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Many studies have focused on examining the intrinsic factors such as transcriptional 

regulators that instruct the step-wise acquisition of β-cell fate in the developing pancreas, 

with the intention of recapitulating the events necessary in order to generate these cells in 

vitro for replacement therapies. Directed differentiation protocols have improved upon 

transitioning from 2D to 3D cultures, indicating that the 3D microenvironment in which β 

cells are born is critical for the acquisition of their cell fate. However, little is known about 

the mechanisms through which the 3D architecture of the developing pancreas mediates cell 

fate specification and epithelial organization. In order to address some of the remaining gaps 



 

 

in the field, we characterized the Pdx1
-/-

 embryo, a mutant in which pancreatic cell fate and 

architecture fail early in its development, to determine whether the developmental failure was 

due to defects in the epithelial architecture. After elucidating that Pdx1 is a transcriptional 

regulator of the cellular adhesion molecule E-cadherin, we then examined the effect that 

tissue-specific deletion of this molecule has on the developing pancreas. We determined that 

E-cadherin regulates both endocrine cell fate and isletogenesis, as we observe that there is a 

reduction in endocrine progenitors and total endocrine volume, in addition to a failure of the 

endocrine cells to coalesce into islets. Our findings also demonstrate that acinar cells are lost 

in the post-natal E-cadherin
f/f

;Pdx1Cre pancreas, due to an increase  in  cell death, suggesting 

that E-cadherin is capable of promoting cell survival. This body of work indicates that 

architectural molecules play a critical role in the allocation of cell fate specification and 

epithelial morphogenesis in the developing pancreas. 
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CHAPTER ONE 
 

Progenitor Epithelium: Sorting Out Pancreatic Lineages  
 

NB: This chapter has been previously published under the title: “Marty-Santos, L. and 

Cleaver, O. (2015) Progenitor Epithelium: Sorting out pancreatic lineages. J. 

Histochem Cytochem 63: 559-74.”. The text has been modified accordingly to fit within 

this dissertation. 

 
Is it possible to replace cells of the body, when needed to alleviate disease or replace 

damaged tissues? This question represents a central challenge in the nascent field of 

regenerative medicine, and is likely to require a fundamental understanding of the processes 

by which cells acquire their fates and manifest their full functionality. Niches that support 

cell renewal and differentiation have been examined in continuously regenerating tissues, 

such as skin, blood and intestine. Consequently, the dynamics of stem cell compartments in 

these tissues are well studied and understood. This has led to the successful recapitulation of 

normal processes for replacement therapies (Lane, Williams, & Watt, 2014). Other tissues, 

by contrast, have slower turnover rates and no identifiable resident stem cells. The adult 

heart, kidney and pancreas fall into this latter category. As an alternative approach, research 

has aimed to elucidate the generation of differentiated cell types during development, in the 

hopes of recapitulating the step-wise generation of tissue cells in the laboratory. Therefore, 

elucidating the cell and molecular underpinnings of organ ontogeny is likely to instruct either 

stem cell or iPS cell approaches aimed at coaxing cells to take on desired fates.  

Here, we examine the emergence of pancreatic lineages including endocrine beta cells 

within a common embryonic progenitor epithelium. We ask when and where progenitor cells 

can be identified, and discuss some of the “black boxes” in our understanding of the early 
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morphogenesis and differentiation of this organ. Many other reviews have provided excellent 

assessments of later pancreas development and beta cell differentiation, covering areas from 

transcriptional control of beta cell fate, to bud morphogenesis, to cell fate plasticity 

(Collombat, Xu, Heimberg, & Mansouri, 2010; Pan & Wright, 2011; Shih, Wang, & Sander, 

2013; Stanger & Hebrok, 2013). Here, we focus on the earliest progenitor epithelium and 

assess how its three dimensional (3D) architecture may provide important clues as to 

required developmental events, with the idea that these may hold promise for instructing our 

understanding of beta cell ontogeny initiation. 

The adult pancreas 

The adult pancreas is a complex organ composed primarily of three epithelial cell 

populations with distinct functions: acinar, ductal and endocrine cells. Acinar and ductal cells 

compose the exocrine portion of the pancreas. Acinar cells produce digestive enzymes that 

breakdown carbohydrates, proteins and lipids (Shih et al., 2013; Slack, 1995). Ducts secrete 

sodium bicarbonate and mucins, and transport digestive enzymes to the duodenum. The 

exocrine compartment encompasses over 95% of the total mass of the adult pancreas, while 

the endocrine compartment represents only 5% (Orlando et al., 2014). The endocrine 

compartment consists of islets that lie scattered within the vastly more abundant exocrine 

pancreas, which are responsible for maintaining metabolic homeostasis through hormone 

production and secretion. Endocrine islets contain at least five different cell types, namely 

glucagon-producing α cells, δ cells that secrete somatostatin, PP cells that produce pancreatic 

polypeptide, ghrelin-secreting ε cells and β cells that produce insulin (Pan & Wright, 2011). 

Beta cells are by far the most abundant endocrine cell type, comprising between 60-90% of 
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the islet mass. How this diversity of cell types is generated from the progenitor pancreas 

epithelium is an area of active investigation. 

Origin of pancreatic lineages in the progenitor epithelium 

It has long been known that the three main functional pancreatic lineages arise from a 

common progenitor epithelium during embryonic development. However, progenitor fates 

become lineage restricted during embryogenesis. This was nicely demonstrated via lineage 

tracing studies, which showed that endocrine, acinar and ductal cells all emerge from 

budding epithelial ‘tips’, or protrusions from the peripheral layer of pancreatic bud cells (Q. 

Zhou et al., 2007). These tip cells co-expressed Cpa1, c-Myc and Ptf1a, were designated as 

‘multipotent progenitor cells’ (MPCs), and became restricted to the acinar lineage in the 

midgestation pancreas by E12.5. Where and how progenitors sort out into ‘tip’ regions is 

largely unknown. 

Understanding pancreatic progenitors, and the step-wise series of fate restrictions 

they undergo, requires a better understanding of the early progenitor epithelium. Prior to 

morphological appearance of MPCs at budding ‘tips’, it was shown that the epithelium of the 

bud itself contains pancreatic progenitors (Stanger, Tanaka, & Melton, 2007). In contrast to 

the pool of embryonic liver progenitors, which can expand even after birth thereby 

facilitating regeneration, pancreatic progenitors appear to be set aside in the early epithelium 

and to be constrained by an intrinsic program that is not subject to growth compensation. 

