCNs) and 

intraductal papillary mucinous neoplasms (IPMNs). PanINs are most common and progress 

into PDAC through a series of higher grade lesions (Fig. 1) (Hruban et al. 2000). PanIN-1s are 

the earliest precursor lesions and can be divided into PanIN-1A and 1B. PanIN-1A have 

characteristic flat glandular morphology composed of elongated, mucin producing epithelial 

cells with basally located nuclei. PanIN-1B lesions can be distinguished by their papillary or 

basally pseudostratified architecture. Next in the progression are PanIN-2 lesions. These can 

be flat or papillary and are associated with nuclear abnormalities including loss of polarity, 

nuclear crowding, enlarged nuclei, pseudo-stratification and hyperchromatism (the 

development of excess chromatin or excessive nuclear staining). PanIN-3 lesions are usually 

papillary with higher degree of nuclear abnormalities. They are characterized by dystrophic 

goblet cells (goblet cells with nuclei oriented towards the lumen and mucinous cytoplasm 

oriented toward the basement membrane), mitoses which may occasionally be abnormal, 

nuclear irregularities and prominent (macro) nucleoli. It is common to observe invasion of 

cells through the basement membrane into the lumen and luminal necrosis.  

IPMN lesions are large cystic growths within the main pancreatic duct characterized by 

the production of thick mucus. They form long thin structures that project into the lumen of 

the duct, and histologically they are composed of tall columnar cells. These lesions can be 

detected in ~2.6% of healthy individuals, and their incidence correlates with age (they were 

detected in 8.7% of patients between 80-89 years of age) (Laffan, 2008). Early detection and 

surgical resection of IPMN lesions can reduce the lifetime risk associated with PDAC, and 

guidelines for screening of individuals at risk have been recommended (Bruenderman, 2015). 
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The less common MCN lesions are found predominantly in women (95%), are larger in size 

and are defined by the presence of ovarian stroma (Crippa, 2008).  

 

1.2 Molecular and genetic features of PDAC 

A careful molecular and pathological analysis of evolving pancreatic adenocarcinoma 

has revealed a characteristic pattern of genetic lesions (Fig. 1). Inspired by Bert Vogelstein’s 

model of the step-wise genetic progression of colorectal adenocarcinoma, early efforts have 

ascribed similar mutational events to the progression from PanIN lesions to invasive PDAC 

(Staller et al. 2001a; Cubilla and Fitzgerald 1975, 1976; Hruban et al. 2000; Mutations et al. 

1994). Oncogenic activating mutations in the proto-oncogene encoding the small GTPase 

KRAS are found in >95% of all patients with advanced PDAC regardless of the precursor 

lesion that their tumor originates from suggesting that mutant KRAS alone is not sufficient to 

cause histological progression of pre-neoplastic lesions, but that it might define one of the 

earliest genetic changes (Mutations et al. 1994). KRAS is normally tethered to the cytoplasmic 

face of the plasma membrane, and once activated in response to upstream receptor tyrosine 

kinases (RTKs), GTP-bound Kras can then facilitate the recruitment and subsequent activation 

of effector kinases such as Rapidly Accelerated Fibrosarcoma (Raf) kinase, Phosphoinositide 

3-kinase (PI3K), and Protein Kinase B (RAF, PI3K, PKB/AKT), as well as downstream 

pathways that control cell proliferation such as Mitogen-activated protein kinase (Mapk) and 

Extracellular Signal-regulated Kinase (Erk). The most common mutations in KRAS lead to a 

substitution of the amino acid glycine at codon 12 to aspartic acid or valine (G12D or G12V). 

This causes a conformational change leading to abrogation of its GTPase activity and 

constitutive activation of downstream pathways. Upon nuclear import, MAPKs 

phosphorylate many different transcription factors, modulating their DNA binding affinity, 
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nuclear localization, stability, and interactions with coregulators, thereby regulating gene 

expression (Karin 1994).  

Inactivating mutations in tumor suppressor genes cooperate with mutant KRAS to 

drive the invasive phenotype of PDAC tumors. KRAS mutations are the earliest to be detected 

in pre-neoplastic PanIN lesions (about 30% of cases) and can be found occasionally in 

histologically normal pancreas. Indeed, mutations in TP53, CDKN2A and SMAD4 occur in 

50–80% of pancreatic cancers, whereas other genes, including ARID1A, MLL3 and TGFBR2, 

are mutated in ~10% of tumours (Raphael et al. 2017a). Those are generally the few genes that 

stand out among the myriad of infrequently mutated genes, which mostly occur at a 

prevalence of <2%, making subtyping of PDAC tumors according to mutational status 

difficult (Raphael et al. 2017a).  

 Recent efforts have focused on establishing molecular subtypes of PDAC defined by 

transcriptional differences. Collison et al were the first to describe three subtypes of PDAC 

based on gene expression - classical, quasi-mesenchymal, and exocrine-like (Collisson et al. 

2011). Subsequently, using a technique called virtual microdissection, Moffitt et al. separated 

PDAC tumors into a classical and a basal-like subtype that resembled the basal subtypes of 

breast and bladder cancer (Moffitt et al. 2015a). Later studies from the Cancer Genome Atlas 

project have refined these subtypes to exclude tumor samples with low number of tumor cells 

(Raphael et al. 2017b). These studies have provided little insight into the factors that establish 

the distinct transcriptional subtypes. It is currently not known whether each tumor contains 

both ‘classical’ and ‘basal’ cells and whether the final classification is the result of simply the 

predominant cell type. We also do not understand whether these subtypes are ‘plastic’ and 

whether, for example, a classical cell exposed to the relevant extracellular stimuli can 

transition into a basal cell and vice versa. Remarkably, Moffit et al showed that all of the 2D 
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cancer cell lines that they analyzed were classified as ‘basal-like’ which either provides an 

answer to the question of plasticity or suggests that 2D cell culture selects for ‘basal-like’ 

tumors raising an important problem about the relevance of a homotypic in vitro culture 

systems (Moffitt et al. 2015a). The answers to these questions will be instrumental to 

establishing a clinically relevant use of the transcriptional classification of tumors and our 

understanding of the patient-to-patient heterogeneity. 

 

1.3 Cell-of-origin in pancreatic cancer 

A debated question in the field pertains to the cell of origin for PDAC. Cancer can arise 

from oncogenic mutations in either tissue-resident stem cells with a proliferative potential or 

in mature terminally differentiated cells that have transdifferentiated and now harbor the 

ability to proliferate. The exocrine pancreas is composed of acinar, centro-acinar and ductal 

cells, and they all have been suspected as the cell-of-origin. The histological appearance of 

PDAC tumors as dispersed ductiles in a desmoplastic stroma suggests a ductal origin, but 

contrasting evidence of acinar-to-ductal metaplasia observed in both human (Parsa et al. 1985) 

and mouse models (Sandgren et al. 1990) suggests an acinar origin. Early studies of 

carcinogen-induced pancreatic cancer in the Syrian golden hamster using N-nitrosobis (2-

oxopropyl)amine (BOP) showed that early lesions such as focal hypertrophy, hyperplasia, 

goblet cell metaplasia, atypical hyperplasia and in situ carcinoma sequentially develop in the 

common duct, pancreatic duct and ductiles, but not in acinar cells (Pour et al. 1977). The 

histological similarity of these ductiles and associated precancerous lesions, called pancreatic 

intraepithelial neoplasia (PanIN), to pancreatic ductal cells suggested a lineage relationship 

and led to the development of tumour progression models that featured the normal ductal 

cell as the cellular origin of PDAC (Hruban et al. 2000). In these models, oncogenic Kras is 
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proposed to initiate low-grade PanIN from ductal cells. These lesions then acquire additional 

mutations, such as p16 or p53 loss, before becoming high-grade PanIN and invasive PDAC.  

While these studies all point to the duct cell as the PDAC cell of origin, other studies 

suggest the acinar cell may be the originating cell. Using genetically engineered mouse 

models (GEMMs), multiple groups have shown that expression of oncogenic Kras in the 

acinar cell compartment of the pancreas can also lead to acinar-to-ductal metaplasia (ADM) 

and PDAC (Ji et al. 2009; Habbe et al. 2008; Kopp et al. 2012; De La O et al. 2008). To better 

compare the impact of cell-of-origin context on tumor development, Lee et al. relied on 

inducing PDAC-associated mutations (KrasG12D and loss of Trp53) specifically in either ductal 

(Sox9CreER; KrasLSL-G12D; Trp53flox/flox) or acinar (Ptf1aCreER; KrasLSL-G12D; Trp53flox/flox) cells.(Lee et 

al. 2019). The authors confirmed previous observations that both acinar and ductal cells can 

give rise to PDAC tumors in mice. However, they also showed that duct-derived PDAC 

developed earlier than acinar-derived PDAC. In addition, acinar-derived tumors had 

widespread metaplasia as well as both high- and low-grade PanIN lesions compared to only 

high-grade PanINs and advanced PDAC in duct-derived tumors. These observations are in 

line with the hypothesis that acinar cells undergo trans-differentiation upon transformation 

(ADM) and reflect the prolonged period of transition or reprogramming to initiate PDAC 

from those cells. In addition, acinar-derived tumors appeared more differentiated and 

retained features characteristic of lower-grade PanINs including Muc5ac expression and 

acidic mucins. These findings might provide a plausible explanation for the molecular 

subtypes identified in human PDAC – those patients whose tumors arose from acinar cells 

are more differentiated and thus belong to the classical subtype, while the duct-derived 

tumors have basal characteristics. Moreover, as epigenetic regulation of gene expression is 
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tissue-specific, the cell-of-origin that the tumor arose from might dictate transcriptional 

dependencies.  

 

1.4 Non-cell autonomous transcriptional changes during PDAC 

PDAC tumors are characterized by a dense desmoplastic microenvironment 

consisting of extracellular matrix (ECM), diffusible growth factors and cytokines, and a 

variety of non-epithelial cell types, including those comprising the vasculature (endothelial 

cells, pericytes and smooth muscle cells), those that can respond to infection and injury 

(lymphocytes, macrophages and mast cells), and fibroblasts. The paracrine crosstalk between 

epithelial cells and stromal cells is essential for both embryonic development and 

tumorigenesis and can influence gene expression (Gleimer and Parham 2003a). 

Fibroblasts are the principal cellular component of connective tissues and are largely 

responsible for the synthesis of the fibrillar matrix that makes the bulk of these tissues. 

Fibroblasts synthesize many of the constituents of the fibrillar ECM such as fibronectin and 

numerous collagens (type I, type III and type V) (Tomasek et al. 2002). Fibroblasts also secrete 

growth factors such as TGFb, HGF, FGF and cytokines (CXCL12, CCL2, CCL5, IL6 and IL8) 

(Liu et al. 2016a; Orimo et al. 2005; Henriksson et al. 2011; Min et al. 2015; Jobe et al. 2016). 

During normal physiological conditions, fibroblasts reside within connective tissues in a 

resting state. However, inflammation such as tissue damage leads to the activation of resting 

fibroblasts which induces their proliferation and increases the secretion of ECM components 

(Castor et al. 1979). Fibroblasts thus play a key role in tissue fibrosis and wound healing as 

they help rebuild the damaged tissue. Within solid tumors, fibroblasts are in a perpetually 

active state and are referred to as cancer-associated fibroblasts (CAFs). In pancreatic cancer, 

pancreas-resident fibroblasts called stellate cells transdifferentiate into activated 
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myofibroblast-like cells in the context of tissue damage (Wilson et al. 2014). This activation 

leads to a profound change in their transcriptional program that induces a fibroinflammatory 

response, including secretion of extracellular matrix components, cytokines, and growth 

factors (Sherman et al. 2014). Therefore it is not surprising that mixing activated CAFs with 

PDAC cells leads to profound transcriptional effects with consistent changes in the expression 

of 500-800 genes in the tumor cells regardless of the underlying genetic mutations that were 

already harbored (Sherman et al., 2017).  

Inflammatory cells within the tumor microenvironment are associated with many 

cancers and may facilitate tumor progression. Both adaptive and innate immune cells 

infiltrate tumors and whereas the latter are associated with tumor promoting effects, the 

former may be usually tumor suppressive. For instance, tumor-associated macrophages 

(TAMs), the predominant leukocyte population within PDAC tumors, support diverse 

phenotypes within the primary tumor, including growth, angiogenesis and invasion, by 

secreting a plethora of pro-tumorigenic proteases, cytokines and growth factors (Quail and 

Joyce 2013a). In breast cancer and glioma, TAMs facilitate tumor cell invasion through a 

paracrine signaling loop that involves cancer cell secreted colony-stimulating factor 1 (CSF1) 

and macrophage-derived epidermal growth factor (EGF) (Heeg et al. 2016a; Coniglio et al. 

2012). In PDAC, pharmacological depletion of macrophages by targeting the CSFR1 receptor 

led to global changes in gene expression including downregulation of genes involved in cell 

cycle progression, DNA damage response and hypoxia/metabolism (Candido et al. 2018). 

These results suggest that the tumor microenvironment elicits transcriptional changes in 

cancer cells through paracrine secretion of growth factors and cytokines. Therefore, the 

crosstalk between epithelial cancer cells and stromal cells is essential in shaping the 

transcriptional program of tumors.  
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1.5 Laboratory models for studying PDAC 

Good laboratory models of PDAC are essential to understanding the disease and 

translating findings for a clinically relevant impact on patients. Patient-derived 2D cell lines 

are commonly used to study cancer in laboratory settings, but multiple caveats exist that 

require caution when extrapolating results from cell lines to the clinical setting. First, in the 

case of PDAC, most published studies have relied on the same 15 cell lines thus limiting our 

understanding of the genetic heterogeneity of the disease (Rückert et al. 2012). Second, while 

epithelial cells proliferate within polarized and well-organized structures in vivo, PDA cell 

lines propagated as monolayer cultures lack this structural organization and functional 

differentiation. Third, the efficiency with which 2D cell lines can be derived from resected 

tumor is relatively low, between 11 and 14% (Grant et al. 1979; Kato et al. 1999) .  

To circumvent these drawbacks our lab and others have developed 3D organoid 

models that allow isolated cells to self-organize into polarized 3D structures embedded in a 

collagenous basement membrane matrix derived from a sarcoma mouse model (Matrigel®). 

These organoids are supplemented with the minimal requirements for sustained growth 

without a mesenchyme: EGF (mitogen), R-spondin-1 (enhances Wnt signaling), Noggin 

(inhibits BMP signaling) and Wnt3a are indispensable maintenance factors (Boj et al. 2015). 

Human pancreatic organoids additionally require FGF10 (mitogen), nicotinamide (a form of 

vitamin B3), A83-01 (an Alk3/5 inhibitor) and prostaglandin E2 (PGE2, mitogen) for long-

term expansion (Boj et al. 2015). Of note, both normal pancreatic duct-derived and 

preneoplastic-PanIN cells thrive in these conditions and can be expanded indefinitely. More 

recently, organoid cultures have been used to identify novel oncogenic mechanisms in PDAC 

(Quail and Joyce 2013b) as well as to predict therapeutic responses to chemotherapies in 
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patients (Tiriac et al. 2018). Remarkably, organoid cultures can also be used to study 

interactions between epithelial cancer cells and stromal fibroblasts which can aid in our 

understanding of the disease (Hingorani et al. 2005a; Biffi et al. 2019).  

Our lab has also generated genetically engineered murine models (GEMMs) that 

recapitulate the progression of PDAC similar to that seen in patients by inducing pancreas-

specific conditional mutations in the two most commonly altered genes in patients – Kras and 

Trp53. This was accomplished by replacing one of the endogenous Kras alleles with a KrasG12D 

allele preceded by a transcriptional STOP signal cassette and flanked by LoxP sites. A Cre-

recombinase driven by the Pdx1 promoter (expressed during embryonic development of the 

pancreas) excises the LoxP-STOP-LoxP cassette resulting in monoallelic expression of KrasG12D 

specifically in the pancreas. This leads to widespread PanIN lesions through the pancreata of 

these KC (KrasG12D; Pdx-Cre) mice once they reach 8-10 weeks of age. These PanIN lesions 

eventually progress to advanced PDAC (Hingorani et al. 2003). Addition of a Trp53R172H allele 

accelerates onset of advanced PDAC in KPC (KrasG12D; Trp53R172H; Pdx-Cre) mice (Hingorani 

et al. 2005b). The deletion or mutation of other tumor suppressors in the KC model, such as 

Smad4 (Dpc4) (Oslowski and Urano 2011; Kojima et al. 2007; Izeradjene et al. 2007), Tgfbr2 

(Ijichi et al. 2006), and Ink4a/Arf (Cdkn2a) (Aguirre 2003), has led to phenotypes ranging from 

IPMN-like cystic tumors to aggressive PDAC.  

 

1.6 Transcriptional changes during PDAC progression 

PDAC tumors exhibit significant changes in gene expression compared to normal 

pancreatic exocrine cells, but only few of those changes could be explained by genetic 

alterations (Gutiérrez et al. 2015; He et al. 2012). Therefore, researchers have spent a lot of 

effort on the epigenetic regulation of gene expression during pancreatic cancer progression. 
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The term ‘epigenetic’ refers to changes that are ‘beyond’ the DNA sequence. A more formal 

definition proposed by Berger et al. is that “an epigenetic trait is a stably heritable phenotype 

resulting from changes in a chromosome without alterations in the DNA sequence” (Berger 

et al. 2009a). Multiple epigenetic mechanisms control gene expression during tumorigenesis 

including DNA methylation, post-translational histone modification nucleosome remodeling, 

and regulation by non-coding RNAs (ncRNAs).  

DNA methylation of cytosine bases (converting cytosine to 5-methylcytosine) within 

regions of the DNA called CpG islands (CG dinucleotides) in promoters or gene bodies is one 

of the better understood mechanisms of epigenetic inheritance. Hypermethylation is linked 

to the repression of transcription, whereas DNA demethylation of normally methylated 

promoters is frequently associated with increased gene expression. While DNA methylation 

plays essential roles in development, genomic imprinting, X-chromosome inactivation for 

monoallelic expression, changes in DNA methylation patterns are observed in many cancers 

including PDAC. One of the commonly inactivated tumor suppressor genes in PDAC, 

CDKN2A (p16), is epigenetically silenced by promoter methylation in 14 to 21% of PDAC 

cases. (Schutte et al. 1997). In addition, several proto-oncogenes were found to be 

hypomethylated and overexpressed in PDAC relative to normal cells including genes for 

chromatin enzymes (e.g., histone methyltransferase SETD8, histone deacetylase KDM6A and 

the histone acetylase EP400) and oncogenes (JUNB, MYB, and FOS). Although the targeted 

methylation/demethylation of specific genes is poorly understood, large scale alterations of 

the cellular ‘methylome’ are often observed in cancer including PDAC (Nones et al. 2014). 

DNA methylation is carried out by three DNA methyltransferases (DNMT1, DNMT3a, and 

DNMT3b), and alterations of their function or expression in PDAC has been previously 

reported (Connor et al. 2017).  



 30 

The majority of RNA molecules from the human genome are non-coding, and their 

function has only recently begun to be elucidated. ncRNAs can be broadly divided by size 

into small non-coding RNAs (sncRNAs) of less than 200bp and long non-coding RNAs of 

more than 200 bp (Mercer et al. 2009). These RNAs can fold to form secondary and tertiary 

structures that allow them to interact with DNA, RNA or proteins and affect multiple steps 

of gene expression including transcription, splicing and translation. lncRNAs, for example, 

can also interact with chromatin remodeling complexes and affect gene expression. The 

lncRNA MALAT-1 has been shown to bind to and downregulate the expression of E-cadherin 

by recruiting the EZH2 complex to its promoter, ultimately promoting migration and 

metastasis in PDAC (Han et al. 2016). sncRNAs include miRNAs that can recognize and bind 

to sequences within untranslated regions (usually the 3’ end) of mRNAs and regulate their 

expression either by inducing RISC-mediated mRNA degradation or post-transcriptional 

translation inhibition (Murchison and Hannon 2004). Multiple oncogenic miRNAs (oncomirs) 

are overexpressed in PDAC tumors and control important tumorigenic processes. For 

example, miR-221/222 silences the expression of the MMP2/MMP9 inhibitor TIMP2 in 

pancreatic cancer cell lines leading to an increase in migration and invasiveness (Xu et al. 

2015).  

Another mechanism of epigenetic gene expression regulation is nucleosomal 

remodeling. Nucleosomes are the basic unit of chromatin and comprise DNA wrapped 

around proteins. Each nucleosome consists of an octamer of histones (two molecules each of 

histones H2A, H2B, H3 and H4) and 146 bp of DNA, which is wrapped around the octamer. 

Heterochromatic regions of the genome with little transcriptional activity are characterized 

by tightly packed nucleosomes whose remodeling is necessary to activate gene expression. 