Indeed, early elimination of progenitor cells results in a greatly reduced pancreas by birth, 

implying that setting their early number is critical to organ size (Stanger et al., 2007). 
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The early progenitor population co-expresses many genes critical to pancreas 

development. Indeed, lineage tracing using transgenic reporter lines for hepatocyte nuclear 

factor 1 Homeobox β (Hnf1β), SRY-box 9 (Sox9), Neurogenin3 (Ngn3), Pancreas 

transcription factor 1a (Ptf1a) and Pancreatic duodenal homeobox1 (Pdx1), demonstrate that 

the pool of cells expressing these genes gives rise to all lineages (Gu, Dubauskaite, & 

Melton, 2002; Kopinke et al., 2011; Kopp et al., 2011; Solar et al., 2009). Interestingly, 

however, when reporters for the same genes are used to inducibly label cells later during 

pancreas development (after the secondary transition), Hnf1β and Sox9 expression display 

restriction to the ductal lineage, CPA1 and Ptf1a to the acinar lineage, and Ngn3 and Pdx1 to 

the endocrine lineage. While these studies have pointed to the early epithelium as containing 

‘tip-like’ MPCs, where they come from and how they ultimately contribute to the pancreatic 

epithelium, either early or late, remains unexplored. In addition, it is still unknown whether 

the progenitor population in the early bud epithelium is a homogeneous group of cells that 

express all the aforementioned markers, or whether it is actually heterogeneous, composed of 

cells expressing different levels and/or combinations of these genes. A better understanding 

is needed regarding how cells within the pancreatic bud acquire their cell fates and whether 

this either drives, or is influenced by, their morphogenetic reorganization during 

development. 

Overview of early pancreas development 

 In both mouse and human embryos, the pancreas originates from two separate 

domains of the foregut endoderm, one dorsal and one ventral. Pancreatic placodes, or 

epithelial thickenings of the pre-pancreatic epithelium, become apparent by embryonic day 
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8.5 (E8.5) in the mouse and are characterized by the expression of Pdx1 and Ngn3 

(Villasenor, Chong, & Cleaver, 2008). Of great interest is the fact that the functional 

compartments of pancreas – endocrine, acinar and ductal – all originate from a relatively 

mysterious, single-layered and polarized epithelium at this time, when the bud begins to 

emerge and is full of potential. As shown by Jorgensen et al and Pictet and Rutter (Jorgensen 

et al., 2007; Pictet & Rutter, 1972), the pancreatic epithelium evaginates around E9.0, and by 

E9.5, distinct dorsal and ventral buds are observable as ‘fin-like’, midline protrusions from 

the gut tube. During these events, epithelial cells within the placodes columnarize (Figure 

1.1 A,A’). This initial morphogenesis is soon followed by rapid and transient stratification 

into a ‘fist-like’ bud, which has been recently shown to constitute a ‘bag’ of unpolarized 

epithelial cells (Figure 1.1 B,B’) (Hick et al., 2009; Kesavan et al., 2009; Villasenor, Chong, 

Henkemeyer, & Cleaver, 2010). Almost as soon as stratified layers of cells build up in the 

budding pancreas, further dramatic rearrangements begin to occur. Within layers of epithelial 

cells, cell polarity is reacquired and microlumens form, thereby progressively resolving the 

stratified epithelium back into stacked single layers that remodel into branches (Figure 1.1 

C-D’). However, the dynamic architecture of these rearrangements remains elusive. The bud 

nonetheless continues to expand, remodel and generate branches via a process of continuous 

budding of epithelial ‘tips’. Around E11.5-E12.5, rotation of the gut brings the two now 

elongated pancreatic buds together at their proximal stalks, which fuse and continue to 

develop into the single organ that will give rise to the adult pancreas (Oliver-Krasinski & 

Stoffers, 2008; Pan & Wright, 2011). By this time, the pancreatic epithelium is rapidly 

proliferating and expanding, generating the ramifying, tree-like glandular morphology of the 
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mature organ. Strikingly, to date, the intrinsic geometry and molecular underpinnings of 

these dramatic early events remain almost completely unknown. 

 In mice, pancreas development is generally divided into two sequential waves 

referred to as the ‘first transition’ and the ‘secondary transition’(Benitez, Goodyer, & Kim, 

2012; Pan & Wright, 2011). The first occurs as the bud forms, up to E12.5, and is 

characterized by dramatic morphogenesis of the epithelium, as well as emergence of early, 

primitive endocrine cells. The second transition begins after E12.5 and constitutes massive 

coordinated growth and differentiation of the three main pancreatic lineages. This dissertion 

will primarily examine the often overlooked and little understood events of the first transition 

epithelium. 

PANCREAS MORPHOGENESIS 

 Here, we will examine landmarks of embryonic pancreas development. Covering key 

events in the morphogenesis of the pancreas provides a context for discussing the origins of 

the different lineages, including beta cells. Since a majority of studies have focused on the 

later features of the fetal pancreas, we will work our way backwards in developmental time. 

We will cover the range of events from the late gestation pancreas where features are easily 

observable and therefore better understood, to those early stages that are still relatively 

unclear, as they have been more difficult to observe and study. 

Pancreatic branching 

Investigation of pancreas morphogenesis has largely focused on the more tractable 

later gestational stages, much of which involves expansion of this tree-like gland. The mature 
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pancreas consists of a ramifying set of ductal branches connected to a ‘trunk-like’ central 

duct proximally, and studded with acini at the distal tip of and along each fine branch. How 

does the pancreas come to form all of these branches? A number of studies have examined 

onset of branching of the pancreatic epithelium, which occurs within its sheath of 

mesenchyme (Hick et al., 2009; Kesavan et al., 2009; Puri & Hebrok, 2007; Villasenor et al., 

2010). While the expectation was that pancreatic branching might follow similar dynamics to 

that of the lung and kidney epithelial tubules (Affolter, Zeller, & Caussinus, 2009; Bellusci, 

Grindley, Emoto, Itoh, & Hogan, 1997; C. M. Karner et al., 2009; Varner & Nelson, 2014), 

which occur primarily via extension and branching of epithelial tubes, some interestingly 

different mechanisms of growth have been observed. Our group found that although 

pancreatic branching displayed some predictable trends in its overall developmental 

morphology, unlike lung branching, it was not highly stereotyped (Villasenor et al., 2010). 

While these in vivo studies of pancreatic branching were limited to static imaging of 

sectioned and whole-mount tissues at different stages, some key landmarks were nonetheless 

identified. The analysis revealed that pancreatic branches emerged via formation of 

numerous small ‘tips’ and coordinated remodeling of the underlying epithelium. Tips 

increased in number, rather than extended, to fuel overall growth of new branches. 

In vitro studies have also been helpful in understanding basic mechanisms of organ 

branching, including that of the pancreas. Tissue explants in 3D matrices, such as Matrigel or 

fibronectin, allow observation of morphogenesis and growth of ‘organoids’ derived from 

embryonic tissues. These studies permit careful analysis of cellular movement using live 

imaging in conjunction with lineage reporters (Davies, 2005; Packard et al., 2013). While 
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much work has been done to describe the developing mammalian kidney and lung buds in 

culture, among other systems, only a handful of studies have described pancreatic bud 

expansion in vitro. A key study of pancreatic development used Pdx1-GFP tissue to visualize 

epithelial growth in culture after isolation of E9.5 and E10.5 pancreatic rudiments (Puri & 

Hebrok, 2007). This report used live-imaging to demonstrate that the pancreas exhibits a “1-

3” lateral branching pattern similar to well characterized events that occur during early lung 

formation (Bellusci et al., 1997; Metzger, Klein, Martin, & Krasnow, 2008; Puri & Hebrok, 

2007). However, in clear contrast to lung branching, each branch does not reiteratively 

lengthen, extend and branch again, but instead the overall branch epithelium expands as more 

tips are added. 