ATP-dependent chromatin modifying enzyme complexes such as Swi/Snf (switch 
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defective/sucrose non-fermentable) alter nucleosome position on the DNA strand, resulting 

in more open or closed chromatin structure (Wilson and Roberts 2011). Mutations of the 

SWI/SNF complex members ARID1A, PBRM1 or SMARCA4 (Raphael et al. 2017a). Post-

translational modifications of histones by methylation, acetylation or SUMO-ylation are 

thought to influence gene expression by recruiting chromatin modifying complexes or 

transcriptional activators and repressors (Berger 2002). However, there is extensive debate 

over whether these modifications directly induce gene expression changes or whether they 

merely reflect the present state of gene expression at that loci. Importantly, many transcription 

factors (TFs) can recruit chromatin modifying complexes and thus change chromatin 

accessibility regardless of the current chromatin state (Zaret and Carroll 2011). 

1.7 Pioneer transcription factors can initiate chromatin remodeling at 

transcriptionally inactive genomic loci  

An important question in transcriptional regulation is how do DNA-binding factors 

find and bind to their targets amidst the tightly wound nuclear chromatin. Early studies of 

the FoxA TF’s ability to bind its target sequence within tightly packed nucleosomal DNA 

established the concept of pioneering TFs (Cirillo and Zaret 1999a). These factors are 

characterized by a set of features that distinguish them from opportunistic TFs: the abilities 

to bind DNA within closed or unmarked chromatin; 2) initiate chromatin remodeling at target 

sites; 3) allow binding of other TFs to the newly opened sites; and 4) the ability to establish a 

stable change in chromatin structure associated with epigenetic memory (Mayran and Drouin 

2018). Binding of a pioneer factor to its target sequence often allows for the activation of 

otherwise silent genes, and many such factors play essential roles during development and 

cell fate specification.  
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Notably, chromatin opening activity is intrinsic to a pioneer factor binding to its target 

in chromatin and does not require ATP or an ATP-dependent nucleosome remodeler (Mayran 

and Drouin 2018). However, this does not mean that pioneering TFs can bind all of their target 

sequences in the genome unrestrictedly. Their occupancy seems to be cell type-dependent: 

for example, Sox2 binds different targets in the mouse cortex and spinal cord suggesting the 

presence of additional determinants of their binding (Wei et al. 2010). Importantly, pioneer 

factors are unable to bind to target sequences within constitutive heterochromatin and first 

recognize ‘permissive’ heterochromatin sequences. Initial binding to this facultative 

heterochromatin leads to subsequent recruitment of chromatin modifying complexes and 

nucleosomal depletion. Therefore, it is not surprising that alterations in pioneer TFs are often 

observed in cancer. Many of these factors are expressed during embryonic development but 

their expression is silenced in adult cells only to be re-activated again during tumorigenesis 

(Katoh et al. 2013). For example, in ER+ breast cancer, Foxa1 is overexpressed and it is 

important for ER binding to many target sites thus regulating hormone response in these 

tumors (Carroll et al. 2006). In pancreatic cancer, our lab has previously shown that enhancer 

reprogramming driven by Foxa1 overexpression in metastatic organoids is essential for 

invasive tumor growth and metastasis formation (Roe et al. 2017).  

 

1.8 Cooperation between transcription factors to control gene expression 

Genome-wide occupancy studies have shown that many TFs only occupy a small 

fraction of their consensus binding sites in the genome (Harbison et al. 2004). Chromatin state 

and cooperation between TFs are both important aspects that can determine where and when 

a TF binds. Cooperative binding can occur by several means but the most common way is 

through protein-protein interactions (Morgunova and Taipale 2017). Results from single-
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molecule imaging studies confirm that binding sites are occupied longer when multiple TFs 

bind together (Chen et al. 2014; Gebhardt et al. 2013). Molecular modeling and structural 

analyses provide further explanation of the cooperative nature of TFs. The cooperativity could 

also be DNA-dependent: for example, DNA could facilitate the contact between the two 

proteins, or the binding of one TF could alter the shape of the DNA and promote the binding 

of the other (as is the case with the IFN-beta enhanceosome) (Panne 2008). Taken together, 

these studies highlight the complexities involved transcriptional regulation of gene 

expression and the essential role that cooperation plays in how TFs function.  

 

1.9 Deregulation of transcription factors in cancer 

Somatic mutations in tumors provide only marginal insight into the actionable 

dependencies of each cancer. Another approach to identify key pathways essential for 

tumorigenesis is to understand the drivers of the deregulated transcriptional programs in 

cancer. Transcriptional programs are often disrupted in cancer by genetic alterations and 

abnormal paracrine stimuli. These altered programs invariably carried out by deregulated 

transcription factors. It is clear that cancer arises from the collaborative interplay between 

oncogenic events acquired during multi-step tumor formation with and tissue-specifying 

gene expression. Deregulated TFs in cancer can be classified into 4 main groups: (1) TFs 

involved in organizing cell identity, (2) TFs involved in proliferation control, (3) TFs that 

amplify transcriptional output, and (4) signaling TFs involved in dynamic changes in 

response to extracellular signals (Bradner et al. 2017). It is not uncommon for cancer cells to 

activate TFs that are either expressed in early development or early in a specific cell lineage. 

For example, TAL1 plays an important role in hemopoietic differentiation but is aberrantly 

expressed in >40% of cases of T cell acute lymphoblastic leukemia. In those cancers, TAL1’s 
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regulatory program is hijacked by cancer cells to induce the expression of genes characteristic 

of more embryonic states (Sanda et al. 2012). On the other hand, transcription factors like 

MYC are frequently deregulated to amplify proliferative transcriptional programs and induce 

other oncogenic pathways to promote tumorigenesis (Lin et al. 2012). Transcriptional 

signaling proteins that alter gene expression but do not necessarily bind directly to DNA are 

exemplified by the Mediator complex (Allen and Taatjes 2015). Genetic alterations of 

Mediator-complex-encoding genes are observed frequently in prostate cancer and in many 

uterine myomas (Barbieri et al. 2012; Makinen et al. 2011). 

 

1.10 Structure and function of Myc and Max as opportunistic transcription 

factor dimers 

The C-MYC oncogene features prominently in human cancers, being overexpressed 

or activated in more than 70% of malignancies (Dang 2012). It is a member of the MYC family 

of transcription factors including also N-MYC and L-MYC. C-MYC’s protein product 

(referred to as Myc hereafter) controls a number of essential cellular processes including 

proliferation, DNA replication, protein biogenesis, metabolism, angiogenesis as well as 

paracrine regulatory programs – all essential pathways for neoplastic growth and 

maintenance (Li et al. 2016).  

Myc is a basic helix-loop-helix (bHLH) transcription factor that lies at the crossroads 

of many growth promoting signal transduction and bioenergetic pathways. It forms a 

heterodimer with another small bHLH protein, MAX, which allows the complex to bind 

promoters and enhancers containing the canonical E-box sequence (CACGTC) and activate 

gene expression by recruiting multiple co-activator complexes. Similar to other regulatory 

transcription factors, Myc contains two separable domains: a bHLH/leucine zipper DNA 
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binding and dimerization domain at its C-terminus and a transactivation domain at its N-

terminus. Myc has low affinity for DNA and does not form homodimers (Darzynkiewicz et 

al. 1980a; Littlewood et al. 1992; Amati et al. 1992a). Therefore, its interaction with Max is 

essential for carrying out its oncogenic function whereby Myc supplies a strong 

transactivating domain and Max provides a high affinity E-box DNA binding domain (Amati 

et al. 1992a, 1993). Max, on the other hand, can form both homodimers as well as heterodimers 

with members of the Mxd protein family capable of binding E-box sequences (Ayer et al. 

1993). Despite the lack of a transactivating domain, Max can indirectly inhibit the 

transcriptional activity of Myc by competing for E-box binding (Amati et al. 1992a). 

Additionally, Max-Mxd heterodimers antagonize Myc-Max by direct transcriptional 

repression of E-box-containing target genes (Ayer et al. 1993). Myc-Max complexes can also 

forms oligomers with the Miz-1 transcription factor leading to transcriptional repression of 

Miz-1 target genes (Gebhardt et al. 2006; Staller et al. 2001b; Herold et al. 2002). The repressive 

role of the cooperation between Myc-Max and Miz-1 has also been shown to promote 

tumorigenesis (Walz et al. 2014; Heeg et al. 2016b).  

 Understanding the transcriptional effects of Myc activation would, in principle, allow 

us to explain its oncogenic properties. The advent of next generation sequencing and whole 

genome occupancy analyses, such as ChIP-seq, revealed that Myc directly regulates the 

expression of thousands of genes (Guccione et al. 2006; Lawlor et al. 2006; Li et al. 2005; 

Schlosser et al. 2005; O'Connell et al. 2003). The binding of Myc is also dose-dependent: at low 

physiological levels Myc selectively engages with promoters containing the canonical E-box 

motif but when overexpressed, Myc binding is less selective and binds to E-box variant motifs 

as well as distant sites (Lin et al. 2012; Nie et al. 2012; Walz et al. 2014; Sabò et al. 2014). A 

debate in the field pertains to the question of whether oncogenic Myc acts as a transcriptional 
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amplifier of all expressed genes in a cell or whether it regulates a distinct subset of target 

genes in a tumor-specific manner. Recent studies have argued that high levels of Myc lead to 

engagement with all active regulatory elements leading to global increase in transcription and 

total RNA levels per cell (Nie et al. 2012; Lin et al. 2012). These results support a hypothesis 

that Myc serves to merely sustain or promote the transcriptional program already active in 

each cell. On the other hand, it is also important to consider that Myc endows cells with 

specific physiological changes that could indirectly account for the increased transcriptional 

activation (e.g. in cell size, energy metabolism, translation and nucleotide biosynthesis) 

(Cunningham et al. 2014; Padovan-Merhar et al. 2015; de Gramont et al. 2017). In addition, 

total RNA content is a well-established correlate of cell proliferation, and since induction of 

Myc in all of these models leads to increased proliferation, change in total RNA content might 

not be necessarily dependent on Myc (Darzynkiewicz et al. 1980b). 

 

1.11 The Myc transcriptome - controlling all aspects of the 'hallmarks of 

cancer' 

The tight regulation of Myc protein levels and function is essential for normal cell 

homeostasis. Early genetic studies of the role of Myc in murine embryonic development 

showed that Myc is an essential gene, and its homozygous loss leads to lethality at 9.5-10.5 

days of gestation (Davis et al. 1993). Surprisingly, Myc was dispensable for proliferation of 

embryonic stem cells or embryos before that time suggesting that certain organs/systems are 

more dependent on Myc than others. On the other hand, constitutive overexpression of Myc 

in vitro and in vivo leads to neoplastic transformation (Coppola and Cole 1986) but also 

apoptosis (Evan et al. 1992).  
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In contrast to other oncogenes, MYC is usually deregulated not by mutations in its 

protein coding sequence but by alterations of the levels or timing of its expression by other 

signaling pathways or mutational processes such as insertional mutagenesis, chromosomal 

translocations or amplifications (Dang 2012). In addition, control of MYC’s mRNA turnover 

as protein stability by post-transcriptional modifications can enhance its activity in cancer 

cells (Sears 2000). Multiple oncogenic pathways can alter the activity of Myc by regulating its 

gene expression or protein stability. The half-life of the Myc protein is only ~20 mins in cell 

culture due to its rapid degradation by the ubiquitin/26S ribosome pathway (Hann and 

Eisenman 1984; Ciechanover et al. 1991). Mitogenic stimulation leads to stabilization of Myc 

by inhibition of its proteasome-dependent degradation by direct phosphorylation of Myc at 

serine 62 by the Ras/Raf/MAPK pathway (Sears et al. 1999). In addition, beta-catenin directly 

upregulates Myc expression downstream of the APC pathway which is commonly 

inactivated in cancer (Moffitt et al. 2015b). Overall, Myc’s steady-state activity is altered in at 

least 70% of human cancers and is believed to be deregulated in most cancers (Li et al. 2016). 

Early studies suggested that deregulation of Myc alone is not sufficient for 

transformation, and co-operating oncogenes such as Ras are required for tumorigenesis in 

part because elevated Myc levels cause apoptosis in normal cells (Yancopoulos et al. 1985a; 

Podsypanina et al. 2008; Evan et al. 1992; Amati et al. 1993; Land et al. 1983). However, using 

an elegant in vivo system to modulate the levels of Myc, Murphy et al. showed that although 

high levels of Myc led to ARF/p53-induced apoptosis, sustained expression of low levels of 

Myc from the Rosa locus was sufficient to drive cell proliferation and oncogenesis bypassing 

those cell death pathways (Quail and Joyce 2013c). More recently, using a similar model of 

sustained but reversible deregulated Myc expression, Kortlever et al. showed that co-

activation of Myc and KrasG12D in the lung leads to the formation of highly proliferative and 
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inflammatory lung adenocarcinomas (Kortlever et al. 2017). The authors clearly showed a 

non-cell autonomous role of Myc in promoting tumorigenesis and immune suppression 

through regulating the expression of the CCL9 and IL-23 (Kortlever et al. 2017). Surprisingly, 

when a similar module was utilized but this time driven by a pancreas-specific promoter, 

Myc’s highly tissue-specific mechanism of action was revealed. In Myc/KrasG12D-induced 

PanIN lesions, Myc activation leads to rapid expression of PD-L1 in epithelial cells which 

promotes an immunosuppressive phenotype (Sodir et al. 2019). In both models, the Myc-

induced transcription programs and tumorigenesis were immediately and completely 

reversible. Earlier studies have also shown tumors are dependent on the powerful oncogenic 

role of Myc even if Myc is not the initiating oncogene. For example, systemic inhibition of 

Myc in both the well-established LSL–KrasG12D murine model of non-small cell lung cancer 

(Soucek et al. 2008, 2013)and the RIP1-Tag2 model of pancreatic insulinomas driven by SV40 

T/t antigens (Sodir et al. 2011) triggered rapid and wholesale regression of incipient and 

established tumors. Altogether these results are a clear testament to the pleiotropic functions 

of Myc and suggest that tissue- and tumor-specific dependencies exist which could be 

exploited therapeutically.  

 

1.12 ETS family of transcription factors - effectors of mutant Kras signaling 

The E26 transformation-specific (ETS) family of transcription factors includes 28 

different proteins that play various roles in development (Maroulakou and Bowe 2000). While 

some are ubiquitously expressed, others are expressed in a tissue- and cell type-specific 

manner (Hollenhorst et al. 2011b). All members of the family share the highly conserved ETS 

DNA binding domain that recognizes an invariable GGAA/T core flanked by 3-4 other less 

conserved nucleotides (Wei et al. 2010). In addition, some members contain a pointed domain 
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(PNT) that has been shown to be involved in protein-protein and protein-RNA interactions 

and could serve as a docking site for ERK2 (Seidel 2002). The transcriptional transactivation 

domains, similar to other transcription factors, display minimal stable secondary or tertiary 

structure. The regulation of the activity of ETS factors is mostly carried out by transcriptional 

and post-translational modifications affecting the total protein levels inside the cell as well as 

interaction with other transcription factors (Hollenhorst et al. 2011b).  

The ETS factors are present throughout the metazoan family and seem to have evolved 

by large-scale duplications of vertebrate genomic regions (Degnan et al. 1993). Based on their 

homology, the 28 human ETS factors can be grouped into four classes (Hollenhorst et al. 

2011b). This classification is important because closely related members of a subfamily may 

display redundant functions, whereas those in different subfamilies may have unique 

biochemical properties that could be utilized in distinct biological pathways. The diverse 

phenotypes that these factors play a role in, despite the similarities of the DNA motif they 

recognize, is exemplified by the mouse genetics experiments and summarized in Figure 1.2. 

This diversity suggests that ETS factors carry out distinct biological functions which are often 

achieved by specific signaling cascades and cooperation with other transcription factors. The 

Ras pathway has been shown to be a crucial upstream regulator of multiple members of the 

ETS family (Wasylyk et al. 1998). Molecular details of these interactions have been well 

illustrated by the Ets1/Ets2 transcription factors. Downstream of Ras, MAPK 

phosphorylation of threonine and serine residues immediately preceding the PNT domains 

of Ets-1 and Ets-2 leads to stimulation of their transcriptional activities by promoting 

interactions with transcriptional activator complexes (Wasylyk et al. 1997; Yang et al. 1996). 

In addition, through cooperation with other transcription factors a Ras-responsive element 

(RRE) could be identified in promoters of genes whose expression is regulated by Ras-
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induced ETS activation (Imler et al. 1988). For examples, serum-response elements are present 

in many immediate early genes (C-fos, Egr1, Egr2, Vinculin) and function as RREs that 

mediate responses to many extracellular stimuli. In this case, SRF cooperates with Ras-

induced TCF proteins.  

 

1.13 Spdef is a unique ETS transcription factor 

The SAM Pointed Domain Containing ETS Transcription Factor (Spdef) is a unique 

ETS family member that defines a secretory lineage of epithelial cells. It is the sole member of 

ETS protein Class IV because of differences in the sequence of its DNA-binding domain which 

lead to its unique preference for a GGAT core sequence instead of GGAA (Oettgen et al. 2000). 

It was originally discovered as a key interactor of the androgen receptor in controlling 

prostate-specific antigen (PSA) gene expression (Oettgen et al. 2000). Subsequently, Spdef’s 

expression was shown to be increased in multiple cancers, including breast and prostate 

compared to the normal tissue (Sood et al. 2007). While the ETS1/2 transcription factors are 

expressed ubiquitously in all cell types, Spdef’s expression is restricted to epithelial cells and 

has been shown to be essential for the maturation of the mucus-secreting Goblet cells in the 

intestinal epithelia and the differentiation of Clara cells to Goblet cells in lung epithelial 

tissues (Gregorieff et al. 2009). In Goblet cells, Spdef was shown to directly regulate the 

expression of multiple genes involved with mucin secretion including mucins (Muc5ac), genes 

involved in protein folding (Agr2) and glycosylation enzymes (Gcnt3) (Park et al. 2007). These 

studies establish an essential role of Spdef in a well-defined secretory cell lineage during 

development.  

Multiple studies have implicated a functional role for Spdef in tumorigenesis. 

Surprisingly, in cancer, Spdef’s mechanistic role appears to be distinct from its developmental 



 41 

program. For example, Spdef is highly upregulated in luminal breast cancer compared to 

normal breast epithelial cells and may promote tumorigenesis by negatively regulating the 

expression of the death ligand Fas (Buchwalter et al. 2013). In addition, Spdef was also found 

to regulate invasion and cell motility by cooperating with the receptor tyrosine kinase Erbb4 

in breast cancer cell lines (Gunawardane et al. 2005). In prostate cancer, besides the Spdef’s 

role in cooperating with the androgen receptor, Spdef expression was reported to inhibit 

advanced disease and metastasis although the mechanism was not determined (Steffan et al. 

2012). More recently, conditional ectopic expression of Spdef with KrasG12D in the lungs of 

transgenic mice was shown to induce malignant mucinous lung tumors while KrasG12D alone 

led to the formation of benign lung tumors (Guo et al. 2017). Interestingly, Spdef is not 

essential for development in mice (Marko et al. 2013).  

 

1.14 The Unfolded Protein Response 

The majority of secreted and membrane-bound proteins are folded into their native 

confirmation and modified post-translationally in the endoplasmic reticulum (ER). The ER is 

essential in monitoring the folded state of proteins and repairing any misfolding mistakes. 

This process requires protein oxidation to generate disulfide bonds.  The major redox buffer 

in the cell is glutathione. In the cytoplasm, the ratio of reduced glutathione to oxidized 

glutathione is >50:1. In contrast, in the ER, this ratio is 1:1 to 3:1. Disulfide bond formation in 

the ER is catalyzed by protein disulfide isomerases like Agr2 and PDI which are also part of 

protein homeostasis (Ma and Hendershot 2004). If the influx of nascent, unfolded 

polypeptides exceeds the folding and/or processing capacity of the ER, the normal 

physiological state of the ER is perturbed. Aberrant protein conformations are a major cause 

of disease, and as such, the ER has mechanisms in place to respond to misfolded proteins. If 



 42 

misfolded proteins are detected, signal transduction pathways originating in the ER are 

activated to increase its folding capacity or induce cell death if the stress to the ER persists. 

This response, which is called the unfolded protein response (UPR), is a conserved 

physiological mechanism that ensures proper protein folding.  

ER stress can be caused by overexerting the protein folding capacity of the ER. ER 

stress can be created by the synthesis of large and heavily modified proteins, the global 

overexpression of proteins, or by the damage to nascent polypeptides caused by reactive 

oxygen species (ROS). Notably, ROS are generated by activation of oncogenic signaling, 

hypoxia or nutrient deprivation, conditions that all occur in the context of tumors. Two 

options exist to restore the folding capacity of the ER following ER stress: the cell can either 

decrease the folding demand or increase the folding capacity. To decrease the folding 

demand, either selective downregulation of the expression of secretory proteins or global 

decrease in protein translation could be employed. Alternatively, and usually concurrently, 

ER folding capacity can be increased by the upregulation of ER resident molecular chaperones 

and enzymes required for protein folding and disulfide bond formation, or by increasing ER 

size. Unresolved ER stress ultimately triggers cell death pathways.  