Endocrine delamination  

 A critical event that results in the generation of the endocrine compartment of the 

pancreas is the delamination of islet precursor cells from the pancreatic epithelium. Unlike 

early endocrine cells of the first transition, which express primarily glucagon or co-express 

multiple hormones and emerge primarily via ‘cluster-budding’, the bulk of the embryonic 

endocrine mass is generated via classical delamination following the secondary transition. 

(Gouzi, Kim, Katsumoto, Johansson, & Grapin-Botton, 2011; Pan & Wright, 2011; Pictet & 

Rutter, 1972). Indeed, onset of branching is followed closely by the emergence of endocrine 

precursors from bipotent trunk progenitors. These first acquire their  cell fate, then 

delaminate from the ductal epithelium and then coalesce into islets. This delamination is 

characterized by an initial expression of the transcription factor Ngn3, leading to a repression 

of E-cadherin expression through Snail2, which is required for the endocrine population to 
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leave the trunk epithelium and ultimately differentiate (Gouzi et al., 2011). As pancreatic 

development progresses in the mouse, endocrine precursors mature and differentiate, leading 

to formation of islets composed of a cell core that is surrounded by an -, - and PP-cell 

mantle (Pan & Wright, 2011). Delamination of the endocrine precursors has been shown to 

be a critical step in the differentiation of β-cells and the other endocrine fates along with 

overall pancreatic morphogenesis, as loss of Ngn3 in the pancreas results in the absence of 

fully differentiated endocrine cells, as well as an aberrantly expanded ductal population and 

abrogation of the acinar tip compartment (Magenheim et al., 2011). These findings 

demonstrate how intimately tied cell fate is to tissue architecture, and how critical proper 

morphogenesis is to the differentiation of pancreatic cell fates, including that of β-cells. 

 

The pancreatic ductal plexus  

A better understanding of pancreatic morphogenesis and branching has surprisingly 

been gleaned from studies not of the epithelium itself or its outward appearance, but of its 

luminal network. In the last few years, it has become clear that, similar to other glandular 

tubes, the pancreatic ductal network arises via the fusion and interconnection of microlumens 

into an internal network (Hick et al., 2009; Villasenor et al., 2010). Strikingly, this 3D multi-

lumen array of tubes appears prior to outward evidence of branching and continues to expand 

along with the growing pancreas. Somehow, the internal network of lumens and the 

outwardly evident branches co-align and a monolayered, tree-like gland results. By E14.5, 

the mouse pancreas displays a highly complex and dense arrangement of lumens and 

branches. As these events occur, over time, remodeling of the epithelium must involve some 
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lumens regressing and disconnecting, while others extend and branch further. The ultimate 

result is a ramifying hierarchical tree with single-lumen branches that feed into a main central 

duct. While the dynamics or molecular underpinnings of epithelial remodeling have not been 

well examined, some reports note that upon genetic ablation of key pancreas transcription 

factors inappropriate plexus-like connections are retained in late stage pancreas and lineages 

become skewed (Hale et al., 2014). As the field turns a more exacting eye on pancreas 

morphogenesis in available and newly generated mouse models, it is likely that additional 

critical factors will be reported. To date, the geometry of how epithelial cells must rearrange 

for morphogenesis to faithfully occur, as well as the forces and mechanisms driving these 

events, remain completely unknown. Understanding pancreatic epithelial ontogeny, 

microlumen formation, ductal remodeling and the epithelial reorganization that subsequently 

occurs is likely to yield important insights into pancreas development, the fate of its lineages 

and the context within which these fates are acquired. 

Epithelial bud reorganization and progenitors 

A putative niche in which pancreatic progenitors emerge has yet not been described. 

In addition, little is known about how cell fate is established in the early pancreas epithelium 

as it undergoes remodeling and lineages are sorted out. We do know that shortly after 

transient stratification and microlumen formation, tip cells and MPCs can be identified 

(Stanger et al., 2007; Q. Zhou et al., 2007). Although it is unclear how and when MPCs arise 

as multi-lineage progenitors, it is intriguing that they are located in ‘tip’ domains on the 

pancreatic bud. Markers for ‘tip’ cells include Cpa1 and Pft1a, however we and others have 

noted that these factors are also expressed in more centrally located body cells at earlier 
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stages (Figure 1.2) (Solar et al., 2009). Other factors, such as Sox9 and Hnf1β, segregate 

instead to those central cells over time, eventually becoming restricted to mature ducts (Kopp 

et al., 2011; Solar et al., 2009). Interestingly, prior to identifiable MPC bearing ‘tips’, cells 

which lie in a peripheral layer around the epithelial bud at E10.5-11.5 display particular 

characteristics. Namely, they are semi-polarized, relatively columnar, and display basally 

localized nuclei and express basal markers like laminin, but not apical markers like aPKC or 

ZO-1 (Villasenor et al., 2010). We termed these outer cells ‘cap cells’, borrowing 

terminology from terminal end buds at the tips of mammary gland branches which have 

similarly stratified buds surrounded by a peripheral layer of semi-polarized cells (Gjorevski 

& Nelson, 2011; Villasenor et al., 2010). Similarly, we termed the inner unpolarized 

stratified cells ‘body cells’, although these have also been referred to as ‘trunk’ cells (Shih et 

al., 2013). 

 

CELL BIOLOGY OF THE PANCREATIC EPITHELIUM 

Epithelio-mesenchymal crosstalk 

 Branching organs, including the prostate, salivary and mammary glands, as well as 

the pancreas, require active communication between the branching epithelium and 

surrounding mesenchyme. Indeed, pancreas development has been shown to exquisitely 

depend on epithelio-mesenchymal crosstalk for both growth and survival (Ahlgren, Jonsson, 

& Edlund, 1996; Golosow & Grobstein, 1962). Classical embryological experiments 

demonstrate that isolated wild-type epithelium fails to expand in culture in the absence of 



29 

 

mesenchyme (Golosow & Grobstein, 1962). These experiments were more recently 

reproduced using elegant genetic approaches to ablate the mesenchyme using Cre-mediated 

expression of Diphteria Toxin (DT)(Landsman et al., 2011). A host of secreted factors have 

been identified as critical mediators of crosstalk, including Fgf10, BMPs, Follistatin and 

others (Ahnfelt-Ronne, Ravassard, Pardanaud-Glavieux, Scharfmann, & Serup, 2010; 

Bhushan et al., 2001; Miralles, Czernichow, & Scharfmann, 1998). Interestingly, pancreatic 

epithelium does not require interaction with its own particular mesenchyme, as salivary 

mesenchyme can also support pancreatic branching in culture. Of note, although the pancreas 

requires mesenchymal support to grow, the converse is not true and the pancreatic 

mesenchyme can develop normally without the pancreatic epithelium. An example is the 

embryonic Pdx1
-/-

 pancreas, where
 
expansion of the epithelium is arrested shortly after the 

onset of budding, while the mesenchyme continues to expand, eventually forming a “hollow 

pocket” that occupies its normal position adjacent to the stomach and pancreas (Ahlgren et 

al., 1996). 

 

Mesenchymal cues drive pancreatic branching 

Secreted mesenchymal factors have been shown to regulate pancreatic branching, as 

well as cell fate specification. Stromal cell-derived factor 1 (SDF1), for instance, has been 

shown to be an important factor expressed by pancreatic mesenchyme. Reduction of SDF1 

by chemical inhibition using AMD3100 in culture, or by genetic ablation of either SDF1 or 

its receptor CXCR4, suppresses pancreatic branching and remodeling (Hick et al., 2009). 

Similar to the lung and kidney, Fgf10 has been shown to be a “branch generator” during 
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pancreas development. Fgf10 signaling from the pancreatic mesenchyme to the epithelium is 

required not only for growth and branching morphogenesis, but also for proliferation and 

subsequent differentiation of the pancreatic progenitor cells (Bhushan et al., 2001; Norgaard, 

Jensen, & Jensen, 2003). Therefore, the mesenchyme is positioned to both initiate and sustain 

proper epithelial morphology. Understanding the cues that influence architecture of the 

progenitor epithelium that gives rise to beta cells has important implications for future 

directed differentiation efforts. 

Impact of mesenchymal ECM 

The basement membrane and ECM proteins have also been shown to guide branching 

in glandular organs (Varner & Nelson, 2014). Indeed, specific ECM proteins have been 

identified as driving the development and branching of different glands. For example, the 

prostate gland exhibits strong dependence on 61-integrin and on laminin-1 (but not 

collagen or fibronectin) for establishing and maintaining cell polarization (discussed below), 

as well as for epithelial branching and acinar morphogenesis (Bello-DeOcampo, Kleinman, 

Deocampo, & Webber, 2001). Antibody blocking of laminin signaling in tissue culture 

suppresses branching in the developing prostate (Bello-DeOcampo et al., 2001). In the 

submandibular salivary gland, fibrils of fibronectin are deposited at the sites of new clefts in 

the growing epithelium, which allows for branching to occur (Larsen, Wei, & Yamada, 2006; 

Sakai, Larsen, & Yamada, 2003). Inhibition of fibronectin, either through siRNA or by 

addition of inhibiting antibodies, leads to abrogation of cleft formation and suppression of 

subsequent submandibular gland branching. In the mammary gland, type I collagen fibers are 

present within the stroma and nascent epithelial branches use these fibrils as guidance cues 
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for their elongation and extension (Brownfield et al., 2013). Genetic manipulations of matrix 

metalloproteinase 11 (MMP11) in mice result in a decrease in collagen within the mammary 

stroma and lead to defects in mammary gland branching (Tan et al., 2014). Recent work 

underscores the requirement for laminin and integrins for lung branching, as loss of either 

leads to abrogated lung branching and defects in alveolarization (Nguyen & Senior, 2006; 

Nicolaou et al., 2012; Plosa et al., 2014). Loss of β1-integrin in endothelial cells disrupts 

both cellular polarity and lumenogenesis in developing arterioles (Zovein et al., 2010). 

Together, these data indicate that ECM plays a central role in branching of epithelium, as 

well as endothelium, in diverse organs. 

Establishment and control of cell polarity in vivo 

 ECM and basement membrane components have also been shown to influence basic 

epithelial cell properties, such as cell polarity establishment. This has been observed in 

branching organs, such as the lung and the vasculature. Indeed, acquisition of cell polarity is 

frequently initiated by ECM interactions mediated through receptors such as integrins, 

dystroglycans and proteoglycans (Bryant & Mostov, 2008; O'Brien et al., 2001; Yu et al., 

2005). Such interactions allow epithelial cells to sense their environment and respond to 

changes in the chemical or mechanical properties by changing cell polarity and/or shape. 

This has been modeled in vitro using the MDCK 3D culture system, as well as in vivo in 

different organ systems (Kass, Erler, Dembo, & Weaver, 2007; Maller, Martinson, & 

Schedin, 2010; Paszek et al., 2005; Provenzano, Inman, Eliceiri, & Keely, 2009; Yu et al., 

2008). For example, the mouse mammary gland epithelium displays a strict dependence on 

communication with the ECM through integrin receptors for establishment of apicobasal 
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polarity, as well as for signaling pathways that drive cell proliferation. Loss of ECM 

receptors, or changes in either ECM stiffness or composition, can all lead to disruption or 

even complete inversion of apical-basal polarity. These disruptions are often associated with 

onset of tumorigenesis.  

 At the time of this dissertion, a role for ECM and basement membrane proteins 

during pancreas development has not been rigorously explored using genetic models. Ex vivo 

studies, however, suggest that at least one ECM component, laminin-1, supports 

differentiation of pancreatic lineages, including both ductal and acinar (Crisera et al., 2000). 

Laminin-1 was also linked to both pancreatic morphogenesis and proper allocation of cell 

fate in a mouse model that disrupted epithelial polarity (Kesavan et al., 2009). Do additional 

ECM components help expand or instruct endocrine fate? Are there particular basement 

membrane proteins that drive interactions between the pancreatic mesenchyme and 

underlying epithelium? Do matrix-mediated signals drive basic events in the pancreatic 

epithelium, such as acquisition of cell polarity and/or subsequent branching? These questions 

remain to be answered. 

 

Epithelial cell polarity 

Control of cell polarity is fundamental to proper morphogenesis and differentiation of 

all epithelial organs, including the pancreas. Ablation of the classical cell polarity 

determinant Cdc42, a Rho family small GTPase, in the pancreatic epithelium leads to 

profound defects in its development and bud branching (Kesavan et al., 2009). Importantly, 

disruption of normal architecture of the progenitor epithelium is associated with prevention 
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of proper differentiation of its lineages, including beta cells. Here, we explore how control of 

cell polarity may drive early events in pancreas formation. 

Epithelia display two types of polarity, planar cell polarity (PCP) and apical-basal 

polarity. PCP refers to the orientation of cells along the axis of the tissue (perpendicular to 

the apical-basal axis) and has been shown to direct various cellular processes, including 

directed migration, convergent extension and oriented cell division (Devenport, 2014; C. M. 

Karner et al., 2009). Apical-basal polarity involves the establishment of different ‘sides’ of 

an epithelial sheet, each domain displaying a distinct molecular composition – as the plasma 

membrane has a different set of proteins targeted towards each domain – and functionality. 

Generally, the basal domain of an epithelium forms the adhesive surface that interacts with 

the extracellular matrix (ECM), while the apical surface of epithelial cells is non-adhesive, 

often facing a lumen or cavity (Nelson, 2003, 2009; B. Zhou, Wu, & Lin, 2011). Apical and 

basal domains are usually separated along the lateral sides by tight and adherens junctions 

(TJs and AJs, respectively), which act as a “molecular fence” that prevents diffusion of the 

contents of one domain into the other (Nelson, 2009). Cellular polarity allows for spatial 

functional specialization in many types of epithelium. This can be observed in epithelial cells 

of the eye called photoreceptors cells, where the apical surface is capable of sensing light, 

while the basal side communicates with underlying neurons (Koike et al., 2005; Walther & 

Pichaud, 2010). Another well-characterized example of a polarized epithelium is the 

mammalian intestine, which has a specialized apical surface with microvilli that maximize 

the absorptive functions of this organ (Saotome, Curto, & McClatchey, 2004). Since the PCP 

pathway is well described in other reviews, yet few studies address its role in the pancreas 
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development (Barrow, 2006; Cortijo, Gouzi, Tissir, & Grapin-Botton, 2012; Devenport, 

2014; C. Karner, Wharton, & Carroll, 2006), we will focus here on the establishment of 

apical-basal polarity in the pre-pancreatic epithelium. 