 The UPR is a network of multifaceted signaling pathways that is activated to limit the 

accumulation of unfolded proteins in response to ER stress. In mammals, three main 

pathways respond to increased protein folding demand in the ER – the Ire1a/ Ire1b (encoded 

by Ern1/2), Atf6 and Perk pathways (Ma and Hendershot 2004) (Figure 1.3). Ern1 and Ern2 

are paralogues, and while Ern1 is expressed ubiquitously in the body and is required for 

murine development (Iwawaki et al. 2009), Ern2 expression is restricted to tissues of the 

gastrointestinal tract is a non-essential gene (Bertolotti et al. 2001; Ghosh et al. 2010; Martino 

et al. 2013). As a type I transmembrane proteins, Ire1a/b contain an amino-terminal ER 
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luminal domain and carboxy-terminal cytoplasmic kinase and RNase domains. Their 

activation in the presence of ER stress requires the formation of Ire1a/b homo- or hetero-

oligomer by self-association of their ER luminal domain (Li et al. 2010). 

The ER resident chaperone BiP (also known as Grp78) is the major sensor of unfolded 

proteins in the ER. In addition to its function in facilitating protein folding as a chaperone, 

BiP is also involved in restricting UPR activation in the absence of unfolded proteins. When 

unfolded proteins are not present, BiP associates with the luminal domains of Ire1a/b and 

Perk to prevent their oligomerization (Pincus et al. 2010; Shen et al. 2002). However, when the 

concentration of unfolded proteins in the ER increases, BiP dissociates and binds to exposed 

hydrophobic regions (the thermodynamic hallmark of an unfolded protein), and this allows 

Ire1a and b to dimerize which leads to their activation (Bertolotti et al. 2000; Okamura et al. 

2000; Shen et al. 2002). Additionally, the luminal domains of both Ire1a and Ire1b contain an 

MHC-like structure that can bind to hydrophobic domains of unfolded proteins, but this 

mechanism of sensing ER stress is likely employed only by Ire1b (Pochampalli et al. 2007b; 

Karagöz et al. 2017). 

Dimerization of Ire1a and b induces trans-autophosphorylation of the proteins which 

causes a conformational change in their RNAse domains. This conformational change 

activates their effector function of cleaving the Xbp1 mRNA (Korennykh et al. 2009). In 

mammals, Ire1a excises a 26 bp intron within the Xbp1 mRNA which shifts the open reading 

frame of the mRNA, and the resulting short protein isoform of Xbp1 (Xbp1s) contains a strong 

transcriptional activating domain (Shen et al. 2002). In cellular models of ER stress, Xbp1s 

controls the expression of genes encoding factors that modulate protein folding, secretion, 

Endoplasmic Reticulum Protein Degradation (ERAD), protein translocation into the ER, and 

lipid synthesis (Acosta-Alvear et al. 2007). In addition, non-specific cleavage of multiple 
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RNAs by Ire1a, a process called regulated Ire1-dependent decay (RIDD) can occur that may 

serve to alleviate the ER from further protein synthesis (Hollien and Weissman 2006).  

The transcription factor Atf6 interacts with BiP with its luminal domain, and upon ER 

stress it translocates to the Golgi apparatus where it is proteolytically cleaved releasing its 

cytoplasmic domain which is a potent transcription factor (Yancopoulos et al. 1985b). Atf6 

regulates the expression of UPR genes, including those that reinforce the ERAD pathway 

(Yamamoto et al. 2007).  

Perk, another ER resident kinase, is activated in the presence of ER stress. It 

phosphorylates the translation initiation factor eIF2a which leads to shutting down global 

translation and a paradoxical concomitant increase in the translation of the Atf4 transcription 

factor (Harding et al. 2000; Berger et al. 2009b). The latter induces the transcription of select 

genes whose functions are to restore proteostasis (Fusakio et al. 2016). A notable target of Atf4 

is Chop – a transcription factor responsible for activating the expression of multiple ER 

chaperones as well as apoptotic genes (Nishitoh 2012). 

The role of the unfolded protein response in tumorigenesis still remains poorly 

understood. As the tumor becomes larger, it experiences increasing hypoxia, nutrient 

starvation and acidosis until the microenvironment becomes limiting, suggesting that 

conditions within tumors may promote ER stress. Indeed, several studies have reported 

evidence of involvement of the UPR in various tumors. Activation or overexpression of IRE1, 

XBP1, ATF6, CHOP, BiP (GRP94) and GRP170 have been shown to be important in 

tumorigenesis (Li et al. 2017; Ojha and Amaravadi 2017a; Shuda et al. 2003; Fernandez et al. 

2000; Gazit et al. 1999; Chen 2002; Song et al. 2001). One hypothesis posits that the UPR 

protects tumor cells from ER stress-induced apoptosis. Additionally, multiple studies have 

established a link between activation of the UPR and angiogenesis. Vegf is a pro-angiogenic 
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protein that is synthesized and processed in the ER. Its expression is induced by an ATF4-

dependent pathway and there is evidence to suggest that increased levels of BiP could 

mediate Vegf folding (Roybal et al. 2004; Ikeda et al. 1997). It has also been suggested that, in 

metastatic pancreatic cancer, UPR induction promotes a dormant state instead of apoptosis 

which could serve to protect tumor cells from clearance by the adaptive immune system 

(Pommier et al. 2018). 

 

 

 



 46 

 

Duct

Figure 1.1 Histological and molecular progression of pancreatic ductal adenocarcinoma. Top panel shows a 
schematic of the histological progression in PDAC from normal epithelial ducts to PanIN, advanced PDAC 
and metastasis and the common mutations associated with each stage. Bottom panel shows representative 
H&E images of normal pancreatic ducts, PanIN1-3 and PDAC histology (adapted from Iacobuzio-Donahue 
et al 2012).
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Figure 1.2 The ETS family of transcription factors and their relatedness based on sequence homology 
(adapted from Hollenshorst et al 2011)
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Figure 1.3 The three arms of the mammalian unfolded protein response pathway: IRE1, ATF6 and 
PERK. Endogenous stressors including ROS, hypoxia and nutrient deprivation lead to 
accumulation of unfolded proteins in the ER which activate the unfolded protein response. The 
BIP protein binds to the 3 major effectors of the UPR IRE1a/b, ATF6 and ATF4. High 
concentration of misfolded proteins in the ER leads to dissociation of BIP from the UPR proteins
and causes their activation. IRE1a/b’s endonuclease function initiates non-canonical splicing of 
Xbp1; ATF6 is proteolytically cleaved in the Golgi and translocates into the nucleus and PERK 
causes phosphorylation of the translation initiation factor EIF2A. 
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CHAPTER 2. REGULATION OF C-MYC ACTIVITY IN 

PANCREATIC CANCER ORGANOIDS 

Introduction 

A central theme in molecular oncology is that tumors remain dependent on the 

activity of the oncogenic pathways that drive tumorigenesis (Weinstein 2002). This 

phenomenon, coined “oncogene addiction”, has been demonstrated to be a feature of tumors 

even when MYC is not the initiating oncogenic event, thus rendering MYC a plausible 

therapeutic target (von Eyss and Eilers 2011). Genetic studies performed in animal models 

have revealed that suppression of Myc activity leads to rapid tumor regression due to 

inhibition of cell proliferation, induction of senescence, apoptosis, as well as remodeling of 

the tumor microenvironment (Soucek et al. 2008; Sodir et al. 2011; Soucek et al. 2013). By 

overexpressing a mutated version of the Myc bHLH domain (Omomyc), which acts in a 

dominant negative fashion to endogenous Myc, Soucek et al showed that systemic Myc 

inhibition can eradicate tumors in a mutant Kras-driven GEMM of lung cancer with only mild 

and fully reversible side-effects on proliferating tissues (Soucek et al. 2008). These proof-of-

concept genetic studies, although not feasible in the human setting, establish the dependency 

of tumors on Myc activity even in cases where Myc is not the initiating oncogene. Based on 

these findings, additional studies have been performed to explore the inhibition of MYC’s 

expression or activity as a therapeutic approach. For example,  the BET bromodomain small 

molecule inhibitor JQ1 was identified to have a powerful therapeutic effect in murine models 

of a number of blood cancers by shutting down the expression of MYC (Delmore et al. 2011). 

Small molecule inhibitors of MYC-MAX dimerization have also been described but have 

shown no efficacy in vivo due to their short terminal half-life and rapid metabolism (Whitfield 
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et al. 2017). More recently cell-penetrating Omomyc peptides showed promising activity 

against solid tumors in mouse models but, due to the limited clinical success of other peptide-

based therapies,  will require further validation before advancing to the clinic (Wang et al. 

2019; Beaulieu et al. 2019). Given these unsuccessful attempts to target MYC in solid tumors, 

new approaches to inhibit its function are warranted.    

The role and regulation of MYC in PDAC progression have not been fully elucidated 

(Eser et al. 2014). Amplifications of MYC have been documented in a subset of PDAC tumors 

(<10%) and activation of the MEK-Erk pathway by mitogens or oncogenic KRAS has been 

shown to stabilize MYC (Sears 2000). Post-translational modifications (PTMs) of the N-

terminus of MYC can regulate its stability as well as activity (Hann 2006). Phosphorylation, 

ubiquitination, O-linked glycosylation and acetylation have all been found on MYC with 

phosphorylation (at residues S62, S71, S82 and S164) being the only functionally relevant 

modification in vivo (Hann 2006). Most of these modifications affect the stability of the MYC 

protein, however, phosphorylation of MYC at S62 by ERK has been reported to also regulate 

its interaction with specific target genes (Li et al. 2005a). Studies have also shown that Myc is 

essential for the deregulation of a number of other metabolism pathways important for PDAC 

and that its knockdown affects early stages of PDAC development (Saborowski et al. 2014). 

In a Kras-driven mouse mode of PDAC,  Kras promotes metabolic reprogramming in these 

tumors by regulating anabolic glucose metabolism downstream of MYC (Ying et al. 2012). 

Additionally, deletion of a single allele of Myc significantly increased the survival of KPC 

mice exemplifying the dependency of PDAC tumors on Myc (Walz et al. 2014). To investigate 

the progression of PDAC and explore therapeutic applications, our lab previously generated 

a physiologically-relevant murine model of early and late stage PDAC by conditionally 

expressing endogenous KrasLSL-G12D (KC) or both the Kras LSL-G12D and Trp53LSL-R172H (KPC) 
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alleles in developing pancreatic tissues through the use of pancreas-specific Cre recombinase 

alleles (Hingorani et al. 2005b, 2003).  Early stage pancreatic intraepithelial neoplasms 

(PanINs) can be studied using the KC model, while the KPC model allows for characterization 

of advanced, invasive and metastatic PDAC. To complement these mouse models, in 

collaboration with Hans Clevers’s laboratory, we recently developed an ex vivo three-

dimensional organoid system to study normal ductal (mN), PanIN (mP) and tumor (mT) cells 

as well as cells from distant metastases (mM) (Boj et al. 2015). This system provides us with 

the ability to compare primary normal to primary neoplastic cells and follow the progression 

of the disease from initiation to metastasis. 

 

2.1. C-myc's activity is induced in pancreatic cancer organoids despite no 

difference in protein levels between normal and tumor cells 

To determine the status of Myc activation in our organoid cultures, we analyzed the 

RNA-seq expression data from Boj et al. 2015. GSEA revealed that canonical and previously 

described Myc target gene sets were significantly upregulated in tumor organoids when 

compared to normal (Fig.2.1A and B). Surprisingly, this upregulation of Myc targets was not 

observed in PanIN organoids, suggesting that mutant Kras alone could not explain the 

activation of Myc and points to Kras-independent hyperactivation of c-Myc in advanced 

PDAC.  

 We hypothesized that upregulation of Myc itself in tumor organoids might explain 

the increased expression of its target genes. However, we did not observe induction of c-Myc 

at the mRNA (Fig.2.2A) or protein level (Fig. 2.2B) when we compared a panel of normal, 

PanIN and tumor organoids. Interestingly, in our organoid cultures, acute activation of 
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mutant Kras using the LSL-KrasG12D organoids did not lead to stabilization or increase of c-

Myc at the protein level (Fig. 2.2C).  

 

2.2. Tumor-specific promoter occupancy by Myc defines transcriptional 

changes of its target genes 

Gene expression can be altered by dynamic changes in enhancer states and functional 

changes establishing novel regulatory regions typically occur in a cell type-specific manner 

(Rada-Iglesias et al. 2012). For example, in normal non-proliferative B cells most Myc peaks 

are located within promoter regions whereas, during progression of the Eu-Myc-driven B-cell 

lymphoma, a larger percentage of Myc peaks are found in distal elements (Sabò et al. 2014). 

Since we did not observe any differential expression of Myc in Kras-mutant and wildtype 

organoids, we hypothesized that in tumor organoids, although Myc levels remained 

unchanged, Myc could be binding to novel enhancer sites regulating the expression of its 

target genes. To address this hypothesis, we optimized a chromatin immunoprecipitation 

(ChIP) protocol for immunoprecipitation of DNA-bound Myc from organoid cultures and 

performed ChIP-seq experiments comparing Myc occupancy between normal and tumor 

organoids (Fig.2.3). Ultimately, 1 ng of ChIP DNA was used to prepare Illumina compatible 

libraries sequenced to ~10-15 million reads. The reads were mapped to the mm10 version of 

the Mus musculus genome and peaks, i.e. Myc-occupied regions, were called using the MACS 

software by comparing input samples to IP samples.  When all peaks from all four samples 

were combined, 25% were located within promoter regions, defined as within 2kb of 

transcription start sites (TSS) (Fig.2.4A). Remarkably, this ratio differed between normal and 

tumor organoids. Both normal organoid lines had a larger number of peaks at distal elements 

(<2kb upstream or downstream of transcription start sites (TSS)) compared to promoter 
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elements (Fig. 2.4A).  In both tumor samples, however, peaks were evenly distributed 

between promoter and distal regions (Fig. 2.4A). One explanation of these results might be 

that many of the normal distal peaks are peaks with low enrichment, also known as “weak” 

peaks, that have passed the threshold of detection but are not biologically significant. After 

comparing the enrichment scores of the promoter and distal peaks, however, we found that 

the normal and tumor peaks had very similar distributions (Fig. 2.5A). Surprisingly, the distal 

peaks of the tumor samples were significantly less enriched compared to the promoter ones 

suggesting that Myc has lower affinity for distal binding sites in tumor organoids. 

Comparison of the number of reads mapping within 2kb of each peak also revealed that, 

largely, there are few novel Myc binding sites in any sample but rather sites where Myc binds 

with higher affinity in tumor organoids compared to normal (Fig.2.4B and C) 

We analyzed all samples to identify overlapping peaks present in all samples, which 

should represent the core, common Myc target sites and thus provide valuable information 

about the quality of the dataset generated. As expected, the Myc E-box binding motif was 

identified with high significance in those peaks (Fig.2.6A). Interestingly, 2/3 of the common 

peaks were located at promoter regions and 1/3 at distal (Fig. 2.6B). As expected, due to the 

similar levels of total Myc among samples, the overall enrichment of normalized reads did 

not differ between samples; however, we did identify an enrichment of Myc at the peaks that 

fall within promoter regions (Fig. 2.6D, E and F). Myc’s affinity for distal sites remained 

similar between the samples at these overlapping peaks (Fig. 2.6D). Gene ontology analysis 

of the genes in the vicinity (i.e. within 2kb of TSS) of these common Myc binding sites 

identified canonical Myc-regulated pathways involved in transcription, translation and 

proliferation (Fig. 2.6G).  
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To determine the tumor-specific Myc binding sites, we analyzed all peaks that were 

present in both tumor samples but absent from both normal samples. 841 peaks were unique 

to the tumor organoids and 75% of these peaks localized to promoter regions (Fig. 2.7A). 

Surprisingly, despite not being identified as significant peaks by our algorithm, there were 

still reads mapping to these sites in normal organoids, enriched around the center of the 

tumor specific peaks (Fig. 2.7B and C). Therefore, most tumor-specific peaks are not novel 

Myc binding sites but rather sites that Myc occupies with higher affinity in the tumor 

organoids. To confirm that these novel peaks were not low-affinity Myc binding sites, we 

compared the fold enrichment of reads mapping to all peaks to those mapping to the novel 

peaks and did not observe any significant differences (Fig.2.7D).  The putative set of genes 

bound by Myc in a tumor-specific manner were significantly upregulated in tumor cells as 

revealed by GSEA of RNA-seq performed concomitantly (Fig. 2.8A). The tumor-specific 

binding sites occurred near genes involved in both previously documented Myc-regulated 

cellular processes (e.g. promoter opening by PolII) as well as less studied functions of Myc 

(e.g. telomere maintenance) (Fig. 2.8B).  

With similar levels of Myc observed in normal and tumor organoids, one hypothesis 

to explain the higher affinity binding of Myc in tumor organoids is the existence of a co-factor 

of Myc that is present or active only in the tumor organoids. Previous studies have reported 

cooperation between Myc and other transcription factors such as HIF1A and TWIST 

(Valsesia-Wittmann et al. 2004; Dang et al. 2008). To determine if this putative co-factor is a 

transcription factor, we analyzed the DNA sequence underlying the tumor-specific peaks for 

the presence of transcription factor binding motifs. As expected the most commonly identified 

and centrally located motif was the E-box. However, we also identified the Stat1 and Spdef 

binding motifs to be significantly enriched proximal to the E-box motif suggesting that these 



 55 

two TFs might be cooperating with Myc in pancreatic cancer cells to alter Myc’s function (Fig. 

2.9A).  

Phosphorylation of Stat1 leads to its nuclear translocation where it regulates the 

expression of multiple genes involved in antimicrobial activities, cell proliferation and cell 

death (Meissl et al. 2017). Interferon signaling leads to phosphorylation of residue Y701 of 

Stat1 by Jak1 while PDGFR/MAPK activation through Erk1 causes phosphorylation of S727. 

WB analysis for both of these phospho residues as well as for total levels of Stat1 revealed that 

Stat1 is downregulated in tumor organoids suggesting that Stat1 is either a negative regulator 

of, or not important for, the expression of Myc-regulated genes (Fig. 2.9B). On the other hand, 

the ETS transcription factor Spdef, is significantly upregulated in tumor organoids. Spdef has 

previously been implicated as an oncogenic driver in breast cancer so we decided to 

investigate its role in cooperating with c-Myc further (Fig. 2.9C). 

 

2.3. A model of cooperation between Myc and Spdef to control target gene 

expression 

We hypothesized that if a direct interaction between Myc and Spdef existed, it could 

be supported by analyzing the RNA-seq data. We would expect to find the Spdef binding 

motif proximal to the center of each Myc peak, either in an upstream or downstream fashion, 

with an adjacent gap accounting for the physical occlusion of the Ebox by Myc. By plotting a 

histogram of the frequency of occurrence of the Spdef motif relative to the center of each Myc 

peak, we observed a symmetrical enrichment of the Spdef motif approximately 18bp in either 

direction (Fig. 2.10A). We also analyzed the absolute distance of each Ebox motif from the 

nearest Spdef motif and found a peculiar periodicity of ~16-18bp. These results increase 

confidence that Spdef and Myc might interact directly in tumor cells (Fig. 2.10B).  
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To confirm the direct interaction between Myc and Spdef, we cloned and stably co-

expressed a cDNA for each gene in a an organoid-derived KPC line (mT10-2D) using a 

retroviral vector. Due to an unavailability of an Spdef antibody at that time, we fused peptide 

tags to each protein for ease of detection (a Flag tag for Myc and an HA-tag for Spdef). Co-

immunoprecipitation of each tag revealed that the exogenously expressed Spdef-HA and 

Myc-Flag could, indeed, interact under these conditions and we were able to reproduce this 

experiment using bead-conjugated antibodies (Fig. 2.11A and B). However, when we 

performed this experiment using antibodies against the endogenous Myc and Spdef proteins 

we were unable to replicate these results. The enrichment for Spdef compared to input was 

minimal suggesting that the antibody for the endogenous Spdef protein might bind with low 

affinity. Alternatively, the ectopic overexpression of these two proteins created an artificial 

environment that allowed them to co-precipitate. 

 

2.4. dMax is a naturally occurring isoform of Max and can be exploited to 

inhibit Myc activity   

The DNA binding activity of Myc as a monomer is relatively weak20. Its activity is 

dependent upon its transactivation via the formation of a heterodimeric complex with Max. 

An alternatively spliced version of Max exists, termed dMax, in which exon 3 is excluded 

from the final mature Max mRNA (Arsura et al. 1995) (Fig 2.12A). dMax can still bind to MYC 

and form the heterodimer but lacks the DNA binding domain thus abrogating the 

transactivation activity of Myc in vitro (Fig. 2.12B). Importantly, the expression of this isoform 

has been detected in a number of tissues but its physiological role has not been fully 

elucidated. 
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We hypothesized that dMax is involved in normal tissue homeostasis and acts as a 

tumor suppressor to repress oncogenic Myc activity. We first wanted to evaluate the potential 

role of a splice variant of Max (dMax) as a dominant negative regulator of Myc. We 

hypothesized that Myc’s function could be inhibited in normal cells by high expression of 

dMax while in neoplastic cells, dMax levels are reduced which leads to activation of Myc. To 

confirm that this splice isoform is indeed expressed in the pancreatic organoids we designed 

SybrGreen RT-qPCR primers for both the splice variant and the full-length mRNA of Max. 

qPCR results showed that the dMax transcript is expressed in both normal and tumor 

organoids but did not detect any difference in the expression levels (Fig. 2.13A). 