Core polarity determinants 

 Core evolutionarily conserved polarity complexes have been identified across diverse 

phyla using in vivo studies and these studies have illustrated the importance of establishment 

and maintenance of epithelial cell polarity. Studies in Drosophila showed that loss of the 

Scribble or Crumbs complexes result in basal and apical polarity defects, respectively, which 

can be rescued by a decrease in the expression of proteins that determine the opposite 

polarity (Bilder, Schober, & Perrimon, 2003; Tanentzapf & Tepass, 2003). Ablation of 

Crumbs homologues in Drosophila photoreceptors and Malphigian tubes, as well as in 

zebrafish neurons and nephrons, leads to disruption of these tissues including cyst formation 

(Muschalik & Knust, 2011; Omori & Malicki, 2006). Deletion of the apical polarity 

determinant Crumbs3 in the mouse has been shown to cause disruption in the lung, kidney 

and intestinal epithelia, and deletion of Crumbs1 leads to defects in the retinal epithelium 

(den Hollander et al., 1999; Whiteman et al., 2014). The Par complex (or aPKC-Par3-Par6), 

which interacts with the Rho family small GTPase Cdc42, has also been shown to be critical 

to epithelial polarity. Cdc42 has been identified as required for the recruitment of cell-cell 

junction molecules such as the cadherins (discussed below) and the subsequent establishment 

of cell polarity in the development of diverse tissue types, ranging from the mouse mammary 

gland and epicardium, to the C. elegans embryo at the one-cell stage and at gastrulation, to 

Drosophila neurons (Hirose et al., 2006; Macara, 2004; Ohno, 2001). Many studies show that 
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maintaining a balance in the crosstalk between these protein complexes is necessary for 

epithelial cell polarization. However the contribution of these polarity cues remains 

unexamined in the developing pancreas. Could mutation or tissue-specific deletion of 

components of the Crumbs, Par and Scribble complexes lead to defects in polarity in the 

early development of the pancreas or contribute to the formation of cysts later, as observed in 

cases of pancreatitis? These are straight-forward questions that remain to be answered. 

 

Polarity acquisition 

 Epithelial cell polarity acquisition transforms the stratified pancreatic epithelium and 

represents a central characteristic that must be properly regulated for faithful organ and tissue 

morphogenesis. To date, a powerful reductionist approach for addressing basic questions of 

epithelial cell polarity has been in vitro systems. Madin-Darby canine kidney (MDCK) cells 

are often used as a model to study the molecular basis for epithelial polarization and lumen 

formation (Martin-Belmonte & Mostov, 2008). MDCK cells in 3D matrices are tractable as 

they spontaneously polarize and form monolayered cysts that resemble in vivo organization 

of epithelia. Interestingly, external cues that arise from surrounding ECM have been found to 

be required for apical-basal polarity initiation in the MDCK 3D culture system (O'Brien et 

al., 2001). For instance, interaction of β1-integrin with collagen has been shown to lead to the 

activation of the small GTPase Rac1, as well as the assembly of a peripheral laminin network 

(Yu et al., 2005). Laminin then allows for the rapid induction of apical-basal polarity, and in 

MDCK systems, drives epithelial lumen formation via a ‘hollowing’ rather than ‘cavitation’ 

(apoptosis) mechanism, permitting cysts to form lumens by separation of cell membranes 
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(Martin-Belmonte et al., 2008). Recently, ECM signals were shown to be mediated by a β1-

integrin /FAK/p190RhoGAP cascade, to downregulate Rho signaling and induce transcytosis 

of critical apical determinants, thereby driving establishment of cell polarity (Bryant et al., 

2014). Therefore, polarity acquisition appears to be triggered by a signal emanating from the 

basal aspect of epithelial cells. In the case of the pancreatic epithelium, such a signal would 

have to involve either the surrounding mesenchyme that encases the growing epithelial tree 

or the basement proteins at the interface between the two tissues. 

 MDCK assays have been used to further delineate the cascade of events involved in 

apical-basal polarity acquisition, including localization of specialized membrane lipids. In 

fact, an early event during polarity initiation involves the segregation of 

phosphatidylinositides (PtdIns) to either the apical or basal aspects of epithelial cells. These 

lipids become asymmetrically distributed along the cell plasma membrane and act as 

recruitment signals for assembly of molecular complexes. In vitro studies have shown that 

PtdIns(3,4,5)P3 is directed to the basolateral membrane, while PtdIns(3,4)P2 is localized to 

the apical surface (Martin-Belmonte et al., 2007). After phosphatidylinositides are in place, 

apical localization of Cdc42 is mediated by Annexin2. Cdc42 then targets the polarity 

determinant aPKC to the apical plasma membrane, which allows the building of the apical 

PAR protein complex (Martin-Belmonte et al., 2007). Other polarity complexes also begin to 

be differentially distributed in the cells, such as the apical determinant Crumbs complex and 

the basolaterally located Scribble complex (Nelson, 2009). Whether apical-basal membrane 

lipid segregation will be found to play a role during pancreas development is an open 

question that will require further examination. 
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 Subsequent to the cell polarity initiation, vesicle trafficking is used to build the apical 

surface of the cells and initiate other events such as lumen formation (discussed further 

below under “Tubulogenesis”). Directed vesicular transport is thought to contribute new 

membrane to the apical surface via processes mediated by the small GTPases Cdc42 and a 

host of Rab proteins (Paszek et al., 2005). The nascent apical surface between adjacent 

unpolarized cells is therefore primarily thought to arise as a result of trafficking and 

exocytosis of new membrane and associated proteins. Mostov and colleagues have elucidated 

many of these key steps during this process, including formation of the apical membrane 

initiation site (AMIS) and the pre-apical patch (PAP), where new membrane and other apical 

molecules such as podocalyxin are deposited in a directed manner (Datta, Bryant, & Mostov, 

2011) Despite tremendous progress in understanding polarity acquisition, the mechanisms 

driving the targeting of these complexes in vivo remain poorly understood in developing 

tissues, and particularly so in pancreas formation. 