Unfortunately, the antibodies used in the original paper characterized dMax are no longer 

available and we were unable to confirm these results at the protein levels using two 

commercially available antibodies.  

 Induction of splice-switching oligonucleotide (SSO) technology to promote dMax 

expression could be exploited as therapeutic approach to target Myc. The SSO technology 

relies on masking a splice site or an exon-internal exonic splicing enhancer (ESE) in the pre-

mRNA (Kole et al. 2012). This prevents the proper assembly of the spliceosome on the exon 

and redirects splicing to another pathway, inducing skipping of the targeted exon. These 

oligos, upon chemical modifications, can be delivered to the patient and have already shown 

promising results for the systemic treatment of Duchenne muscular dystrophy and SMA 

(Finkel et al. 2017). Accordingly, we wanted to investigate the dominant negative effects of 

dMax on Myc function and its potential as a therapeutic tool. We expressed either dMax or 

WT Max fused to a flag tag using a TetON doxycycline-inducible retroviral system in a 2D 

KPC cell line. We confirmed that the cDNAs were expressed (Fig. 2.13B) and translated into 

stable proteins (Fig. 2.13C). At the protein level, both dMax-Flag and WT Max-Flag were 



 58 

expressed at levels similar to those of endogenous Max. To investigate the effect of ectopic 

dMax overexpression on the proliferation of KPC 2D lines, we monitored their proliferation 

by CellTiterGlo in the presence of doxycycline and, thus, continuous induction of either WT 

Max, dMax, or an empty control vector. We did not observe a significant difference in the 

proliferation of any of the aforementioned cell lines (Fig. 2.13D). This experimental approach 

does not model use of an SSO because endogenous full-length Max mRNA is still expressed 

in the cells expressing dMax ectopically. To circumvent this issue, we designed five shRNAs 

targeting Max at the 5’ UTR region, which was absent from the cloned cDNAs, to ensure that 

only the endogenous Max was being silenced. We achieved ~50% knockdown of both 

endogenous WT and dMax mRNA (Fig. 2.13E). To assess the effects of ectopic dMax on Myc’s 

transcriptional activity, we analyzed the expression of canonical Myc target genes (Bcat1, 

Hmga1, Ccnb1, Ccnd2) in KPC cells upon either dMax expression, endogenous Max 

knockdown, or simultaneous dMax expression and endogenous Max knockdown. 

Surprisingly, dMax overexpression alone or Max knockdown alone led to an induction in 

Myc and the majority of its target genes (Fig. 2.13F). However, when the two conditions were 

combined, modeling the splice switching approach, we observed a significant reduction in 

the expression of the majority of Myc target genes suggesting that dMax could act as a Myc 

antagonist in our system (Fig. 2.13G).  

 

2.5 Discussion and future experiments 

Previous efforts to understand Myc’s oncogenic function have suffered from the lack 

of appropriate models for the comparison of cancer and normal cells. Most of those studies 

relied on comparing either different tissues (e.g. normal fibroblasts to cancer cells), cells with 

different proliferation rates (before and after serum stimulation), or used models of oncogenic 
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Myc activation that led to an extreme overexpression (e.g. >1000-fold increased levels) of Myc. 

To our knowledge, our data reveals the first comparison of Myc’s activity between normal 

proliferating pancreatic ductal and cancer cells. Our results showed that, in tumor cells, Myc 

is significantly enriched at >800 sites, which correlates with increased expression of nearby 

genes. In addition, we propose a model of cooperation between Myc and the pioneer ETS 

factor Spdef that occurs early in tumorigenesis.  

The cooperation between oncogenic Ras and Myc has been explored previously. The 

current model posits that Ras signaling affects Myc by two basic mechanisms: Pi3k inhibits 

phosphorylation of Myc at T58, which blocks its proteolysis by the ubiquitin proteasome 

system, while activated Erk phosphorylates Myc at S62, which increases its stability. It was 

surprising that steady-state Myc protein levels did not change significantly in PanIN or tumor 

organoids despite the presence of an endogenous KrasG12D mutation. A plausible explanation 

is that our organoid cultures provide more physiologically relevant growth conditions that 

do not rely on serum supplementation and therefore limit the hyperactivation of Myc. 

Alternatively, presence of EGF in the media may stimulate high levels of PI3K/MAPK 

signaling that leads to high levels of Myc even in the proliferating normal cells. It is also 

important to note that in previous studies co-expression of Myc and Ras led to significant 

increase in cell proliferation and that our normal and PanIN/Tumor organoid cultures do not 

exhibit differences in proliferation. Importantly, our results suggest that despite similar 

steady-state levels, Myc is indeed more active in the tumor organoids suggesting that 

deregulation of its expression might be even more important than mere accumulation of Myc 

protein.  

It has been previously shown that, in normal quiescent B cells, Myc is expressed at 

very low levels and occupies mostly promoter regions whereas in the mouse model of B cell 
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lymphoma, the high levels of Myc driven by the Eu promoter lead to saturation of Myc at 

those promoters and invasion of distal elements (Sabò et al. 2014). Our results, however, 

suggest that in normal pancreatic organoids, the majority of Myc peaks are located at distal 

sites while in Tumor organoids Myc peaks are evenly split between promoter and distal 

sequences. Remarkably, while there is no difference in the enrichment of reads between distal 

and promoter peaks in normal organoids, Myc is recruited at higher levels at promoter peaks 

than for distal peaks in Tumor organoids. In addition, the majority of tumor-specific peaks 

identified by the algorithm are located at promoters. These results suggest that in tumor 

organoids, Myc is recruited better to promoters which explains the increased expression of 

genes proximal to these promoter peaks which has been shown previously (Sabò et al. 2014).  

The role of Myc at these distal sites in both normal and tumor organoids remains poorly 

understood and future elucidation of the functional consequences of the depletion of Myc 

from distal sites in Normal versus Tumor organoids will be important. 

Our results also suggest that despite being called as tumor-specific peaks by our 

algorithm, most of the novel Myc binding sites are also occupied by Myc in Normal 

organoids, albeit at much lower levels. It is important to keep into consideration the averaged, 

population-based nature of ChIP-seq experiments: the differences that we observe, most 

likely, reflect the heterogeneity of Myc occupancy within the sampled cell population. 

Therefore, our results suggest that Myc is recruited to those tumor-specific sites in a higher 

proportion of tumor organoid cells.  

As an opportunistic transcription factor, Myc has previously been shown to cooperate 

with pioneer transcription factors such as Foxr2 (Lo et al. 2017). The ETS family of 

transcription factors are known to be important effectors of mutant Kras signaling (Wasylyk 

et al. 1998) and members of this family (e.g. TCF) can interact with other bHLH-containin 
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transcription factors (Stinson 2003). Our results show that the binding motif of the ETS 

transcription factor Spdef is enriched around the Ebox motif in tumor-specific peaks and that 

Myc and Spdef can interact in cells when expressed ectopically. Spdef is very lowly expressed 

in normal organoids and its expression increases throughout the progression of PDAC with 

it peaking in tumor organoids. Two different models could explain how Spdef recruits Myc 

to tumor-specific sites. As a pioneer transcription factor, Spdef could function to convert 

facultative heterochromatin into an accessible state that would allow subsequent binding by 

the Myc/Max dimer. Alternatively, direct recruitment by Spdef might explain the occupancy 

of Myc at those sites in a tumor-specific manner, only when Spdef is highly expressed. 

Remarkably, shRNA-mediated depletion of Spdef in tumor organoids did not lead to a 

significant change in the expression of genes associated with the tumor-specific peaks (genes 

shown in Chapter 2.3). These results support the former model of Spdef affecting chromatin 

accessibility and thus being dispensable after any changes in chromatin state have been made. 

Further experiments to analyze the chromatin dynamics of these loci in normal, PanIN and 

tumor organoids could help elucidate the mechanism of Spdef-mediated Myc activity. In 

addition, analysis of Myc occupancy following ectopic expression of Spdef in PanIN or 

normal organoids would allow us to determine whether Spdef is sufficient for the recruitment 

of Myc to those tumor-enriched peaks.  

 As a central node on which multiple oncogenic pathways converge, Myc is a coveted 

therapeutic target. Encouraged by examples in the literature of rapid and sustained tumor 

regression following Myc inhibition (Soucek et al. 2008; Sodir et al. 2011; Soucek et al. 2013) 

and the success of oligonucleotide therapies in clinical trials (Finkel et al. 2017), we proposed 

the use of SSOs inducing dMax as a therapeutic strategy against Myc. Our preliminary results 

show that modeling splice-switching by depleting endogenous Max mRNA and expressing 
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dMax cDNA leads to a reduction in the expression of canonical Myc target genes. 

Unfortunately, due to time constraints, we did not investigate this further but our preliminary 

results warrant a more thorough investigation of the potential for using SSOs that induce 

dMax and thus Myc inhibition.  
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Figure 2.1 Myc’s transcriptional program is activated in tumor organoids
A) and B) Gene Set Enrichment Analysis (GSEA) of Tumor versus Normal RNA-seq from Boj et al., 
2015 for 2 published Myc target gene sets (Schuhmacher et al 2001; Zeller et al 2003).
C ) and D) Heatmap plot of the normalized expression for genes from the pathways in A and B of 7 
Normal, 6 PanIN and 6 Tumor organoid lines as calculated by DESeq2.
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Figure 2.2 Myc expression does not change significantly in organoid model of murine PDAC progression
A) Normalized RNA-seq expression of Myc averaged across 7 Normal, 6 PanIN and 6 Tumor organoid 

lines as calculated by DESeq2 
B) WB analysis of pS62, total c-Myc and Hsp90 (loading control) in 3 normal, 2 PanIN and 3 tumor 

organoid lines.
C) WB analysis for c-Myc following acute activation of KrasG12D in LSL-KrasG12D organoids
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Figure 2.3 Worklfow of ChIP-seq experiment. Two normal and tumor organoids were cross-linked and 
ChIP was performed using a polyclonal anti-Myc antibody. Immunoprecipitated DNA was used for 
library construction followed by next-generation Illumina sequencing. Reads were aligned to the 
genome and peaks were called using the MACS2 algorithm..
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Figure 2.4. Promoter and distal distribution of all peaks from Myc ChIP-seq experiments
A) Distribution of Myc peaks in promoter (+/-2kb of TSS) and distal sites of murine normal (N6 and N7) 
and tumor (T5 and T8) organoids.
B) Density plot of Myc ChIP-seq datasets in murine normal (N6 and N7) and tumor (T5 and T8) 
organoids. Data is centered on 5,135 high-confidence Myc-occupied elements. Each row represents a 4-
kilobase interval surrounding a single peak. 
C) ChIP-seq meta-profiles comparing Myc occupancy at all peaks identified in murine normal (N6 and 
N7) and tumor (T5 and T8) organoids.
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Figure 2.5 Comparison of enrichment between Myc peaks. 
A) Box-plot of the normalized Myc enrichment of all peaks in murine normal (N6 and N7) and tumor 

(T5 and T8) organoids.
B) Box-plot of the normalized Myc enrichment of promoter and distal peaks within normal (N6 and 

N7) organoids
C) Box-plot of the normalized Myc enrichment of promoter and distal peaks within tumor  (T5 and T8) 

organoids
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Figure 2.6 Evaluation of overlapping Myc peaks (peaks that were identified in all 4 samples) between 
normal and tumor organoids
A) MEME ChIP-seq motif analysis of overlapping peaks.
B) Distribution of overlapping peaks Myc peaks in promoter (+/-2kb of TSS) and distal sites
C) Density plot of Myc ChIP-seq datasets in murine normal (N6 and N7) and tumor (T5 and T8) 

organoids. Data is centered on all overlapping  Myc peaks. Each row represents a 4-kilobase 
interval surrounding a single peak.

D) ChIP-seq meta-profiles comparing Myc occupancy at overlapping peaks between normal (N6 and 
N7) and tumor (T5 and T8) organoids at promoter or distal elements

E) Example of a ChIP-seq occupancy profile for Myc at the promoter of Naa25
F) Box-plot of the normalized Myc enrichment at overlapping peaks in murine normal (N6 and N7) 

and tumor (T5 and T8) organoids
G) Gene ontology terms from GREAT analysis of genes proximal to overlapping peaks
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Figure 2.7 Analysis of tumor-specific Myc peaks 
A) Distribution of tumor-specific Myc peaks in promoter (+/-2kb of TSS) and distal sites
B) Density plot of Myc ChIP-seq datasets in murine normal (N6 and N7) and tumor (T5 and T8) 

organoids. Data is centered on all tumor-specific Myc peaks. Each row represents a 4-kilobase 
interval surrounding a single peak.

C) ChIP-seq meta-profiles comparing Myc occupancy at tumor-speicifc peaks between normal (N6 and 
N7) and tumor (T5 and T8) organoids at promoter or distal elements

D) Example of a ChIP-seq occupancy profile for Myc at the promoter of Naa25
E) Box-plot comparing the normalized Myc enrichment at tumor-specific peaks versus all peaks in 

tumor (T5 and T8) organoids 
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Figure 2.8 Analysis of pathways that genes in the vicinity of tumor-specific Myc peaks belong to 
A) GSEA of RNA-seq data of normal and tumor organoids for a geneset composed of genes proximal to 

tumor-specific Myc peaks  
B) Gene ontology terms from GREAT analysis of genes proximal to tumor-specific peaks
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Figure 2.9. Putative co-operators of Myc in tumor organoids
A) MEME ChIP-seq analysis of transcription factor motifs enriched within a 200bp interval surrounding 

the summit of each tumor-specific Myc peak.
B) WB analysis of normal and tumor organoids for total Stat1 and pY701 and pS727.
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Figure 2.12 Schematic of dMax and SSOs.
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Figure 2.13 Evaluation of antagonistic effects dMax on Myc in pancreatic cancer cells
A) RT-qPCR for full-length Max (WT) and dMax in normal and tumor organoids
B) RT-qPCR for full-length Max and dMax in cells expressing ectopically either full-length Max cDNA or 

dMax
C) WB analysis for Max in cells expressing ectopically either full-length Max cDNA or dMax
D) CellTiterGlo proliferation assay for KPC1242 2D cells lines expressing either full-length Max, dMax or 

empty vector control (TRIN). Relative luminescence was normalized to Day 1 and measured every 24 
hours for 4 days.

E) RT-qPCR for full-length Max and dMax in cells expressing shRNA hairpins against Max or a Renilla
control

F) RT-qPCR for Myc target genes in cells expressing dMax, shMax1 or empty vector.
G) RT-qPCR for Myc target genes in cells expressing dMax and shMax1 compared to cells expressing an 

empty vector control and shRenilla (control)
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Chapter 3. Spdef expression correlates with progression of 

pancreatic cancer 

3.1 Introduction 

The ETS family of transcription factors (TFs) includes 28 different proteins that play 

various roles in development (Maroulakou and Bowe 2000). Some are ubiquitously 

expressed, while others are expressed in a tissue- and cell type-specific manner (Hollenhorst 

et al. 2011b). All members of the family share the highly conserved ETS DNA binding domain 

that recognizes an invariable CCGA/T core flanked by 3-4 less conserved nucleotides 

(Hollenhorst et al. 2011b). In addition, some members contain a pointed domain (PNT) that 

has been shown to be involved in protein-protein and protein-RNA interactions and could 

serve as a docking site for ERK2 to elicit specific responses downstream of the RAS/MAPK 

pathway (Seidel 2002). The activity of ETS factors is most commonly regulated 

transcriptionally or by post-translational modifications affecting the total protein levels inside 

the cell. Based on their homology ETS factors can be grouped into four classes with class IV 

comprising a single gene, Spdef, due to differences in its DNA binding and PNT domain 

sequences (Hollenhorst et al. 2011b). 

While, for example, the Ets1 and Ets2 TFs are expressed ubiquitously in all cell types, 

Spdef’s expression is restricted to epithelial cells and has been shown to be essential for the 

maturation of the mucus-secreting Goblet cells in the lung and other epithelial tissues 

(Gregorieff et al. 2009; Hollenhorst et al. 2011b). GenePaint is an online database that provides 

spatial in situ RNA hybridization information on multiple mammalian genes (Visel 2004). 

E14.5 represents the single time point covered by GenePaint for whole embryo analysis, 

which is highly useful as a first-level screen because, at this the timepoint, the developing 

pancreas contains a large number of pancreatic progenitor cells, some differentiated exocrine 
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and endocrine cells, and a significant portion of pancreatic mesenchymal tissue. We analyzed 

in situ hybridization data available from GenePaint and found co-expression of Spdef with 

the pancreas-specific Pdx1 transcription factor suggesting that Spdef is expressed the 

embryonic development of the exocrine pancreas in mice, which was also reported by 

Kobberup et al. (Fig. 3.2B) (Kobberup et al. 2007). Remarkably, in the organoid model of 

pancreatic cancer development, Spdef is one of the top overexpressed genes in tumor cells 

when compared to normal (Fig. 3.2C). Out of all ETS transcription factors, Spdef is the only 

one that is overexpressed in tumor organoids (Fig. 3.2D and E). In this study, we sought to 

further investigate the induction and regulation of Spdef expression in PDAC. 

  

3.2 Development and validation of polyclonal antibodies against Spdef 

Since we had previously identified Spdef as a highly upregulated gene in tumor organoids, 

we first sought to determine the level of Spdef protein in pancreatic epithelial cells during the 

progression of PDAC. Due to the unavailability of specific antibodies against Spdef, we 

generated polyclonal rabbit antibodies against murine Spdef with Thermo Fisher. Based on 

hydrophobicity, hydrophilicity, and specificity scores obtained from a proprietary Thermo 

Fisher algorithm and the NIH AbDesigner tool 

(https://hpcwebapps.cit.nih.gov/AbDesigner/), we selected two peptides (spanning amino 

acids 33-50 and 75-91) of the mouse Spdef protein to use as antigens (Figure 3.2A). Each 

peptide was used to immunize two rabbits. This was followed by three subsequent boosts 

(day 14, 42 and 56) and bleeds were collected 72 days following initial immunization. The 

isolated antibodies were affinity purified using the immunizing peptide. Pre-immune sera 

were tested on lysates from cells with varying levels of expression of Spdef: normal organoids 

(with no detectable Spdef transcripts by RNA-seq), tumor organoids, and Rosa and Spdef 
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knockout tumor organoids generated by CRISPR/Cas9 showing no background activity (Fig. 

3.2B). Despite a background band of unknown identity at ~50kDa, the 1161 antibody was the 

most sensitive antibody with a putative Spdef band at ~37kDa, that was absent from normal 

organoids and Spdef KO organoids (Fig. 3.2C). The sera from rabbits immunized with the 33-

50 region of Spdef reacted with multiple non-specific bands and we are currently awaiting 

their affinity purification (Fig. 3.2C) 

Antigens present on fully linearized and denatured proteins (i.e. those used for WB) 

will not necessarily be present or accessible on cross-linked partially folded proteins (i.e. those 

used for IHC/ChIP). To assess whether the 1163 antibody can also be used for chromatin 

immunoprecipitation, we performed ChIP-qPCR for the previously annotated promoter 

region of Agr2 containing the Spdef motif. In silico motif analysis suggests that an Spdef 

binding motif is present ~200bp downstream of the Agr2 transcription start site. The 1161 

antibody successfully immunoprecipitated Spdef-bound Agr2 promoter DNA with a 

significant enrichment compared to pre-immune sera (Fig. 3.2D). To validate the 1161 

antibody for the detection of endogenous Spdef protein in formalin-fixed and paraffin 

embedded (FFPE) tissues by immunohistochemistry (IHC), we used sections from a FFPE 

KPC tumor. Whereas staining was not observed in non-epithelial cells, tumor epithelial cells 

had strong nuclear staining for Spdef (Fig. 3.2E). These results make the 1161 antibody an 

indispensable tool to study Spdef, especially after the discontinuation of the only published 

Spdef antibody used for ChIP (previously distributed by Santa Cruz) . 

  

3.3 Spdef expression is elevated in pancreatic tumors in vivo in both the KPC 

mouse model and PDAC patient samples 
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Previous analysis by our lab on the expression of Spdef by RNA-seq of a panel of 

normal, PanIN, tumor and metastatic organoids showed that its expression was marginally 

induced in PanIN organoids and further increased with tumor progression (Fig. 3.3A). The 

expression of previously described Spdef target genes including Agr2, Gcnt1, Gcnt3 and 

Muc5ac, as revealed by RT-qPCR correlated well with Spdef levels suggesting that Spdef’s 

activity increased during PDAC progression (Fig. 3.3B). The upregulation of Spdef and its 

target genes at the mRNA level in tumor organoids led us to further investigate the regulation 

of its expression during PDAC progression. 

To confirm the observed changes at the protein level, we analyzed four normal, three 

PanIN, three tumor and three metastatic organoid lines derived from our KPC mouse model 

for Spdef expression by western blotting using the newly developed antibody. Spdef protein 

levels correlated well with its mRNA levels. Normal organoids had either undetectable (N6) 

or barely detectable levels of Spdef (Fig. 3.4A). While Spdef was significantly induced in 

PanIN organoids, its levels were highest in organoids derived from advanced PDAC tumors 

(T5, T8, T69a). Metastatic organoids had higher levels of Spdef than normal and PanIN ones, 

but lower levels when compared to tumor organoids. To confirm that the observed changes 

in Spdef expression in the organoid model were also present in vivo, we evaluated the levels 

of Spdef by immunohistochemistry in murine PanIN lesions (KC), PDAC (KPC), and 

diaphragm metastases (KPC). Higher levels of Spdef were observed in early acinar-to-ductal 

metaplasia lesions as well as throughout the PanIN1-3 stages when compared to 

morphologically normal ducts in KC mice (Fig. 3.4B). In PDAC lesions of KPC mice, strong 

nuclear staining for Spdef was observed in most neoplastic epithelial cells while stromal cells 

were negative for staining. Similarly, in diaphragm metastatic lesions, tumor cells stained 

positively for Spdef while normal cells were negative. These results confirm that Spdef 
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expression is induced during the early stages of PDAC development and its levels are 

maintained even in metastatic lesions. 

To confirm that Spdef is also induced in human PDAC, we analyzed its expression by 

RNA in a large dataset of normal and tumor patient-derived PDAC organoids. Spdef was 

significantly upregulated in the majority of tumor organoids (Fig. 3.5A; ~3-fold, p<0.01). To 

compare the expression of Spdef between normal and PDAC human specimens, we used an 

RNA-seq dataset published by the TCGA consortium. Spdef expression was significantly 

induced in the PDAC samples compared to the normal pancreas (Fig. 3.5B). We confirmed 

the induction of Spdef at the protein level in vivo using a human PDAC tissue microarray 

comprising FFPE sections from 38 cases of adenocarcinoma, five adjacent normal pancreata 

and five non-pancreatic normal tissues. IHC staining for Spdef showed strong nuclear 

staining in tumor epithelial cells when compared to adjacent normal areas consistent with the 

gene expression data (Fig. 3.5C). 

Analysis of Spdef expression across all cancer types included in the TCGA research 

network database (https://www.cancer.gov/tcga) revealed that PDAC ranked fifth 

according to Spdef levels (Fig. 3.6A). Recently, Rau et al developed a computational algorithm 

that analyzes the heterogeneity of expression for a target gene within a subset of cancers to 

predict the molecular source of variation driving those differences in expression (Rau et al. 

2018). Using this software we found that methylation and transcription factor-driven 

variations of Spdef expression in PDA are more prominent than other cancer types (Fig. 3.6B). 

To compare the methylation status of the Spdef promoter between normal pancreas and 

PDAC samples we analyzed bisulphite sequencing data from the TCGA consortium. We 

observed a small but significant decrease in methylation of a marker within the Spdef 
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promoter in tumor over normal samples that could partially contribute to the increase in 

Spdef expression seen in PDAC tumors (Fig. 3.6C).  

  

3.4 Tgfb inhibition and Wnt signaling are necessary for Spdef expression in 

organoid cultures 

To better understand the relevance and regulation of Spdef’s expression in vivo, we 

first sought to understand the signaling pathways that regulate Spdef expression in 

organoids. Surprisingly, when 2D cell lines derived from tumor organoids were grown in 

DMEM media supplemented with 10% fetal bovine serum (DMEM/FBS), Spdef expression 

was downregulated ~100-fold (Fig. 3.7A). To understand whether this change in expression 

was driven by the media composition or the 3D culture conditions, we grew the same 

organoid line in 2D or embedded in Matrigel (3D) and cultured them in DMEM/FBS or 

complete organoid media. We observed that the organoid media induced Spdef expression 

regardless of the cell culture condition (2D vs 3D) (Fig. 3.7B). The complete media used for 

maintenance of the organoid cultures contains growth factors (EGF and FGF), Tgfb pathway 

inhibitors (A83, mNoggin), Wnt pathway activators (R-spondin), vitamins and supplements 

(B27, nicotinamide). Spdef’s expression is 100-fold upregulated in complete media compared 

to the basal media media (Advanced DMEM/F12 with glutamine, HEPES and Pen/Strep), 

which has none of those factors added (Fig. 3.7C). To understand which components of the 

media are necessary and sufficient for Spdef expression, we either removed individual 

components from the complete media composition or added them one by one to the basal 

media. Removal of the Activin receptor-Like Kinase3/5 (Alk3/5) inhibitor A83 reduced Spdef 

expression to the basal media levels supporting previously published reports that the Tgfb 

pathway has been previously reported to inhibit Spdef expression (Fig. 3.7C) (McCauley et 
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al. 2014). However, the addition of A83 to the basal media had no effect on Spdef expression, 

suggesting that while A83 relieves the inhibition of Spdef by the TGFb pathway, additional 

exogenous activators in our complete media are required to express Spdef. (Fig. 3.7D). In 

addition, removal of R-spondin, a Wnt agonist, caused a 50% reduction in expression (Fig. 

3.7C). The addition of R-spondin alone also had no effect on Spdef’s expression (Fig. 3.7D). 

To test synergies between Tgfb pathway inhibition and other factors in the complete media, 

we added each factor individually in the presence of A83. These experiments showed that 

both R-spondin and nicotinamide synergize with A83 to induce Spdef levels but neither was 

sufficient to induce expression levels to that observed in complete media (Fig. 3.7D). 

Importantly, adding these three factors (A83, Nicotiamide and R-spondin) together led to 

increased Spdef expression similar to that in complete media suggesting that a convergence 

of these three pathways is responsible for the regulation of Spdef in organoids. 

The TGFb pathway is commonly inactivated in PDAC tumors by deletion or 

frameshift mutations in either TGFBR1 or SMAD4. Our lab has previously developed a mouse 

model to study the cooperation between KrasG12D and Smad4 deletion (KrasLSL-G12D/+; 

Smad4fl/fl; Pdx-Cre). To evaluate the effect of Smad4 deletion on Spdef expression, we 

compared the levels of Spdef between organoids derived from the KPC model to those 

derived from the Smad4fl/fl model. Surprisingly, we did not detect a constitutive increase in 

Spdef expression in the Smad4 deleted organoids when compared to the KPC organoids, 

which suggests that the Alk inhibitor A83 is sufficient for Tgfb pathway inhibition in these 

conditions (Fig. 3.7E). 

To confirm the role of the Tgfb pathway in regulating Spdef expression in PDAC 

tumors in vivo, we analyzed single cell RNA-seq data of KPC tumors. Single cells from three 

KPC tumors were captured following enzymatic digestion and sequenced using a droplet-
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based approach (Senapati et al. 2011a). Density based clustering of the expression data for 

each cell was used to identify distinct clusters. Signature genes within each cluster were cross-

referenced with known markers of cell populations from the literature to identify the different 

cell types that are represented by the clusters. We focused on the epithelial cell cluster, where 

we expected to see the highest Spdef expression based on our IHC results. Overall, we found 

that Spdef expression was relatively low in this population, a feature typical of transcription 

factors, which could be a caveat with the low coverage of single cell RNA-seq approaches. 

Based on our IHC results that show Spdef expression in the majority of epithelial cells, we 

took a binary approach to classify all epithelial cells where Spdef transcript was detected as 

Spdefhigh and compare those to epithelial cells where Spdef was not detected, Spdeflow (Fig. 

3.8B). Differential gene expression analysis revealed that the known Spdef target genes 

including Agr2, Gkn3, Muc6, Tff2, and Tff3 are higly expressed in the Spdefhigh cells (Fig. 

3.8C), whereas multiple genes (Nefl, Crabp2, Ank, Inhba, Acta2, Serpine1, Gpx8) downstream 

of the Tgfb signaling pathway are downregulated in the Spdefhigh population  (Fig. 3.8C). We 

identified multiple genes downstream of the Tgfb signaling pathway to be downregulated in 

the Spdefhigh population (Nefl, Crabp2, Ank, Inhba, Acta2, Serpine1, Gpx8) (Fig. 3.8C). Gene 

ontology pathway analysis confirmed this observation and multiple pathways related to Tgfb 

signaling and epithelial-to-mesenchymal transition were significantly downregulated in the 

Spdefhigh cells. Taken together, our study showed that Tgfb pathway inhibition is necessary 

for high Spdef expression (Fig. 3.8D). 

  

3.5 Mutant Kras is necessary but not sufficient for Spdef expression. 

Mutant Kras has previously been shown to activate Wnt signaling and canonical Wnt 

signaling is required for Kras-induced pancreatic cancer. Moreover, it has been shown that 
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mutant Kras signaling can suppress TGFb signaling in vitro. In addition, PDAC-associated 

fibroblasts express high levels of Rspo1 and are absent from the normal pancreas. 

Additionally, Spdef expression was induced in Kras-mutant PanIN organoids compared to 

Kras-wildtype normal organoids, albeit to a lesser degree than was seen in tumor organoids. 

We hypothesized that oncogenic Kras may regulate Spdef expression directly or indirectly. 

To test whether mutant Kras is sufficient for the upregulation of Spdef in organoid cultures, 

we used organoids derived from pancreatic ducts of mice harboring a KrasG12D allele, 

preceded by an intact Lox-STOP-Lox (LSL) cassette. The LSL cassette encodes a premature 

stop codon upstream of the mutant Kras allele preventing its expression. Cre-recombinase 

expression allows for the excision of the LSL cassette and subsequent expression of the mutant 

Kras allele. Infection of the LSL-KrasG12D organoids with adenovirus encoding the Cre gene 

therefore leads to acute activation of mutant Kras. RT-qPCR for Spdef in LSL-KrasG12D 

organoids infected with either an empty vector or Cre did not show a difference in the 

expression of Spdef following acute KrasG12D activation (Fig. 3.9A).  

To assess the necessity of mutant Kras for Spdef expression, we used another model 

developed in our lab – the FPC model. In this mouse model, Frt-LSL-KrasG12V allele was 

crossed to LSL-p53R172H, PDX1-Cre and Rosa26FlpOERT2 alleles to generate Frt-LSL-

KrasG12V;LSL-p53R172H, PDX1-Cre;Rosa26FlpOERT2 (FPC) mice. We isolated tumor organoids 

from the FPC model. The FlpO recombinase is fused to the estrogen receptor (ER) ligand 

binding domain, restricting Flp to an inactive state in the cytoplasm sequestered by heat-

shock proteins bound to the ER domain. Upon addition of tamoxifen (Tam) (in vivo) or 4-

hydroxytamoxifen (4-HT) (in vitro), FlpO recombinase translocates into the nucleus and nicks 

the Frt sites excising exon 1-KrasG12V, which results in a knock-out for the mutant Kras allele. 

Treating FPC-derived tumor organoids with 4-OHT for 72 hours was sufficient to excise the 
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majority of the mutant Kras alleles leading to downregulation of canonical genes activated by 

mutant Kras signaling (Etv4, Dusp6 – data not shown). Inactivation of mutant Kras led to a 

consistent ~50% reduction in the mRNA expression of Spdef in 3 biological replicates (Fig. 

3.9B). Therefore, although mutant Kras is not sufficient to induce Spdef expression in normal 

duct-derived organoids, it is necessary for its sustained expression in organoids derived from 

advanced PDAC. 

 

3.6 Discussion and Future Directions: 

In this study, we describe the successful development of polyclonal antibodies against 

Spdef and examination of the expression and regulation of Spdef in pancreatic cancer. We 

found that Spdef is expressed during the early pre-neoplastic stages of pancreatic cancer and 

its expression is sustained in advanced PDAC and distant metastases in the autochthonous 

KPC mouse model as well as in murine organoids. Spdef is also upregulated in human PDAC 

tumor cells compared to the normal ductal cells both in vivo and ex vivo in organoid cultures. 

We also observed that Spdef expression in organoids is ~50-fold higher than that in organoid-

derived 2D lines, highlighting the unprecedented potential of organoid cultures to uncover 

physiologically- and disease-relevant biology. In addition, we also showed that Tgfb pathway 

inhibition, Wnt signaling, and nicotinamide are necessary to induce Spdef expression in 

pancreatic tumor organoids, which might provide additional insights into its regulation in 

vivo and potential opportunities for therapeutic targeting. 

It is well established in the literature that developmental programs are often hijacked 

by cancer cells. Spdef is expressed in the early stages (E13.5) of the development of the 

exocrine pancreas but is silenced shortly after and is undetectable in the adult pancreas 

(Kobberup et al. 2007). Our work showed that Spdef is re-expressed in late stage PanIN lesions 
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and its expression is maintained throughout the progression of the disease to advanced and 

metastatic PDAC. In patient samples, we noticed a trend of higher Spdef expression in lower 

grade, more differentiated lesions compared to higher grade, more undifferentiated tumors. 

This is consistent with Spdef’s function in goblet cells differentiation and mucus secretion, 

two prominent features of early PanIN lesions in patients (Kaur et al. 2013). Mucins, the highly 

glycosylated gel-forming proteins abundant in mucus, have been shown to mediate receptor 

growth factor signaling (Pochampalli et al. 2007c, 2007a; Li et al. 2005c), interactions with the 

tumor microenvironment (Komatsu et al. 1999; Senapati et al. 2011b) and oncogenic signaling 

(Singh and Hollingsworth 2006) and the potential role that Spdef plays in those processes is 

an exciting future direction for these studies.  

It was interesting to note the inter-patient and inter-organoid heterogeneity of Spdef 

expression. Here we showed that mutant Kras can regulate Spdef expression in vitro. Copy 

number variation data of both patient tumors and KPC tumors has shown common 

amplifications of the mutant Kras locus (Mueller et al. 2018). Therefore, the amplification 

status of mutant Kras could explain the difference in Spdef expression between different lines.  

Goblet cells, the cell type where Spdef is most highly expressed is physiologically 

restricted to, are only observed in differentiated glands within advanced PDAC tumors. 

Interestingly, our work showed a more ubiquitous expression of Spdef in both primary 

tumors and distant metastases. Previous studies of Spdef in breast and prostate cancer also 

suggest a tissue- and disease-specific target gene repertoire. For example, Spdef promotes 

luminal breast cancer by negatively regulating the expression of the death ligand Fas (which 

we did not observe by IHC staining – data not shown), while in prostate cancer it cooperates 

with the androgen receptor to regulate the expression of the prostate-specific antigen, PSA. 

Thus, Spdef’s role in advanced PDAC might extend beyond regulating the expression of 
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mucin genes and we performed additional studies, described in Chapter 4, to address this 

question. 

Another important question pertains to the transcriptional regulation of Spdef 

expression in pancreatic cancer. Our results from the FPC model of endogenous mutant Kras 

deletion suggest that, to an extent, mutant Kras regulates Spdef expression in tumor 

organoids. However, the observed change in Spdef expression (~50%) does not explain the 

difference in expression between normal and tumor organoids. Multiple Kras-dependent and 

independent pathways may be inducing Spdef expression in PanIN and tumor cells. We 

showed that Spdef expression at the protein level is significantly induced in PanIN organoids 

which was not reflected by the change of its mRNA levels. Previous reports have shown that 

the phopshorylation of ETS transcription factors containing a PNT domain by RAS/MAPK 

signaling leads to their stabilization and accumulation (Hollenhorst et al. 2011a). Thus, post-

transcriptional regulation of Spdef by mutant Kras might add another level of regulation of 

this transcription factor in pancreatic cancer. 

 The striking differences in the expression of Spdef between 2D cell lines and 3D 

organoid cultures led us to also suspect the role of endogenous factors in the transcriptional 

regulation of Spdef expression. Indeed, we showed that A83 (a Tgfb pathway inhibitor), R-

spondin (a Wnt agonist) and Nicotinamide are necessary and sufficient for Spdef expression 

in 2D tumor organoid-derived cell lines. Tgfb has previously been shown to be required for 

the restriction of goblet cell differentiation in adult mice by Smad3-mediated transcriptional 

silencing of Spdef expression in mice (McCauley et al. 2014). In addition, Spdef has been 

reported as a direct transcriptional target of the basix helix-loop-helix transcription factor, 

Atoh1. In neural progenitor cells, Atoh1 expression is upregulated by b-catenin suggesting a 

direct link between Wnt pathway activation and Spdef expression (Li et al. 2005b). Both TGFb 
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and WNT signaling have been implicated in pancreatic cancer. Somatic mutations leading to 

TGFb pathway inactivation are found in >37% of patients with PDAC (Raphael et al. 2017a) 

and mutant Kras has been shown to repress TGFb signaling through Smad4 degradation in 

vitro (Saha et al. 2001). Additionally, canonical WNT signaling is also critical for the 

progression of pancreatic cancer (Cirillo and Zaret 1999b). These studies suggest that TGFb 

inhibition and WNT signaling are prominent features of PDAC in humans and could explain 

the induction of Spdef expression that we described in this chapter. However, since both 

normal and tumor organoids are grown using the same media, cell intrinsic factors like 

mutant Kras might also be involved in regulating Spdef in tumor cells by providing a 

necessary context to facilitate signal transduction or transcription. Additionally, since most 

Tgfb and Wnt ligands are secreted by stromal cells, the availability of ligands in close 

proximity to the tumor cells might also influence the expression of Spdef. 

         Because of their tertiary structure and lack of enzymatic sites, transcription factors, 

with the exception of those that are ligand-inducible, are notoriously hard to inhibit with 

small molecule inhibitors. Therefore, understanding the regulation of Spdef expression in 

PDAC could elucidate new therapeutic approaches of indirectly targeting Spdef. Our results 

implicate Tgfb, Wnt, and mutant Kras signaling in the regulation of Spdef expression in tumor 

organoids. 
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Figure 3.1 Spdef is the most overexpressed transcription factor during PDAC progression.
A) qPCR analysis of ETS factors expressed during embryonic development of the pancreas (Kobberup

et al 2007)
B) In situ RNA hybridization for Pdx1 and Spdef in E14.5 embryos from GenePaint. Arrow indicate 

pancreas
C) RNA-seq analysis of gene expression changes between normal and tumor organoids. Averaged 

RPKM values for 5 tumor organoid lines were normalize to mRNA levels in normal organoid lines. 
Genes with RPKM<1 in the normal sample were excluded. Genes are plotted from the most down-
regulated genes on the left to the most upregulated genes on the right. (Normal: n=5; Tumor: n=6). 

D) Heatmap of RNA-seq mRNA expression of ETS family genes between normal, PanIN and tumor 
organoids normalized to N6. 