 

ARCHITECTURAL ONTOGENY OF THE PROGENITOR EPITHELIUM 

Epithelial cell-cell adhesion  

 A fundamental characteristic of epithelial cells involves their close cell-cell 

associations, which are mediated in part by tight (TJ) and adherens junctions (AJ). One 

important class of molecules is the AJ cadherins, which have been implicated in pancreas 

development. E-cadherin is one example, as tight spatio-temporal regulation has been 

observed during endocrine delamination and clustering into islets (Dahl, Sjodin, & Semb, 

1996; Gouzi et al., 2011). By contrast, N-cadherin was shown instead to play a critical role in 
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the formation of the pancreatic mesenchyme and in the release of insulin granules from -

cells (Edsbagge et al., 2005). In addition, R-cadherin is expressed throughout the developing 

pancreas epithelium and early endocrine cells, only later becoming restricted to the exocrine 

compartment (Sjodin, Dahl, & Semb, 1995). Interestingly, cadherins may cross-regulate each 

other’s expression within the same epithelium. For instance, cadherin-6 and E-cadherin are 

both expressed in MDCK cells, yet they display opposing roles during morphogenesis, with 

cadherin 6 normally inhibiting the formation of lumens and E-cadherin being required for 

lumen formation (Jia, Liu, Hansen, Ter Beest, & Zegers, 2011). By contrast, in blood vessel 

endothelial cells, N-cadherin positively regulates the expression and localization of VE-

cadherin at cell-cell junctions (Luo & Radice, 2005). At this point, the role for cadherins in 

pancreas epithelium has not been explored. Crossregulation of E- and R-cadherin in 

pancreatic epithelium is possible, but this has not been examined. Investigations into the 

structural molecules that mediate integrity of the pancreatic progenitor and developing 

epithelium are needed. 

 

Apical constriction 

Fundamental to formation of the pancreatic tree, from which islets are born, is the 

generation of a ductal plexus. This event requires initial opening of microlumens by 

epithelial cells within the stratified epithelium of the early bud. This process has been 

examined in a number of systems and found to depend on apical constriction of cells as a 

driving cellular event. Apical constriction, as its name implies, is the process whereby the 

apical membrane surface of epithelial cells undergoes a reduction in size, leading to cell 
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shape changes. If a cell acquires a constricted apical end, it takes on a ‘bottle cell’ 

morphology. If this occurs in a coordinated manner by a group of neighboring cells, this 

results in localized morphogenesis of new tissue (or rosettes, for instance, discussed below). 

Reduction in the area of the apical membrane of cells is often dependent on cytoskeletal 

rearrangements, specifically driven by actomyosin contractility (Sawyer et al., 2010). An 

important requirement allowing for apical constriction is that polarity must already be 

established within the given population of cells undergoing tubulogenesis. Of the known 

apical determinants, the Par complex has been shown to play an important role in directing 

apical constriction. When Par3/6 are absent in C. elegans gastrulation, myosin is incapable of 

gathering apically to mediate constriction (Putzke & Rothman, 2003). This same requirement 

for polarization is also observed in chick neural tube formation (Harding, McGraw, & 

Nechiporuk, 2014). However, apical-basal polarity is unaffected in epithelial cells where 

downstream components of the apical constriction machinery have been ablated (Ernst et al., 

2012; Harding & Nechiporuk, 2012). These findings demonstrate that initiation of apical-

basal polarity is critical for apical constriction to occur. 

 

Rosette formation 

Coordinated apical constriction of epithelial cells drives morphogenetic changes in 

embryonic tissues. When groups of epithelial cells undergo apical constriction perpendicular 

to the plane of the epithelium, for instance, this can result in bending of a monolayer of cells. 

This has been observed in the Drosophila blastoderm during invagination events that drive 

gastrulation, as well as in the ectoderm during vertebrate neurulation (Lecuit & Lenne, 2007; 
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Sawyer et al., 2010). By contrast, coordinated apical constriction within the plane of the 

epithelium, within a small group of adjacent cells, has been shown to result in the formation 

of multicellular rosettes. These rosettes are usually formed from a collection of five or more 

cells that meet at a central point, and have been shown to be required for the coordinated 

movement of cells within diverse epithelia (C. Karner et al., 2006; Trichas et al., 2012). The 

disruption of PCP signaling alters rosette formation and ultimately epithelial organization 

within a variety of tissues, such as the Drosophila salivary gland, the mouse visceral 

endoderm and developing kidney (Blankenship, Backovic, Sanny, Weitz, & Zallen, 2006; C. 

M. Karner et al., 2009; Trichas et al., 2012). 

 

Tubulogenesis 

Coordinated changes in cell shape often constitute the foundation for tissue 

morphogenesis, including the formation of epithelial tubules in many organs, such as lung, 

kidney and pancreas. Rosettes of apically constricted cells often form transiently and drive 

the opening of a small lumen, or microlumen, at their center. The zebrafish lateral line is a 

well-characterized model for epithelial tube formation, where many steps in this process have 

been analyzed, from the onset of organ patterning involving apical constriction-based rosette 

formation to tube formation, or ‘tubulogenesis’ (Harding et al., 2014). Rosette formation in 

the lateral line is dependent on coordinated apical constriction that occurs within groups of 

approximately 20 cells with established apical-basal polarity (Gompel et al., 2001; Harding 

& Nechiporuk, 2012). Apical constriction requires the localization of activated myosin-II to 

the apical surface of the cell (Ernst et al., 2012). A similar process has also been observed in 
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the development of the zebrafish intestine, where apically located actin drives the formation 

of microlumens between cells (Alvers, Ryan, Scherz, Huisken, & Bagnat, 2014). These 

microlumens expand and eventually fuse into a single continuous lumen, thereby generating 

the fish intestine (Horne-Badovinac et al., 2001). 

Microlumen opening, following rosette formation, is also observed in the transiently 

stratified epithelium of the pancreatic bud (Jensen, 2004; Villasenor et al., 2010). 

Unpolarized body cells within the center of the bud coordinately undergo apical constriction 

in 3D and open small isolated lumens that rapidly interconnect. Peripheral cap and 

underlying body cells also coordinate to form rosettes at their interface (Figure 1.2). 

Microlumens are also observed in other glandular organs, such as the salivary, prostate and 

mammary glands, where groups of unpolarized cells coordinate the formation of small 

isolated lumens within the developing tissue (Hogan & Kolodziej, 2002). Cells change their 

shape, acquiring a ‘bottle cell’ morphology, and aggregate their constricted ends between 

them, forming epithelial rosettes and opening up microlumens. This is evident as they 

coordinately orient their ZO-1 expressing apical ends to the location where the new emerging 

lumen will ultimately form. We have proposed this occurs via apical constriction, as 

phosphorylated myosin light chain (pMLC) is enriched at these constricted ends, however 

functional actomyosin constriction has not yet been demonstrated. When microlumens open 

at the center of rosettes, other apical polarity markers begin to accumulate, such as ezrin and 

aPKC (Villasenor et al., 2010). These scattered lumens later fuse with each other, as polarity 

is reacquired by neighboring cells (Kesavan et al., 2009), generating a complex network of 

fine interconnected lumens. 



42 

 

Mutations in polarity determinants have been shown to profoundly impact 

organogenesis. Examples include aPKC, Par3 and integrins, which when disrupted affect 

lumen coherency in the zebrafish gut (Bagnat, Cheung, Mostov, & Stainier, 2007; Horne-

Badovinac et al., 2001), mammalian arterioles (Zovein et al., 2010) and the Drosophila 

tracheal system (Levi, Ghabrial, & Krasnow, 2006), resulting in tubes with multiple, 

occluded or discontinuous lumens. These findings indicate that the acquisition and control of 

apico-basal polarity play a role in the initiation and maintenance of lumens in different tissue 

systems. However, although dynamic control of apical polarity occurs as the pancreatic 

ductal plexus forms (Villasenor et al., 2010), the only polarity determinant identified to date 

as having a significant role in pancreas tissue architecture and lumen formation is Cdc42 

(Kesavan et al., 2009). Future studies are needed to fully investigate the requirement for 

polarity regulators in pancreas morphogenesis and cell fate. 

 

Tip cell allocation 

Sorting of MPC bearing tips cell from the progenitor epithelium, and how this process 

interfaces with bud morphogenesis or cell fate, represent a next frontier in cracking open 

‘black boxes’ in early pancreas development. An elegant recent study showed that 

spatiotemporal regulation of Rho activity during remodeling of the pancreatic epithelium was 

crucial for normal morphogenesis and pancreatic cell fate (Petzold, Naumann, & Spagnoli, 

2013). Specifically, Spagnoli and colleagues identified the RhoGAP Stard13 as an essential 

regulator of tip domain organization. Genetic ablation of Stard13 using Pdx1-Cre results in 

branching abrogation, reduction in epithelial proliferation and organ hypoplasia, which is 
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strikingly preceded by loss of apical constriction and rosette formation within the stratified 

epithelium. Further, authors show that Stard13 acts by regulating Rho signaling and mitogen-

activated protein kinase (MAPK) in tip cell domains. Interestingly, taking into account the 

smaller size of the mutant pancreas, it was found that relative numbers of endocrine cells 

were unchanged, arguing that by the time Stard13 was deleted with this Cre driver line, 

lineages were already specified. The question remains, however, whether earlier disruption of 

the progenitor epithelium might impact specification of endocrine, acinar or ductal lineages. 

This study represents one of the first thorough attempts to molecularly delineate events in the 

early pancreatic progenitor epithelium to assess how disruption of normal architecture 

impacts the ontogeny of the lineages therein. 

Cap/tip cells and body/trunk cells of the early pancreatic bud become molecularly 

distinguishable at the onset of morphogenesis (Figure 1.2). For instance Hnf1β expression, 

which is initially expressed throughout the early bud, increases in body cells as cap cells 

form tips and becomes extinguished in these peripheral cells; by contrast, Ptf1a expression 

becomes extinguished within the body cells, but increases in cap/tip cells (Solar et al., 2009). 

Interestingly, the transcription factors Nkx6.1 and Nkx6.2 are initially co-expressed 

throughout the early bud epithelium with Ptf1a, however cross-repression between 

Nkx6.1/6.2 and Ptf1a is thought to allow for tip and trunk compartmentalization by 

promoting segregation (Schaffer, Freude, Nelson, & Sander, 2010). Notch signaling has also 

been shown to contribute to expansion of the tip and trunk compartments, as Notch prevents 

tip formation by repressing Ptf1a expression and promoting expansion of the trunk domain 

through activation of Nkx6.1 (Afelik et al., 2012; Kopinke et al., 2011; Kopp et al., 2011). 
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Together, these signaling events result in tips becoming restricted to an acinar cell fate, while 

centrally located cells (body/trunk) give rise to endocrine and ductal cell lineages. 

 

PERSPECTIVES ON CELL FATE AND UNKNOWN NICHES 

Dynamic progenitor niche 

Where do pancreatic progenitors reside in the stratified epithelium prior to tip 

formation (Figure 1.4)? Is the progenitor epithelium homogeneous or heterogeneous? Do 

cells of the stratified epithelium contribute to, or influence non-cell-autonomously, peripheral 

tip MPCs? Does the 3D context in which they arise matter? The fact that we cannot currently 

answer such basic questions underscores our lack of understanding of the ontogeny of these 

critical cell types. Given how 3D culture techniques have proven to be a critical turning point 

for improving efficiency of directed differentiation protocols, the impetus for clearly defining 

early niches for multi-potent pancreas progenitors is compelling. In other contexts, such as 

the developing neural tube, studies of tissue architecture and cell fate specification have 

identified new mechanisms by which progenitors and their descendants are regulated. These 

studies have had a profound impact yielding insights into areas from adult neurogenesis to 

regeneration. A deeper understanding of those progenitors that give rise to the three main 

pancreatic lineages is likely to similarly instruct our approaches to pancreatic disease and 

replacement efforts.  
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Scope of Current Study  

Due to the remaining gaps in the field regarding the possible contribution of the 3D 

architecture of the developing pancreas in cell fate specification, the scope of this study has 

been to characterize a mutant in which pancreatic development failed early (the Pdx1
-/-

 

embryo) in order to elucidate whether the developmental failure was related to defects in the 

epithelial architecture. After determining that Pdx1 is a transcriptional regulator of the 

cellular adhesion molecule E-cadherin, we proceeded to examine the effect that tissue-

specific deletion of this molecule would have on the pancreas. In our analysis we found that 

E-cadherin regulates both endocrine cell fate and isletogenesis, as we observe that there is a 

reduction in endocrine progenitors and total endocrine volume, in addition to a failure of the 

endocrine cells to coalesce into islets. We also observed that acinar cells undergo cell death 

in the post-natal E-cadherin
f/f

;Pdx1Cre pancreas, indicating that E-cadherin is a regulator of 

cell survival. This body of work suggests that architectural molecules play a key role in 

epithelial morphogenesis and cell-fate specification and maintenance in the developing 

pancreas. 
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Figure 1.1. Architectural dynamics of the pre-pancreas progenitor epithelium.  

The budding pancreatic epithelium undergoes a transient stratification from the initially 

monolayered gut endoderm, which peaks around embryonic day 10 of development (E10.0) 

and later resolves back to a monolayer as it forms the highly complex set of tubular branches 

that comprise the pancreatic gland. The pancreatic epithelium begins as a single-layered 

epithelial structure (A-A’). At approximately E10.75, the epithelium is highly stratified and 

begins the process of resolution. It is at this stage that epithelial cells reorganize to open 

microlumens (B, B’). By unknown cellular mechanisms, cells change shape and rearrange, 

branches become recognizable and the epithelium largely resolves back down to a single-cell 

layer by E14.5, forming a ramifying tree (D,D’). A-D) Immunofluorescent staining for E-

cadherin in red. A’-D’) False color reversed image of E-cadherin in black. Scale bars: in 

panels A-B 25 m, panels C-D 50 m. Scale bars in panels A-D apply to their false color 

reversed images in panels A’-D’. 
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Figure 1.2. Relationship of early pancreatic epithelial architecture and pancreatic 

progenitors.  

A) Stratified epithelium in the E10 pancreatic bud displays few features other than outer cap 

cells that display basal polarity (blue) and inner central lumen lining cells that display apical 

polarity (brown). A few nascent rosettes and microlumens can also be identified at this stage. 