E) mRNA Expression of ETS family genes in tumor organoids plotted as fold change over normal 
organoids

13382 genes logCPM>1

Spdef

-6

-4

-2

0

2

4

6

RP
K

M
 lo

g
2 

Fo
ld

 c
ha

ng
e

Tu
m

or
/N

or
m

al



 90 

 

 

DNA-binding domainN C
Spdef

1161

1163

2024

2025

~37kDa

N
6	 T8
	

T8
	R
os
a	

T8
	S
pd

ef
_K

O
	

N
6	 T8
	

T8
	R
os
a	

T8
	S
pd

ef
_K

O
	1161	Pre-immune	serum	 2024	Pre-immune	serum	A B

C

0

0.005

0.01

0.015

0.02

0.025

Agr2 +0.2

%
 In

pu
t

Pre-immune
serum

Spdef 1161 1

Spdef 1161 2

D E

Pre-immune Spdef 1161

1161	1163	 2024	 2025	

Total	serum	Antigen-affinity	purified	

37kDa	

50kDa	

N
6	 T8
	

T8
	R
os
a	

T8
	S
pd

ef
_K

O
	

N
6	 T8
	

T8
	R
os
a	

T8
	S
pd

ef
_K

O
	

N
6	 T8
	

T8
	R
os
a	

T8
	S
pd

ef
_K

O
	

N
6	 T8
	

T8
	R
os
a	

T8
	S
pd

ef
_K

O
	

37kDa	

50kDa	
37kDa	

50kDa	

KPC tumor



 91 

 

 

Norm
al

Pan
IN

Tu
mor 

Met
0

500

1000

1500

2000

m
R

N
A 

ex
pr

es
si

on
 in

 R
PK

M

11.25-fold p=0.009

Spdef
Agr2

Gcn
t1

Gcn
t3

Muc5
ac

0
2
4
6
8

10

50

100

150

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 N

6

N6

N11

N12

T5

T7

T8

D E

F G

Figure 3.3 Spdef and its target genes are overexpressed in tumor and metastatic murine organoids.
A) mRNA expression of Spdef measured in RPKM by RNA-seq in normal, PanIN, tumor and 

metastatic organoids
B) RT-qPCR for Spdef and Agr2, Gcnt1, Gcnt3, Muc5ac in normal (N6, N11, N12) and tumor (T5, T7, 

T8) organoids 

A B



 92 

 

Norm
al

Pan
IN

Tu
m

or 
Met

0

500

1000

1500

2000

m
R

N
A

 e
xp

re
ss

io
n 

in
 R

P
K

M

Spdef expression in organoids

11.25-fold p=0.009

Spdef
Agr2

Gcn
t1

Gcn
t3

Muc5
ac

0
2
4
6
8

10

50

100

150

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 N

6

Spdef and targets qPCR

N6

N11

N12

T5

T7

T8

Hsp90	
N
6	

N
10
	

N
11
	

N
12
	

P1
	

P3
	

P7
	

T5
	

T8
	

T6
9A

	

M
1	

M
3	

M
6	

Spdef	

Spdef
KC Normal duct KC PanIN KPC Tumor

A

B

Figure 3.4 Spdef protein levels increase with PDAC disease progression in a murine mouse model
A) WB for Spdef in normal, PanIN, tumor and metastatic organoids. Hsp90 was used as a loading 

control
B) Immunohistochemistry for Spdef in normal ducts, KC (PanIN), KPC (Tumor) and KPC (diaphragm 

metastasis) sections. Top panel: 20x magnification; Bottom panels: 40x magnification. Scale bars = 
200um

KPC Metastasis



 93 

 

Norm
al

org
an

oids

Tu
mor

 org
an

oids
0

2000

4000

6000

8000

N
or

m
al

iz
ed

 S
pd

ef
 e

xp
re

ss
io

n 
va

lu
e >3-fold; p-value=0.0096

 

G

N
or

m
al

iz
ed

 e
xp

re
ss

io
n 

of
 

SP
D

EF

Norm
al 

pan
cre

as
PDAC

-5

0

5

10

lo
g2

 R
PK

M
 e

xp
re

ss
io

n 
of

 S
[d

ef

F

SPDEF

Human 
PDAC

PDAC 
adjacent 
normal

B

C

Figure 3.5 Spdef is induced in human PDAC tumors
A) RPKM expression of Spdef in normal pancreas and PDAC tumors.
B) Normalized Spdef expression in human normal and tumor organoids
C) Immunohistochemistry for Spdef in human PDAC with adjacent normal sections.

lo
g2

 R
PK

M
 e

xp
re

ss
io

n 
of

 S
PD

EF

A



 94 

 

BRCASKCM
STADBLCA

BRCA

CESC

ESCA
HNSCKIRC

KIRP

LGG

LIHC

LUADPAAD
PCPGSARC
SKCM
STAD

THCA

PRAD

BLCA

BRCA

CESC

ESCA

HNSC

KIRCKIRP
LGG

LIHC

LUAD

PAAD

PCPGSARCSKCM

STAD

THCA
PRAD

BLCA

BRCA

CESC
ESCA

HNSC

KIRC

KIRP

LGG

LIHC

LUAD

PAAD

PCPG

SARC

SKCM

STAD

THCA

PRAD

BLCA

BRCACESC
ESCAHNSC

KIRC

KIRP
LGG

LIHC

LUAD

PAAD

PCPG
SARC

SKCM

STAD

THCA

PRAD

BLCABRCACESCESCAHNSCKIRCKIRPLGGLIHCLUADPAADPCPGSARCSKCMSTADTHCAPRAD0.0

0.1

0.2

0.3

cna genetic methyl mirna mut TF
Molecular source of variation

Va
ria

nc
e 

co
m

po
ne

nt

SPDEF

A

B C

Figure 3.6 Pancreas cancer has the 5th highest expression of Spdef.
A) Comparison RPKM expression of Spdef in TCGA tumor types
B) Molecular source of variation analysis for Spdef in TCGA datasets
C) Bisulfide sequencing of Spdef promoter methylation levels in normal pancreas and PDAC tumor 

samples. 



 95 

 

mT5
mT8

mT10
-2D

mT3-2
D

0

2

4

6

Spdef expression between 2D and 3D

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 m

T5

2D
 D

MEM

2D
 C

om
pl

et
e

3D
 D

MEM

3D
 C

om
pl

et
e

0
10
20
30
40
50

250
260
270
280
290
300

F
o

ld
 c

h
an

g
e 

in
 e

xp
re

ss
io

n
 r

el
at

iv
e 

to
 2

D
 D

M
E

M
 m

ed
ia

Spdef Expression

++
+

Com
plet

e
-E

FG
-F

GF
-A

83

-m
Noggin

-B
27

-R
-s

pondin

-N
ico

tin
am

id
e
-N

AC
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

in
 e

xp
re

ss
io

n

KPC 1242 cells

+++

Complete

-EFG

-FGF

-A83

-mNoggin

-B27

-R-spondin

-Nicotinamide

-NAC

++
+

Com
plet

e
+A

83

+R
-s

pondin

+N
ico

tin
am

id
e

+A
83

/R
-s

pondin

+A
83

/N
ic

+A
/N

/R
0.0

0.5

1.0

1.5

Fo
ld

 c
ha

ng
e 

in
 e

xp
re

ss
io

n

+++

+A83

+R-spondin

+Nicotinamide

+A/N/R

Complete

+A83/Nic
+A83/R-spondin

KPC 1242 cells

m
T5

m
T8

m
T47

 K
ra

s/S
m

ad
4

m
T59

 K
ra

s/S
m

ad
4

m
T61

 K
ra

s/S
m

ad
4

0

1

2

3

4

Spdef in SMAD

Fo
ld

 c
ha

ng
e

mT5

mT8

mT47 Kras/Smad4

mT59 Kras/Smad4

mT61 Kras/Smad4

A B

C D

E

Figure 3.7 Spdef is expressed in organoid cultures and not in 2D lines and its expression is controlled 
by exogenous factors
A) RT-qPCR for Spdef in organoids (mT5 and mT8) and organoid-derived 2D lines (mT10-2D and 

mT3-2D)
B) RT-qPCR for Spdef in 2D cell lines grown either in 2D or 3D conditions and supplemented by 

either DMEM/10%FBS or Complete organoid media 
C) RT-qPCR for Spdef in KPC1242 2D cell lines grown in complete organoid media following removal 

of indicated growth factors
D) RT-qPCR for Spdef in KPC1242 2D cell lines grown in basal organoid media conditions 

supplemented with the indicated factors 
E) RT-qPCR for Spdef in KPC-derived tumor organoids (mT5, mT8) or KrasG12D/Smad4fl/fl –derived 

organoids



 96 

 

Lo
w

H
ig

h

TG
Fb/EM

T
genes

Lo
w

H
ig

h

Spdef
1.00E-06

1.00E-03
1.00E+00PLASARI_TGFB1_TARGETS_10HR_UP

HALLM
ARK_EPITHELIAL_M

ESENCHYM
AL_TRANSITION

DELYS_THYROID_CANCER_UP

BRU
INS_UVC_RESPON

SE_LATE

CHARAFE_BREAST_CANCER_LUM
IN
AL

_VS_M
ESENCH

YM
AL_DN

BOQU
EST_STEM

_CELL_UP

FD
R

 v
al

ue

Up in Spdefhigh Down in Spdefhi

1.
00
E-
34
	

1.
00
E-
23
	

1.
00
E-
12
	

1.
00
E-
01
	

CH
AR

AF
E_
BR

EA
ST
_C

AN
CE

R_
LU

M
I

N
AL
_V

S_
M
ES
EN

CH
YM

AL
_U

P	

M
CB

RY
AN

_P
U
BE

RT
AL
_B

RE
AS

T_
4_
5

W
K_

U
P	

HO
LL
ER

N
_E
M
T_
BR

EA
ST
_T
U
M
O
R_

DN
	

LI
M
_M

AM
M
AR

Y_
ST
EM

_C
EL
L_
DN

	

LE
E_
BM

P2
_T
AR

GE
TS
_U

P	

W
AM

U
N
YO

KO
LI
_O

VA
RI
AN

_C
AN

CE
R_

LM
P_

U
P	

CO
LD

RE
N
_G

EF
IT
IN
IB
_R

ES
IS
TA

N
CE

_
DN

	

SW
EE
T_
LU

N
G_

CA
N
CE

R_
KR

AS
_U

P	

FD
R	
va
lu
e	

A B

C D

Figure 3.8 Single Cell RNA-seq analysis of Spdef expression in tumor epithelial cells from KPC PDAC 
mouse model.
A) Graph-based clustering of cells isolated from 3 KPC tumors by cell type. Cells belonging to each cell 

type are colored accordingly (see legend).
B) Expression of Spdef within tumor cells
C) Differentially expressed genes between Spdefhi and Spdeflow cells. 
D) Gene ontology pathway analysis of upregulated and downregulated genes in Spdefhi population 

plotted by FDR q-value



 97 

 

I1 
Ad-E

m
pty

I1 
Ad-C

re

I2 
Ad-E

m
pty

I2 
Ad-C

re

I3 
Ad-E

m
pty

I3 
Ad-C

re
0.0

0.5

1.0

1.5

Spdef
Fo

ld
 c

ha
ng

e 
in

 e
xp

re
ss

io
n

I1 Ad-Empty

I1 Ad-Cre

I2 Ad-Empty

I2 Ad-Cre

I3 Ad-Empty

I3 Ad-Cre

A B

Figure 3.9 Mutant Kras is necessary but not sufficient for Spdef expression
A) RT-qPCR for Spdef expression in LSL-KrasG12D organoids infected either with Ad-Empty or Ad-Cre. 

Error bars represent standard deviation (n=2).
B) Spdef expression following KrasG12V excision in 3 FPC-derived organoid lines normalized to vehicle-

treated control. Error bars represent standard error of the mean (N=3).

Veh
icl

e

Ta
m

oxif
en

0.0

0.5

1.0

1.5

Spdef in FPC organoids

Fo
ld

 c
ha

ng
e 

in
 e

xp
re

ss
io

n



 98 

CHAPTER 4. SPDEF PROMOTES PANCREATIC CANCER BY 

REGULATING ENDOPLASMIC RETICULUM HOMEOSTASIS 
 

4.1 Spdef is dispensable for organoid proliferation in vitro but impairs the 

growth of tumor organoids in vivo 

 
In the RNA-seq analysis of mouse pancreatic organoids, Spdef is the fourth-most 

transcriptionally upregulated gene and the most upregulated transcription factor overall in 

tumor compared to normal organoids (Boj et al. 2015). To address the functional consequences 

of high Spdef expression in tumor organoids and the dependency of tumor organoids on 

sustained Spdef expression, we generated Spdef-knockout (KO) tumor organoids. To do so, 

we modified and adapted an inducible CRISPR-Cas9 system previously described by the 

Sordella group at CSHL (Senturk et al. 2017). In this system, an engineered mutant peptide 

from the human FKBP12 protein, or “degron domain” (DD), is fused to Cas9 to generate DD-

Cas9. The DD peptide leads to rapid degradation of Cas9 by the proteasome complex, which 

can be prevented in the presence of a small molecule compound named Shield-1. Therefore, 

in the absence of Shield-1, Cas9 is degraded, whereas the addition of Shield-1 to the growth 

media leads to stabilization of Cas9 and genome editing. In addition, separated by an P2A 

self-cleaving peptide, the fluorescent protein Venus was cloned immediately downstream of 

Cas9. To ensure that DD-Cas9 is expressed in all cells infected with this lentiviral vector, we 

engineered the system and replaced the Venus cDNA with a puromycin resistance cassette. 

We tested five gRNAs spanning regions within the 2nd and 3rd exons of Spdef to select two 

with the highest efficiency of protein knock-out. Cas9-mediated gene editing can lead to either 

in-frame (~25%) or out-of-frame insertions or deletions (Sander and Joung 2014). To ensure 
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that we were working with a clonal Spdef KO population, we generated and selected an 

organoid clone that was KO for Spdef for both gRNAs (Fig. 4.1A).  

To assess the effect of deleting Spdef on the proliferation of tumor organoids, we 

compared the growth of two independent organoid lines KO for Spdef to a Rosa gRNA 

control. Surprisingly, we did not observe a significant difference in the growth of Spdef WT 

and KO organoids in vitro when we followed proliferation by Incucyte imaging (Fig. 4.1B – 

one organoid line shown). However, when transplanted orthotopically into the pancreata of 

immunodeficient host mice (athymic, nu/nu mice), Spdef KO lines displayed significantly 

delayed tumor formation in two independent organoid lines using clones derived from two 

gRNAs (Fig. 4.2A and B). H&E staining of Rosa control tumors revealed a highly cellular 

PDAC morphology, similar to that seen in the KPC model (Fig. 4.3A). However, examination 

of the pancreata from Spdef KO transplants in which we did not observe any macroscopic 

tumor lesions, revealed cystic, PanIN-like lesions at the site of injection that had not 

progressed to invasive PDAC (Fig. 4.3B). It has previously been reported that loss of the WT 

copy of Trp53 (loss of heterozygosity, LOH) leads to accumulation of the mutant p53 protein 

in the nucleus, which can be detected by immunostaining (Olive et al. 2004). The organoids 

used in this experiment, mT69a, have been demonstrated to be LOH for Trp53 based on 

genotyping of for the LSL-Trp53R172H and WT alleles (Roe et al. 2017). We performed IHC 

staining for p53 to confirm that the observed cystic lesions are composed of the tumor 

organoids that we transplanted and observed nuclear accumulation of p53 in the nucleus of 

the cells lining the cysts, confirming their tumor origin (Fig. 4.3C). These results suggest that 

Spdef is required for progression to PDAC but not for engraftment of transplanted cells. 

To investigate the mechanism for the impaired tumor progression, we compared the 

proliferative capacity of the Rosa tumors and the Spdef KO lesions at endpoint. Ki67 is a well-
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established marker of proliferation that accumulates in the nucleus of dividing cells (Scholzen 

and Gerdes 2000). IHC staining for Ki-67 did not show a substantial difference in the 

proliferation rates between the Rosa and the Spdef KO lesions (Fig. 4.4A).  The difference in 

the growth and progression of these tumors could also be caused by increased cell death in 

the Spdef KO lesions. Caspase 3 cleavage is an initial step of the caspase-dependent apoptotic 

pathway. However, staining for cleaved Caspase 3 by IHC did not reveal any differences 

between the two genotypes (Fig. 4.4B).  

Since we observed that Spdef KO organoids could give rise to tumors, albeit smaller 

in size than those tumors formed from Rosa control organoids, we wanted to examine any 

differences in the survival of animals that were transplanted with WT vs KO Spdef organoids. 

Although this experiment is currently ongoing, at 173 days post transplantation, all mice 

transplanted with Rosa control organoids have succumbed to malignant disease, while 9/10 

mice transplanted with Spdef KO organoids are still alive and tumor-free (Fig.4.5).   

To confirm that the phenotype observed in vivo is due to Spdef KO and is not an off-

target effect of the gRNA or a feature of selected organoid clones, we cloned the mouse Spdef 

cDNA into a retroviral expression vector (MSCV) with a hemagglutinin (HA) tag either at its 

N- (HA-Spdef) or C-terminus (Spdef-HA) and stably infected Spdef KO organoids to rescue 

its expression. Because of the inducible nature of DD-Cas9, the ectopic Spdef cDNA should 

not be cleaved in the absence of Shield-1. Surprisingly, Spdef-HA did not express well so we 

used the HA-Spdef organoids for all further experiments. Re-expression of HA-Spdef in the 

Spdef KO organoids was able to successfully rescue the in vivo phenotype with HA-Spdef 

organoids, forming similar tumors to Rosa controls in the same time period (Fig.4.6A and B).  

One of the benefits of the DD-Cas9 system is that the Shield-1 compound can be 

administered in vivo to study the effects of Spdef KO on tumor maintenance. To perform this 
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experiment, we transplanted five mice with tumor organoids expressing a gRNA targeting 

the Rosa locus and five mice with organoids expressing a gRNA targeting Spdef. Once tumors 

reached an enrollable size (5x6 mm), as measured by ultrasound imaging, we began dosing 

the mice with Shield-1, administered by intraperitoneal injection every other day. Ultrasound 

scans were taken 7 days and 14 days after enrollment and mice were sacrificed on the 15th day 

after enrollment. We did not observe any significant differences in the growth kinetics or final 

tumor volumes between the Rosa and the Spdef KO cohorts. To confirm that Shield-1 was 

effective in stabilizing DD-Cas9 and inducing cleavage, we digested tumors harvested at 

endpoint and enriched for cancer cells by negative selection for stromal cells using an 

antibody cocktail binding stromal-specific protein conjugated to magnetic beads. A surveyor 

assay showed that the genomic region targeted by the gRNA was indeed intact in cancer cells 

showing that Cas9-mediated DNA cleavage did not occur, possibly due to inefficient 

stabilization of the DD-Cas9 following administration of Shield-1.  

 

4.2 Spdef regulates the expression of mucins and genes involved in the UPR 

The striking phenotype that we observed in vivo prompted us to determine the 

mechanism by which Spdef controls tumor growth. During development, Spdef is known to 

directly regulate the expression of genes important for goblet cell maturation and mucus 

production, and additional studies in breast and prostate cancer have revealed a tissue- and 

disease-specific repertoire of SPDEF target genes (Oettgen et al. 2000; Buchwalter et al. 2013; 

Park et al. 2007). To define the genes that Spdef regulates in pancreatic cancer, we analyzed 

the transcriptome of three independent tumor organoid lines following shRNA-mediated 

Spdef knockdown by RNA-seq. Spdef was downregulated at least 0.5-fold in all three pairs 

of organoids infected with shRNAs against Spdef (Fig. 4.7A, B and C). The analysis revealed 
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69 genes that were differentially expressed upon Spdef knockdown (Fig. 4.7D). When genes 

with low baseline expression were excluded, the only pathway that stood out was related to 

the regulation of the secretory phenotype of goblet cells. Spdef has been previously described 

as a transcriptional activator of both mucins and genes involved in protein folding (Park et al. 

2007). In addition to the previously reported Spdef target genes (Agr2, Muc2, Muc6, Muc5ac), 

we found that a putative novel Spdef target gene, also involved in protein folding, (Ern2) was 

significantly downregulated in all three lines (Fig. 4.7B and D).  

 

4.3 Egfr signaling is not perturbed in Spdef KO tumor organoids 

It has been previously reported that Spdef cooperates with Erbb2 signaling to promote 

breast cancer metastasis (Gunawardane et al. 2005). In addition, a central characteristic of 

mucins are their EGF-like domains, which can interact with members of the EGF receptor 

family to regulate their activity (Hollingsworth and Swanson 2004). Therefore, attenuation of 

Erbb signaling might explain the severe phenotype of Spdef KO organoid transplants in vivo. 

To assess whether Spdef KO leads to attenuation of Erbb signaling we performed a time-

course EGF stimulation experiment of growth factor deprived Rosa and Spdef KO organoids 

and assessed the activation status (by phosphorylation) of Egfr and two downstream kinases: 

Akt and Erk. These experiments showed no significant attenuation of Egfr signaling in the 

setting of Spdef KO (Fig. 4.8A). In addition, Spdef KO did not affect the sensitivity of tumor 

organoids to the Egfr/Erbb2 inhibitor Neratinib (Fig.4.8B). Therefore, the decreased 

expression of mucin genes in Spdef KO organoids did not affect Erbb signalling.  
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4.4 Spdef is a direct transcriptional activator of Ern2 

Both Agr2 and Ern2 are significantly upregulated in tumor and metastatic organoids 

compared to normal organoids (Fig. 4.9 A and B). To confirm that Ern2 is a direct target of 

Spdef, we performed ChIP of endogenous Spdef, followed by qPCR for a region within the 

promoter of Ern2. We observed a significant enrichment of Spdef at Ern2’s promoter when 

compared to an isotype control antibody suggesting that Spdef directly binds to the promoter 

of the gastric-specific Ern2 gene to regulate its expression, which has never been reported in 

the literature before (Fig. 4.10). To confirm that Ern2 is induced in human PDAC samples, we 

analyzed IHC staining for Ire1b in normal and PDAC specimens performed in the Human 

Protein Atlas project (Uhlen et al. 2015). While normal acinar cells did not stain positively for 

Ire1b we did observe staining in stellate cells within the normal pancreas. However, in PDAC 

sections, we observed a significant increase in the staining for Ire1b specifically in tumor 

epithelial cells confirming our observation of increased Ern2/ Ire1b in murine tumor 

organoids (Fig. 4.11A). To determine if SPDEF expression correlates with ERN2 expression in 

patients, we analyzed TCGA gene expression data from PDAC, breast and prostate 

adenocarcinoma tumors (Fig. 4.11B). Surprisingly, while ERN2 was the most positively 

correlated gene with SPDEF in PDAC, we found little correlation between these two genes in 

breast and prostate cancer (Fig. 4.11C,D and E). These results show that ERN2 is significantly 

upregulated in PDAC and suggest a tissue-specific regulation of its expression by SPDEF 

specifically in pancreatic cancer. 

 

4.5 Spdef KO attenuates Xbp1 splicing in tumor organoids 

Cancer cells are particularly dependent on the induction of a robust UPR due to their 

exposure to exogenous and endogenous stresses that cause the accumulation of misfolded  
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proteins – e.g. ROS, hypoxia, nutrient deprivation etc. The protein encoded by Ern2 (Ire1b), 

but not Ern1 (Ire1a), promotes efficient protein folding and secretion in the ER of goblet cells 

and Ern2 expression is typically restricted to the GI tract (Tsuru et al. 2013). Activation by 

phosphorylation of the Ire1a/b kinases/RNAses induces non-canonical splicing of the Xbp1 

transcription factor converting it into its active form, Xbp1s (Li et al. 2010).  Our observation 

that Ern2 expression is significantly downregulated upon Spdef knockdown encouraged us 

to explore the UPR pathway in the context of Spdef loss.  

To determine whether Spdef is essential for robust activation of the unfolded protein 

response in vitro, we treated Spdef knockout tumor organoids with the ER-stress inducing 

compound thapsigargin (TG) and measured the induction of Xbp1 splicing by RT-qPCR. TG 

is a non-competitive inhibitor of the endoplasmic reticulum Ca2+ ATPase, SERCA, and 

treatment with TG leads to a drop in the ER Ca2+ levels reducing the folding capacity of Ca2+-

dependent chaperones which causes accumulation of unfolded proteins in the ER.  As 

expected, in Rosa control organoids, treatment with TG led to a rapid induction of Xbp1s two 

hours after treatment which peaked and plateaued at six hours. Knockout of Spdef resulted 

in attenuated splicing of Xbp1 while the levels of the unspliced Xbp1 mRNA remained the 

same regardless of the treatment in both Spdef KO and Rosa control organoids (Fig. 4.12A 

and B). Concurrently, Spdef KO led to reduced induction of Xbp1s-specific target genes 

(Hspa5, Ddit3) upon TG treatment, supporting the finding of impaired Xbp1s activation (Fig. 

4.12C). Unresolved ER stress leads to cell death through apoptosis, so we analyzed the 

expression of the pro-apoptotic gene Puma, a known mediator of ER-stress-induced cell death 

(Fig. 4.12D). Spdef KO organoids displayed higher induction of Puma following TG treatment 

supporting the hypothesis that those organoids are unable to resolve ER stress which leads to 

cell death.  
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4.6 Spdef KO sensitizes tumor organoids to ER-stress-induced cell death  

To test whether unresolved ER stress sensitized Spdef KO tumor organoids to ER-

stress induced cell death, we first used previously described conditions known to induce ER 

stress: nutrient deprivation, hypoxia and anchorage-independent growth. Surprisingly, the 

Spdef KO organoids showed no differential sensitivity to those stresses (Fig. 4.14 A, B and C). 

To assess whether Spdef KO organoids were sensitized to TG-induced ER stress, we 

monitored the growth of Spdef KO and control (Rosa) organoids over four days in the 

presence of varying concentrations of TG (0.1-500 nM). The Rosa control tumor organoids 

exhibited high sensitivity to TG (GI: 41.7-68.2 nM) but both lines of Spdef KO organoids had 

~5-fold reduction in the GI50 concentration for TG (7.6-17.3 nM) (Fig. 4.15 A, B and C). 

 

4.7 Ectopic expression of Xbp1s rescues the sensitivity of Spdef KO to 

thapsigargin 

To confirm that the increased sensitivity of Spdef KO organoids is due to attenuated 

activation of the Xbp1s transcription factor, we cloned the sequence for the mouse Xbp1s 

cDNA by Gibson cloning into the MSCV retroviral vector to generate Spdef KO organoids 

that stably overexpress Xbp1s to levels similar to those of TG-treated WT organoids. At 

baseline (untreated) conditions, ectopic expression of Xbp1s led to an induction in the 

expression of its ER-stress associated target genes (Hspa5, Dnajb9, Tspan9) confirming that 

the protein product was correctly expressed (Fig. 4.16B and C). Surprisingly, we also noted 

that Agr2, Ern1 and Ern2 were significantly upregulated upon Xbp1s expression. Xbp1s 

recognizes the CCACG E-box motif in the promoters of its target genes, but analysis of the 

promoters of Agr2, Ern1 and Ern2 did not reveal a putative Xbp1s binding site suggesting 
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that overexpression of Xbp1s indirectly leads to upregulation of the expression of these genes 

in the absence of exogenous ER stress. To assess the ability of ectopic Xbp1s expression to 

rescue the sensitivity of Spdef KO organoids to ER stress, we compared the survival of Rosa 

(control), Spdef KO, Spdef KO-HA-Spdef and Spdef KO-Xbp1s organoids to varying 

concentrations of TG. At 29.6nM of TG, while only ~20% of the Spdef KO organoids survived, 

ectopic expression of either Spdef-HA or Xbp1s abrogated the sensitivity of Spdef KO 

organoids to the drug to levels similar to that of Rosa control organoids (Fig. 4.16D).  

Altogether, these results establish Spdef as a direct transcriptional regulator of genes involved 

in the unfolded protein response and explain the reduced capacity of Spdef KO organoids to 

form tumors in vivo due to impaired resolution of ER stress. 

 

4.8 Discussion and future directions 
 

Here we describe a previously unappreciated role for the ETS transcription factor 

Spdef in promoting pancreatic cancer in part by regulating Xbp1 activation in response to ER 

stress. Our results show that Spdef is induced in pancreatic cancer cells, and that it regulates 

the expression of Ern2 and other UPR-related genes to promote Xbp1 splicing and protect 

cancer cells from ER stress-induced cell death. We showed that expression of a constitutive 

active form of Xbp1 (Xbp1-s) is able to rescue the increased sensitivity of Spdef KO organoids 

to an ER stress agent. Collectively, these results establish a new oncogenic role for Spdef in 

pancreatic cancer and suggest that tumor cells hijack a developmental function of this 

transcription factor to promote ER homeostasis and tumorigenesis.  

Our lab and others have previously shown that cancer cells promote mRNA 

translation and protein synthesis through hyperactivation of signal transduction pathways 

(Schwanhäusser et al. 2011; Gleimer and Parham 2003a; Chio et al. 2016). Therefore, they 
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require a robust unfolded protein response to protect their proteome from the increased load 

to the ER and the multiple endogenous and exogenous factors (e.g. ROS, protein synthesis, 

hypoxia and nutrient deprivation) that lead to ER stress. Previous studies have also shown 

that multiple genes involved in the ER stress response are overexpressed in cancer and are 

required for tumorigenesis (Romero-Ramirez et al. 2004). For example, hypoxia-induced 

Xbp1 expression and its activation through non-canonical splicing in a Hif1a-independent 

manner is essential for tumor formation in vivo and survival under hypoxic conditions 

(Romero-Ramirez et al. 2004). Additionally, the expression of the ER stress sensor BiP (Hspa5) 

is required for tumor growth and development in vivo (Jamora et al. 1996). Inhibition of the 

Ire1b paralogue, Ire1a, has also been shown to reduce inflammation-induced colonic 

tumorigenesis in mice (Li et al. 2017). Interestingly, however, in secretory goblet cells, Ire1b, 

but not Ire1a, promotes efficient protein folding and secretion into the ER, and Ire1b can 

induce Xbp1 splicing and activation (Tsuru et al. 2013; Martino et al. 2013). One explanation 

of our results in vivo is that in response to ER stress during tumorigenesis, Spdef positively 

regulates the expression of key UPR genes, including Ern2 and Agr2, which leads to Xbp1 

activation and thus a robust induction of the unfolded protein response. Tumor cells lacking 

Spdef are unable to maintain ER homeostasis and undergo cell death.  

Surprisingly, we found that in vitro, the levels of multiple UPR proteins (BiP, Atf6 and 

Chop) are elevated in Spdef KO organoids at baseline conditions. This suggests that these 

cells are already experiencing higher ER stress therefore reducing the potential amplitude for 

activation of the UPR. The mechanism of this upregulation seems to be post-transcriptional 

since we did not observe any changes by RT-qPCR. 

Unresolved chronic ER stress leads to apoptosis, and we observed elevation in the 

expression of the apoptotic marker Puma in Spdef KO organoids treated with TG. However, 
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in vivo we did not observe any difference in the number of CC3-positive cells, suggesting cell 

death might occur at an earlier timepoint or through non-apoptotic mechanisms such as 

necroptosis. To address this question, we are planning to compare transplanted Spdef KO 

organoids to Rosa at earlier timepoints – e.g. 3 days, 7 days and 14 days post-surgery. In 

addition, the response to ER stress could be heterogenous and cells that are initially exposed 

to higher levels of hypoxia, ROS or nutrient deprivation could undergo apoptosis at an earlier 

time point. To this end, we also plan to perform IHC staining for apoptosis or a hypoxia/ROS 

marker (e.g. Hif1a) on those early timepoint transplants.   

Importantly, despite the longer latency, the majority of Spdef KO mice do form tumors 

and eventually succumb to the disease, prompting further research into the compensatory 

mechanisms utilized by these surviving cells. To further elucidate the compensatory 

mechanisms employed by Spdef KO cancer cells in vivo, we are planning to conduct RNA-seq 

on endpoint tumors isolated from Rosa and Spdef KO transplants to identify upregulated or 

downregulated pathways. In addition, upregulation of Ire1a and/or its activated form, 

pIre1a,   could be one mechanism by which cells adapt to the reduced levels of Ern2. To this 

end we also plan to stain tumor tissues from these experiments for Ire1a/pIre1b as well as 

compare the levels of Ire1a and pIre1a between Rosa and Spdef KO tumors by WB. Finally, 

to supplement these studies and evaluate the role of Spdef in pancreatic cancer initiation, we 

are developing a conditional Spdef KO mouse model by crossing Spdeffl/fl mice with the KC 

and KPC GEMM. 

Although we showed that in Spdef KO tumor organoids, in vitro, splicing of Xbp1s is 

attenuated and its ectopic expression rescues the sensitivity of these organoids to TG, the 

exact mechanisms of our in vivo phenotype might differ from these in vitro observations. We 

were unable to obtain the previously published Xbp1s antibody (Biolegend) that has been 
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used for IHC due to supplier issues but an alternative to comparing the levels of spliced vs 

unspliced Xbp1 would be to use RNA in situ hybridization. To confirm that Xbp1 activation 

is sufficient for the observed Spdef KO phenotype in vivo, we are also assessing the ability of 

ectopically expressed, constitutively active Xbp1s to rescue the growth defect of Spdef KO 

tumor organoids in vivo. Although previous studies have shown that Ern2/Ire1b can induce 

splicing of the Xbp1 transcript in response to ER stress, our results show that Xbp1 splicing 

still occurs in Spdef KO organoids but its induction is attenuated. It is puzzling why Ire1a is 

unable to compensate for the reduced levels of Ire1b. Ire1a is ubiquitously expressed in 

mammalian cells, while the expression of Ire1b is confined to epithelial tissues within the GI 

tract (Bertolotti et al. 2001; Martino et al. 2013). Many of these epithelial cells have secretory 

functions and thus require a higher ER folding capacity which might explain the need for the 

supplementation of the UPR pathway by Ire1b. Moreover, the reduced levels of Agr2 in the 

Spdef KO organoids would lead to reduced ER folding capacity and explain the synergistic 

effects with reduced levels of Ern2. We are currently cloning shRNA hairpins against Ern2 to 

test whether Ern2 is necessary for Xbp1 activation in vitro and for the reduced tumor growth 

phenotype in vivo. Although we expect that loss of Ern2 should phenocopy the Spdef KO 

phenotype we observed in vivo, the impaired protein folding caused by the reduced levels of 

Agr2 in the Spdef KO tumor organoids might be necessary for the striking growth defect that 

we observed. Also of note is a recent report that described a delay in tumorigenesis when 

Agr2 was deleted in the KC GEMM model of PDAC (Dumartin et al. 2017). In addition, the 

multitude of other transcriptional targets of Spdef related to mucin production (Muc2, Muc6) 

and glycosylation (Gcnt3) might also play currently unappreciated synergistic roles with 

Ern2.  
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Although most of the experiments described in this study are focused on the cell-

intrinsic function of Spdef in regulating PDAC progression, we do not disparage a non-cell-

autonomous role for Spdef. The orthotopic mouse model host, that we utilized, has a 

spontaneous mutation in the Foxn1 gene that causes deterioration or absence of the thymus 

and an inability to produce T-cell. However, these mice have fully functional myeloid and 

natural killer (NK) cell compartments. Multiple mucins have been shown to inhibit NK cell-

mediated tumor cell killing in vitro and in vivo (Zhang et al. 1997; Kaur et al. 2013). Therefore, 

the reduced mucin expression in the Spdef KO tumor cells might increase their susceptibility 

to clearance by NK cells in vivo. In addition, tumor-associated macrophages have been shown 

to interact with tumor epithelial cells in a cancer-promoting fashion via mucins such as Muc1, 

which could be another mechanism through which Spdef promotes tumorigenesis (Nath et 

al. 1999). Secreted mucins could also accumulate in the tumor periphery to form a physical 

barrier that restricts the infiltration of immune cells into the tumor (Kannagi 2002). 

Additionally, it is well recognized MHC Class I antigen presentation can act as a cell surface 

indicator of internal cellular stress responses such the UPR (Granados et al. 2009). Higher 

organisms have evolved different mechanisms employed by the innate immune system that 

help recognize and eliminate those damaged, infected or malignant cells in order to promote 

the survival of the organism (Gleimer and Parham 2003b). Persistent chronic ER stress has 

been shown to impair MHC class I surface expression and thus increase susceptibility to NK-

mediated cytotoxicity (Ulianich et al. 2011). Therefore, the unresolved ER stress, characteristic 

of Spdef KO cells, might be another mechanism that increased their clearance by the innate 

immune system.  

Inhibiting the UPR has become a coveted therapeutic avenue, and multiple 

pharmacological agents have been found to exhibit anti-tumor activity by targeting UPR 
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components (Ojha and Amaravadi 2017b). However, few of these compounds exhibit 

sufficient selectivity to achieve a clinically-useful therapeutic window. Xbp1 and Ire1a are 

essential genes in embryonic development, suggesting a limited clinical utility in their 

therapeutic targeting, whereas Spdef and Ern2 are both dispensable during development 

(Bertolotti et al. 2001; Marko et al. 2013). Although direct targeting of Spdef with a small 

molecule inhibitor might be difficult, the dual catalytic function and tissue-specific expression 

of Ire1b makes it an promising target for drug development. 
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Figure 4.3 Spdef KO impairs orthotopic growth of tumor organoids in vivo.
A) Representative images of H&E staining of mT69a Rosa orthotopic organoid transplants 6 weeks post 

transplantation (scale bar: 200 µm)
B) Representative images of H&E staining of mT69a Spdef KO organoid transplants 6 weeks post 

transplantation (scale bar: 200 µm)
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Figure 4.4 Spdef KO does not affect proliferation of apoptosis of orthotopically transplanted organoids.
A) Representative images of IHC staining for Ki67 in mT69a Rosa and mT69a Spdef KO organoid 

transplants (scale bar: 200 µm)
B) Representative images of IHC staining for cleaved caspase 3 in mT69a Rosa and mT69a Spdef KO 

organoid transplants (scale bar: 200 µm)
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Figure 4.5 Spdef KO extends survival in an orthotopic transplantation model. Kaplan-Meier survival 
curve of mT8 organoids KO for Spdef or expressing a control Rosa gRNA (Rosa: n=4; S3_2 KO: n=5; S4_7 
KO: n=5)
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Figure 4.9 Spdef regulates the expression of Agr2 and Ern2 murine PDAC organoids.
A) Normalized expression values of Agr2 from RNAseq of normal, tumor and metastatic organoids.
B) Fold change of Agr2 expression normalized to Renilla-infected control organoids. 
C) Normalized expression values of Ern2 from RNAseq of normal, tumor and metastatic organoids.
D) Fold change of Ern2 expression normalized to Renilla-infected control organoids. 
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Figure 4.12. Xbp1 splicing in response to ER stress is attenuated in Spdef KO organoids
A) RT-qPCR for Xbp1s (spliced) following treatment with 50nM of thapsigargin at indicated time-points
B) RT-qPCR for Xbp1u (unspliced) following treatment with 50nM of thapsigargin at indicated time-points
C) RT-qPCR for Xbp1s target genes (Hspa5 and Ddit3) following treatment with 50nM of thapsigargin at 

indicated time-points
D) RT-qPCR for ER-stress induced apoptotic genes (Puma) following treatment with 50nM of thapsigargin

at indicated time-points
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Figure 4.14 Survival of Spdef KO organoids in hypoxic and anoikis conditions.
A) Relative proliferation ratio (Day 4 / Day 0 counts) for Rosa and Spdef KO mT69a organoids in normoxia

conditions (20% O2)
B) Relative proliferation ratio (Day 4 / Day 0 counts) for Rosa and Spdef KO mT69a organoids in hypoxia 

conditions (1% O2)
C) Percentage of viable anchorage-independent cells from organoids grown for 24 hours in non-adherent 

plates as measured by ratio of the number of Acridine orange cells (total number of cells) over propidium 
iodine positive cells (dead cells).
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CHAPTER 6. CONCLUSIONS AND PERSPECTIVES 

This study investigated the oncogenic roles of two transcription factors in pancreatic 

cancer: Myc and Spdef. Using a 3D organoid model of PDAC, we showed that Myc’s activity 

changes with tumor progression, which was not reflected by its protein levels. This induction 

of its activity could be explained by the differential affinity of Myc for its target genes 

exhibited in tumor organoids. We hypothesize that Myc could cooperate with tumor-specific 

transcriptional regulators, including transcription factors, such as the ETS factor Spdef, to 

induce a tumor-specific transcriptional program that drives oncogenesis. We also identified a 

previously unappreciated dependency of pancreatic cancer on Spdef, seemingly independent 

of Myc. Spdef expression is induced during the early PanIN stages of pancreatic cancer, both 

in vivo and in ex vivo organoid cultures, and it is the most highly upregulated transcription 

factor in tumor organoids. We showed that by direct transcriptional activation of genes 

involved in the unfolded protein response, Spdef could protect tumor cells from ER-stress-

induced cell death and thus promote tumorigenesis in vivo.  

The multi-faceted functions of transcription factors as central nodes of converging cell 

signaling pathways that promote tumorigenesis make them coveted therapeutic targets. 

However, they remain notoriously hard to target directly by traditional small molecule 

inhibitors (Lambert et al. 2018). In the case of Myc the absence of a well-defined ligand binding 

pocket has stymied progress in developing targeted inhibitors. Efforts to inhibit its expression 

through general BET bromodomain inhibitors such as JQ1 and OTX015 have suffered from 

the lack of selectivity and quick tumor-adaptive responses (Shu et al. 2016; Kurimchak et al. 

2016; Shi et al. 2016). More selective strategies to inhibit MYC have focused on small molecule 

inhibitors disrupting the interaction between MYC and its direct binding partner, the 

transcription factor MAX. However, inhibiting MYC-MAX interaction in vivo has been limited 
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by fast metabolism, poor potency, resistance mechanisms, and poor tumor penetrability of 

these small molecule inhibitors (Guo et al. 2009; Whitfield et al. 2017). A promising approach 

of using cell-penetrating Omomyc peptides to inhibit Myc’s function was recently described 

by two groups, but the clinical pharmacokinetic/pharmacodynamic profiles of peptides 

remain to be investigated (Wang et al. 2019; Beaulieu et al. 2019). Despite these advances there 

have been no successful Myc inhibitors in the clinic. This work proposes two new approaches 

to target Myc – 1) by understanding the tumor-specific effector pathways of its function and 

2) by targeting the tumor-specific co-operation between Myc and other transcription factors.  

Our work also identified a new potential role for the ETS factor Spdef in promoting 

pancreatic cancer by directly regulating the expression of genes involved the response to ER 

stress. Spdef is not expressed in mouse or human 2D cultures, underscoring the importance 

of using physiologically relevant systems like the organoid model of PDAC. Previous studies 

have supported the utility of inhibiting the UPR as a monotherapy or, in combination with 

chemotherapy, as a therapeutic approach in pancreatic cancer (Nawrocki et al. 2005a, 2005b; 

Thakur et al. 2018). Although further experiments are needed to confirm that regulating the 

UPR is the sole effector of the tumor-promoting role of Spdef in PDAC, our data suggest that 

targeting this transcription factor might be a viable therapeutic option. To confirm that Spdef 

is required for the maintenance of PDAC tumors in vivo, we transplanted tumor organoids 

expressing an inducible ddCas9 protein and a gRNA targeting either a Rosa control genomic 

region or the Spdef gene. Unfortunately, this experiment did not lead to cleavage of the 

targeted Spdef region and thus had no effect on tumor size. We are now approaching this 

issue using RNAi by transplanting mice with tumor organoids expressing doxycycline-

inducible shRNA hairpins against Spdef and inducing expression of the hairpin by 
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administering doxycycline via their drinking water in vivo after tumors formed. These 

experiments will further validate Spdef as a therapeutic target in PDAC.  

A recent interest in the field of targeted protein degraders might offer a solution to the 

issues related to directly inhibiting transcription factors therapeutically (Mullard 2019). The 

idea behind this technology is that using functional ligands that can recruit E3 ubiquitin 

ligases could allow one to design targeted bifunctional molecules whereby one part of the 

molecule binds to a target protein while the other tags it for proteosomal degradation by an 

E3 ubiquitin ligase (Cromm and Crews 2017). The promise of using TPDs to target 

transcription factors lies in their mechanism of action. In contrast to typical small molecule 

inhibitors, TPDs could degrade proteins even if they do not have a well-defined catalytic 

domain. Moreover, a TPD can bind anywhere on the surface of the target protein thus 

expanding the probability of finding a good binder significantly. The first TPD has now 

entered the clinic targeting the androgen receptor  and multiple groups have shown success 

in degrading ‘undruggable’ targets including EBB3, Tau, TACC3 (Lai and Crews 2017). 

Within the next decade, pancreatic cancer is projected to become the second-leading 

cause of cancer related deaths in the USA, which reflects the inadequacy of the treatment 

options for this disease (Rahib et al. 2014). Surgery is currently the only long-term option for 

these patients but longer follow-up has shown that only 4% of patients live more than 10 years 

after surgery (Paniccia et al. 2015). Pancreatic cancer generally recurs within six months if no 

postoperative treatment is given. Even with adjuvant chemotherapy, most patients will 

survive less than three years. The dire statistics for this disease become even more devastating 

when we consider that only 20% of patients are candidates for surgical resection and the 

median survival for those who aren’t is merely 8-9 months following diagnosis. Despite the 

transformative effects of the recent advances in immunotherapy and personalized medicine 
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in other solid tumors, the current first-line standard of care for patients with PDAC remains 

chemotherapy – gemcitabine or Folfirinox. Folfirinox is a combination chemotherapy 

consisting of four agents (oxaliplatin, irinotecan, fluorouracil, and leucovorin), and recent 

clinical trials have reported significant increase in both disease-free and overall survival in 

both adjuvant post-surgery and metastatic settings (Conroy et al. 2011, 2018). Recent advances 

in cataloguing the genetic drivers of the disease have revealed few new actionable mutations 

(Liu et al. 2016b). The breakthrough discovery of the synthetic lethal relationship between 

inactivating mutations in the BRCA1/2 proteins and PARP enzymes has led to the 

development of multiple PARP inhibitors, such as olaparib, that have shown significant 

efficacy in the clinic (Robson et al. 2017). In a recently conducted Phase 3 trial, maintenance 

therapy with olaparib in patients with metastatic pancreatic cancer with a germline mutation 

in BRCA1/2 doubled progression-free survival, making olaparib one of the few promising 

targeted therapies for a small subset of patients (3-5%) (Golan et al. 2019). Nevertheless, 

pancreatic cancer remains a significant medical challenge. We hope that this study opens up 

new avenues for developing targeted therapies against this devastating disease.  
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CHAPTER 7. MATERIALS AND METHODS 

 

Organoids 

Organoids were isolated and cultured as previously described (Boj et al. 2015). +++  media 

was used for all washes during organoid passaging and is defined as Advanced DMEM 

supplemented with 1% Penicilin/streptomycin, 10mM HEPES (Thermo), 20mM Glutamax 

(Thermo). Briefly, organoids were maintained in 100% Matrigel domes (Corning) and grown 

in Advanced DMEM +++  media supplemented with B27 (Invitrogen), 1.25 mM N-

Acetylcysteine (Sigma), 10 nM gastrin (Sigma) and the growth factors: 50 ng/ml EGF 

(Peprotech), 10% RSPO1-conditioned media (kindly provided by Calvin Kuo), 100 ng/ml 

Noggin (Peprotech), 100 ng/ml FGF10 (Peprotech) and 10 mM Nicotinamide (Sigma). To 

prepare frozen stocks, organoid cultures were dissociated and mixed with Recovery cell 

culture freezing medium (Gibco) and froze following the standard procedures. When 

required, the cultures were thawed using standard thawing procedures, embedded in 

Matrigel and cultured as described above. For the first 3 days after thawing, the culture 

medium was supplemented with Y-27632 (10 µM, Sigma-Aldrich). 

 

Animals 

All animal experiments were reviewed and approved by the IACUC of Cold Spring 

Harbor Laboratory. 6-8-week-old Nu/Nu mice were used as recipients for orthotopic 

transplantation (Charles River). The number of animals in each experiment is stated in the 

figure legends. 

 

Orthotopic transplantation of organoids 
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All transplanted cells were resuspended in 50 ul of 50% matrigel (diluted in sterile 

1xPBS). Organoids were dissociated into single cells as described under “organoid culture”. 

20,000 mT69a cells and 350,000 mT8 organoids were transplanted per animal. All tools used 

for the surgery were sterilized and surgical site was cleaned with betadine prior to surgery. 

Mice were maintained under 2% inhalation Isofluorane for the duration of surgery. 5mg/kg 

Ketofen was give prior to surgery as prophylactic anesthesia. A 1-cm incision was made in 

the skin and peritoneum above the spleen. The pancreas was placed outside the abdominal 

cavity by gently lifting the spleen. Cells were injected into the tail of the pancreas. Silk sutures 

were used to close the peritoneal incision and wound clips were used for the skin incision. 

Mice were allowed to recover from anesthesia in a heated chamber before return to their 

cages.  

Plasmids 

For Spdef RNA-seq experiments MSCV-miRE-shRNA-PGK-PuroR-IRES-GFP 

retroviral vectors were used. cDNA constructs were expressed from an MSCV-based vector 

containg either a puromycin or neomycin resistance gene. CRISPR knockout experiments 

were used using a modified EDCPP lentiviral vector system.  

 

Antibodies 

Spdef antibodies were produced through a contract with Thermo Fisher. Briefly, 

Based on hydrophobicity, hydrophilicity and specificity scores generated from a proprietary 

Thermo Fisher algorithm and the NIH AbDesigner tool 

(https://hpcwebapps.cit.nih.gov/AbDesigner/), two peptides were selected (spanning 

amino acids 33-50 and 75-91) of the mouse Spdef protein to use as antigens. Each peptide was 

used to immunize two rabbits with 3 subsequent boosts (day 14, 42 and 56) and bleeds were 
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collected 72 days following initial immunization. The antibodies were affinity purified using 

the immunizing peptide. 

Table 1. Antibodies 

Antibody target Vendor Catalog No. Host species WB IHC IP ChIP 

Spdef 1161 Thermo NA Rabbit 1:1000 1:1000 1ug - 

Myc N262 Santa Cruz Sc-764 Rabbit - - - 5ug 

Myc Abcam Ab32702 Rabbit 1:1000 - - - 

Ki67 Thermo MA5-14520 Rabbit - 1:200 - - 

Cleaved Caspase 

3 

CST 

9661S 

Rabbit 

- 1:200 - - 

P53   Rabbit -  - - 

Vinculin CST 13901S Rabbit 1:5000 - - - 

EGFR pY1068 CST 2234S Rabbit 1:1000 - - - 

EGFR CST 4267S Rabbit 1:1000 - - - 

AKT pS437 CST 4060S Rabbit 1:1000 - - - 

AKT CST 9272S Rabbit 1:1000 - - - 

pERK1/2 CST 9101S Rabbit 1:1000 - - - 

Hsp90 Millipore 05-594 Rabbit 1:1000 - - - 

Xbp1-s CST 12782S Rabbit 1:1000 - - - 

BiP CST 3117S Rabbit 1:1000 - - - 

pIRE1a Novus NB100-2323 Rabbit 1:1000 - - - 

IRE1a CST 3294 Rabbit 1:1000 - - - 

Atf6 Novus 70B1413.1 Rabbit 1:1000 - - - 

Atf4 Proteintech 10835-1-AP Rabbit 1:1000 - - - 

Chop Thermo MA1-250 Rabbit 1:1000 - - - 
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pPERK CST 3179 Rabbit 1:1000 - - - 

 

Table 2. Oligonucletide sequences 

Name Sequence Application 

Spdef.1215 miRE TGCTGTTGACAGTGAGCGCAGGAGAAAGGCAT

CTTCAAAATAGTGAAGCCACAGATGTATTTTGA

AGATGCCTTTCTCCTTTGCCTACTGCCTCGGA 

shRNA 

Spdef.1525 miRE TGCTGTTGACAGTGAGCGAACAGCCACTGATCT

AGGGATATAGTGAAGCCACAGATGTATATCCCT

AGATCAGTGGCTGTCTGCCTACTGCCTCGGA 

shRNA 

Sh R.luciferase miRE  

TGCTGTTGACAGTGAGCGCAGGAATTATAATGC

TTATCTATAGTGAAGCCACAGATGTATAGATAA

GCATTATAATTCCTATGCCTACTGCCTCGGA 

shRNA 

Spdef_2 CCGGTTGCCTGCTACTGTT gRNA 

Spdef_3 CCTGGACATCTGGAAGTCAG gRNA 

Rosa TAGGAGCCATGGCCGCGTCCGG gRNA 

Xbp1s Fwd CTGAGTCCGAATCAGGTGCAG RT-qPCR 

Xbp1s Rev GTCCATGGGAAGATGTTCTGG RT-qPCR 

Xbp1u Fwd CAGCACTCAGACTATGTGCA RT-qPCR 

Xbp1s Rev GTCCATGGGAAGATGTTCTGG RT-qPCR 

Spdef Fwd GTGCAATCGATGGTTGTGGG RT-qPCR 

Spdef Rev CCAGGGTCTGCTGTGATGTT RT-qPCR 

Actb Fwd TTGCTGACAGGATGCAGAAG RT-qPCR  

Actb Rev ACATCTGCTGGAAGGTGGAC RT-qPCR 

 

Retroviral production and infection 

Transient transfection was performed using XtremeGene 9 (Sigma). For retroviral 

packaging, Phoenix cells stably expressing ecotropic envelope proteins were used. Phoenix 

cells were transfected with 20ug of plasmid of interest and virus was collected 48-72 hrs post 
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transfection. For lentiviruses, 293T cells were co-transfected with 1:2:2 molar ratio of plasmid 

of interest and pMD.2 and psPAX plasmids. For infection, dissociated organoids were 

resuspended in +++ media containing retrovirus and polybrene and centrifuged for 1-2 hours 

at 800g. Antibiotic selection of retrovirally-infected organoids (puromycin 2ug/mL) or 

neomycin (1mg/mL) was performed for at least 48 hours beginning 24 hours after infection. 

 

Co-immunoprecipitation 

Cells were grown in 15cm plates were washed three times with ice-cold PBS. 1mL of 

ice cold lysis buffer (1mM Tris pH 8, 150nM NaCl, 1% Triton-X, 2mM EDTA ) supplemented 

with protease and phosphatase inhibitor cocktail tablets (Roche) was added directly onto the 

plates. Cells were collected using a cell lifter and incubated on ice for 15 minutes with 

intermittent vortexing every 5 minutes. Lysed cells were cleared of any insoluble cell debri by 

centrifugation (12,000 g for 5 mins at 4C). Supernatant was used to determine protein 

concentration by DC protein assay. 1 mg of protein was used for each immunoprecipitation 

and 25ug of each lysate was saved as input. Antibodies or pre-conjugated antibody-bead 

complexes were added according to Table and incubated with constant agitation overnight at 

4C. To remove any non-specific binders, the beads were washed three times with Lysis buffer 

followed by a final wash with PBS. To elute antigens, a 2X LDS Loading buffer in lysis buffer 

was used. Samples were boiled at 90C for 5 minutes and magnetic beads were removed using 

a magnet. Samples were then processed for Western blotting.  

 

Western blotting 

Standard techniques were employed for immunoblotting of mouse organoids. 

Organoids were quickly harvested using cold PBS on ice. Organoids were then lysed with 25 
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mM HEPES, pH 7.5; 150 mM NaCl; 1% NP-40; 10 mM MgCl2; 1 mM EDTA; 2% Glycerol. 

Protein lysates were separated in 4-12% Bis-Tris NuPage gels (Life Technologies). Western 

blots were probed with the antibodies in Table.  

  

Antibody bead conjugation  

Except for the commercially available anti-Flag M2 (Sigma, M8823) and anti-HA 

(Thermo, 10003D) magnetic beads, all other antibodies used for co-immunoprecipitation 

experiments were cross-linked to Protein A/G Dynabeads beads (Thermo, 88802). 1ug of 

antibody was coupled to 30uL of Protein A/G magnetic beads for 30 minutes at room 

temperature. Bead-antibody complexes were then resuspended in 250uL of 5mM BS3 

(bis(sulfosuccinimidyl)suberate) and incubated at room temperateure for 30 minutes.  Bead-

antibody complexes were then resuspended in 0.125M of PBS/Glycine and incubated for 5 

mins. Cross-linked beads were washed in TBS/0.1% Tween and used for 

immunoprecipitation experiments.  

 

Chromatin immunoprecipitaton: 

For organoid cultures: 

Organoids were maintained in complete organoid media until subconfluent. To 

dissociate organoids from the matrigel, complete media was replaced with a 2ug/mL dispase 

dissolved in Advanced DMEM +++ media and incubated for 20 minutes in a 37 C incubator. 

Organoids were washed with Advanced DMEM +++ media and pelleted at 300g for 5 mins 

at 4 C. To dissociate organoids to single cells, organoid pellets was resuspended in 1mL of 

TryplE and incubated at 37C for 12 minutes with constant agitation (650rpm). Cells were 

washed with Advanced DMEM +++ and pelleted at 300g for 5 mins at 4 C. Final pellet was 
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resuspended in 500 uL and cells were counted using a life/dead Acridine Orange/Propidium 

Iodine stain. 5x10^6 cells were resuspended in 2 mL of 1% Forlmaldehyde in Advanced 

DMEM +++ media and incubated for 12 minutes rocking at room temperature. To quench 

formaldehyde, glycine was added to 0.125M concentration and the cell solution was 

incubated for 5 minutes. Cells were pelleted by centrifugation at 300g for 5 minutes at 4C. Cell 

pellet was washed 1x with ice-cold PBS and pelleted at 300g for 5 minutes at 4C. Pellets were 

snap-frozen on dry ice and stored at -80C until ready for further processing. 

For adherent 2D cultures: 

1% formaldehyde was added to 2D media and cells were incubated for 10 minutes at 

room temperature. Formaldehyde was quenched with 0.125M glycine for 5 minutes. Plates 

were washed 3x with PBS and cells were scraped and resuspended in 1mL of PBS using a cell 

lifter. Cells were pelleted at 300g for 5 minutes at 4C and pellets were snap-frozen on dry ice 

and stored at -80C until ready for further processing. 

Immunoprecipitation: 

To isolate intact nuclei, 5x10^6 Fixed cells were resuspended in cell lysis buffer and 

incubated on ice for 15 minutes. Nuclei were pelleted by centrifugation () and resupsended 

in nuclear lysis buffer. Chromatin was sheared by sonication using a Bioruptor with 30s 

on/off cycles at low instensity. Chromatin shearing was empirically tested by reverse-

crosslinking the DNA at 65C for 2 hours followed by DNA extraction using a PCR purification 

kit (Invitrogen). Purified DNA was run on a 2% agarose gel at 100V for 25 minutes. For a 

successful ChIP experiment, chromatin was expected to be between 200 and 500 bp. Sheared 

chromatin was cleared by centrifugation at 15000g for 10 minutes at 4C. The supernatant was 

diluted with IP dilution buffer to 1mL and 50uL were saved for input control (1:200). 

Antibodies (amounts/volumes are specified in Table ) were added and the solution was 
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incubated at 4C on a rocker overnight. Protein A/G magnetic beads were blocked in 5% 

BSA/TBST and washed 3x with TBST. Antibody-chromatin complexes were centrifuged at 

12,000g for 10 minutes to remove antibody aggregates and 30uL of blocked beads were added 

and incubated at 4C on a rocker for 3 hours. Using a magnetic stand, beads were washed 2x 

with Mixed Micelle Wash buffer, 2x Biffer 500, 3x with Li/Cl detergent buffer and 2x with TE 

buffer. Beads were then resuspended in 150uL 2%SDS/TE buffer and 150uL 2%SDS/TE 

buffer was added to input controls. DNA was reverse crosslinked by incubating the samples 

at 65C overnight and DNA was purified using Invitrogen PCR purification kit.  

 

ChIP-seq 

Library preparation and Illumina sequencing 

50-100 million cells were corsslinked for ChIP-seq experiments. 1-10ng of purified 

DNA was used to create ChIP-seq libraries using the TruSeq ChIP Sample Prep Kit (Illumina) 

following the manufacturer’s instructions. The quality of each library was determined using 

a Bioanalyzer and a High Sensitivity chip (Agilent). Library DNA sizes ranged from 250-300 

bp. Barcoded libraries were multiplexed at equal molar ratio and sequenced using an Illumina 

Next Seq platform as single end reads of 76 bp. 

Data analysis 

Reads were mapped to the murine genome assebly mm9 using Bowtie. The MACS2 

peak finding algorhitm was used to identify ChIP-Seq peaks. 

Density map generation 

In the generation of density plots, all Myc peaks with an FDR<0.05% and a minimal 

fold enrichment of 5 over input were used. Myc peaks were considered as promoter peaks if 

the peak showed at least 1 bp overlap with a 2kb window surrounding RefSeq gene 
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transcription start sites (TSSs), else they were considered distal peaks. Heatmap matrices were 

created by counting tags using the indicated window size with 50bp bins. The DeepSeq 

package was used to generate plots.  

 

Immunohistochemistry 

Tissues were fixed in 10% Neutral Buffered Formalin for 24 hours before paraffin 

embedding and sectioning. Human tissue microarrays were purchased from Biomax 

(#P1000a). Slides cut from paraffin blocks were de-paraffinized and rehydrated. Antigen 

retrieval was performed in 10 mM citrate buffer (pH 6) for 6 minutes in a pressure cooker. For 

immunohistochemical staining, endogenous peroxidase activity was quenched by incubation 

in 3% hydrogen peroxide for 15 minutes followed by rinsing in water and blocking in 2.5% 

normal horse serum. Slides were incubated with primary antibody diluted in blocking 

solution overnight at 4°C. Secondary antibody (Vector Immpress) was used according to 

manufacturer’s instructions followed by development using DAB (Vector). Slides were 

dehydrated and mounted with coverslips and imaged using a Zeiss microscope. Antibodies 

used are described in Table. 

 

GI50 assays 

A single cell suspension of organoids was prepared as described above. Live cell 

concentration was determined by counting Acridine Orange/Propidium Iodide (AO/PI) 

(#CS2-0106; Nexcelom Science) stained cells using Cellometer Auto 2000 Cell Viability 

Counter. 500 cells were resuspended in 30uL of 10% matrigel/complete media and were 

plated in non-adherent 384-well plates. Single-cell organoids were allowed to recover 

overnight (16 hours) before the addition of the drug. Thapsigargin was resuspended to 1mM 
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in DMSO and was dispensed at varying concentrations using a Tecan HP D3000e digital 

dispenser. Cell growth was monitored by phase-contrast imaging using Incucyte over 4 days. 

To determine final cell viability, organoids were incubated with equal amount of CellTiterGlo 

luminescent reagent (#G7570, Promega) for 10 mins at room temperature. Luminescence was 

recorded using MiniMax spectrophotometer and relative luminescence was compared to a 

DMSO control treated organoids. GI50 values were calculated using a four parameter non-

linear regression model. 

 

RNA isolation 

Total RNA was extracted from cells using TRIzol (Invitrogen) according to 

manufacturer’s instructions using the PureLink RNA isolation kit (Invitrogen). RNA was 

treated with DNase I to eliminate contaminating genomic DNA.  

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 

RNA was extracted from cell cultures or freshly isolated tissues using TRIzol reagent 

(Invitrogen), followed by column-based purification with the PureLink RNA Mini Kit 

(Ambion). cDNA was synthesized using 1 µg of total RNA and TaqMan Reverse 

Transcription Reagents (Applied Biosystems). All targets were amplified (40 cycles) using 

gene-specific Taqman primers and probe sets (Applied Biosystems) on a 7900HT Real time-

PCR instrument (Applied Biosystems). Relative gene expression quantification was 

performed using the ∆∆Ct method with the Sequence Detection Systems Software, Version 

1.9.1 (Applied Biosystems). Expression levels were normalized by Hprt. 

 

Library preparation and RNA-sequencing 
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For each organoid line, 4-6 wells of organoids from a 24 well plate were harvested in 

1 mL of TRIzol reagent and flash-frozen. All lines were at passage 3 or 4 post-isolation. RNA 

was extracted using the TRIzol Plus RNA Purification Kit (LifeTechnologies) per 

manufacturer’s instructions. RNA samples were treated on column with PureLink DNase 

(Life Technologies). The quality of purified RNA samples was determined using a Bioanlyzer 

2100 (Agilent) with an RNA 6000 Nano Kit. RNAs with RNA Integrity Number (RIN) values 

greater than 9.0 were used to generate sequencing libraries. Libraries were generated from 1 

µg of total RNA using a TruSeq Stranded Total RNA Kit with Ribo-zero human/mouse/rat 

(Illumina # RS-122-2201) per manufacturer’s instructions. For the final amplification, 11 cycles 

of PCR were used. Libraries were quality checked and quantified using a Bioanalyzer 2100 

(Agilent) with a DNA 1000 Kit. Equimolar amounts of libraries were pooled and subjected to 

paired-end, 101 base-pair sequencing at the Cold Spring Harbor DNA Sequencing Next 

Generation Shared Resource using an Illumina NextSeq. Pathway enrichment analysis was 

performed on a set of curated canonical pathways from KEGG, Reactome and Biocarta 

available in the molecular signatures database (MSigDB) by using the GseaPreranked tool 

available in GSEA software. 

Data plotting and statistical analysis 

Data plotting and statistical analysis was performed using Prism 7 (Graphpad) or 

Excel. Figures were prepared using Powerpoint (Microsoft) and Illustrator (Adobe). All data 

are represented as means and standard deviation (error bars) unless otherwise indicated. 

Asterisks denote p-value as follows: *p<.05, **p<.01, ***p<.001, ****p<.0001. 
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