The location of the cells that give rise to MPCs (light pink) within this epithelium is 

unknown. B) Cells within the bud epithelium will reorganize and change shape, apically 

constrict (yellow), then  form rosettes (orange), ultimately leading to opening of microlumens 

(grey) (C). These will connect, forming an inner 3D ductal plexus. Again, the location of 

progenitors for endocrine, acinar and ductal lineages within the epithelium at this stage is 

unknown. D) By E12.5, tips (dark pink) contain progenitors with the potential to give rise to 

all three of these lineages. This multipotency however becomes restricted shortly thereafter 

(by E13.5). Subsequently, endocrine cells (red) continue to delaminate from the more central 

bi-potential proto-differentiated epithelium to give rise to new endocrine cells. (Blue are cap 

cells, orange are rosettes, pink are progenitors, yellow indicates center of rosette and opening 

microlumen, grey represents established lumens, red are delaminated endocrine cells, 

including beta cells). 
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Figure 1.3. Heterogeneity of pancreatic progenitor epithelium during tip formation. 

MPC markers within the early stratified epithelium are expressed in a heterogeneous manner. 

Whereas these factors overlap initially, they label distinct populations of progenitor cells 

over time. By E12.5, tip enrichment of markers (A, B) carboxypeptidase A1 (CPA1), (C, D) 

Ptf1a (pancreas transcription factor 1a) and (E, F) nuclear receptor subfamily 5 group A 

member 2 (Nr5a2) can be observed, whereas (G, H) SRY-box 9 (Sox9) and (I, J) hepatocyte 

nuclear factor 1 homeobox β (Hnf1β) are still observed throughout the pancreatic epithelium. 

White dotted outline indicates the periphery of the epithelium. (Staining outside of the 

outline is non-specific autofluorescence of erythrocytes). Scale, 25 μm. 
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Figure 1.4. Resolution of the stratified epithelium during morphogenesis.  

Peripheral cap cells are columnar and inner body cells more cuboidal. These internal 

unpolarized cells undergo cell shape changes that result in microlumen formation (lumens 

highlighted in yellow). (A) Stratified epithelium in the E10 pancreatic bud (black color is E-

cadherin staining). (B) Cap cells (in blue) give rise to tips and participate in opening 

microlumens (represented in yellow) along with underlying body cells (in beige). These 

constitute the initial stages of reorganization of the progenitor epithelium, which will 

remodel and give rise to a growing ramifying tubular tree. (C) Resolving epithelium of the 

E11.5 bud (red color shows E-cadherin staining). Note columnarization of peripheral cap/tip 

cells. (D) Microlumen formation is coordinated with resolution and branch formation. 

Immunofluorescence at E11.75 for E-cadherin was used to outline epithelial cells (in green), 

lumens were stained with podocalyxin (shown in pink) and ZO-1 (in red), and nuclei (in 

blue) were stained with DAPI. Scale bars: 25 µm. 
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CHAPTER TWO 
 

Materials and Methods 
 

 
Mice and embryo handling 

Experiments were performed in accordance with protocols approved by the UTSW IACUC 

as previously described (Villasenor et al., 2010). E10.0 – E14.5 embryos were dissected and 

fixed in 4% PFA/PBS for 3 hours at 4°C except for β-galactosidase reaction. 

 

β-galactosidase reaction 

Pancreata were fixed using gluteraldehyde for 15 minutes, rinsed in PBS and stained for β-

gal overnight as previously described (Villasenor et al., 2008). Images were taken with a 

NeoLumar stereomicroscope (Zeiss) using a DP-70 camera (Olympus). 

 

Immunofluorescence on sections 

Fixed pancreata were washed in PBS and cryoprotected in 30% sucrose overnight. Tissues 

were embedded in Tissue-Tek O.C.T. Compound and sectioned at 10 µm on a cryostat. 

Sections were washed in 1x PBS and blocked for 1 hour at room temperature in 5% serum. 

Primary antibody incubations were done at 4°C overnight (antibodies and dilutions in Table 

1). Slides were washed in PBS, incubated in secondary antibody (Jackson ImmunoResearch 

or Invitrogen) for an hour at room temperature and subsequently incubated in DAPI. Slides 

were rinsed in PBS and mounted using Prolong Gold Mounting Medium (Invitrogen). 

Images were obtained using either a LSM510 or LSM710 Meta Zeiss confocal. In cases 



54 

 

where signal amplification was required, TSA kit #12 (Invitrogen) was used according to 

manufacturer’s directions. 

 

Whole-mount immunofluorescence 

Fixed embryonic guts were dehydrated in methanol and incubated in Dent’s bleach 

(Methanol: DMSO: 30% H2O2, 4:1:1). Tissues were then rehydrated to PBS and blocked 

using TNB reagent (Perkin Elmer). Embryonic guts were incubated in primary antibodies 

overnight at 4°C. Tissues were washed in PBS and incubated in secondary antibodies 

overnight at 4°C and then dehydrated in methanol. Tissues were visualized after clearing in 

BABB using an LSM710 Meta Zeiss confocal to take optical sections every 2 µm in tissues 

from E10.5-E11.5 and every 5 µm in tissues older than E12.5. Quantification of microlumens 

was performed in at least 3 pancreata per genotype. 

 

Quantification of cell shape parameters 

ImageJ was used to quantify cell morphology in the Pdx1
+/-

 and Pdx1
-/-

 at E12.5. The 

parameters assessed were the circularity, area and the ratio of apical to basal surface. At least 

3 pancreata were analyzed per genotype, with 50 cells analyzed per pancreas. Only cells with 

defined apical (aPKC
+
) and basolateral (bud periphery) domains were used for analysis. 

Average values were calculated and mean differences were tested for statistical significance 

using Student’s t-test. 
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E-cadherin and -catenin promoter cloning and mutagenesis 

E-cad 2.3kb and 300bp, and -cat 2.5kb, promoter fragments encompassing predicted Pdx1 

binding sites were amplified from mouse gDNA (Clonetech) with Accuprime Pfx Supermix 

polymerase (Life Technologies), using primers (IDT) indicated in supplementary material 

Table 2. Promoter fragments were inserted into the SmaI site of the pGL3 Luciferase vector 

(Promega). Full-length Pdx1 was amplified from plasmid DNA (Cat#40045664 

ThermoScientific) using primers indicated in Table 2 and inserted into the Xho1-Xba1 sites 

of the CS2-eGFP vector. Mutations in the 300bp E-cad promoter fragment were generated by 

stitching PCR using transition substitution for nucleotides. 

 

Luciferase assays 

HEK293T cells were seeded at 4 x 104 cells/well in DMEM supplemented with 10% Fetal 

Bovine Serum in 24-well tissue-culture plates (HEK293T cells were used as they do not 

endogenously express Pdx1). Each well was transfected with a total of 400 ng of plasmid 

DNA using Fugene6 (Promega) 24 hours after seeding. Cells were lysed in 200 ul/well of 

Passive Lysis Buffer (Promega) 24 hours after transfection and subjected to a single freeze–

thaw cycle at -80°C (Anderson, Beres, Wilson-Rawls, & Rawls, 2009). Luciferase activity 

was measured for each well by reacting 20 ul of cell lysate with 50 ul of Luciferase Assay 

Buffer (Promega) in white 96-well plates, using a FLUOstar OPTIMA microplate reader 

(BMG Labtech). Individual wells were normalized to Beta-Galactosidase activity using the 

FluoReporter lacZ/Galactosidase Quantitation Kit (Life Technologies). Samples were 
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performed in triplicate per experiment and each experiment was repeated for a total of 5 

times. 

Semiquantitative PCR 

Individual pancreatic buds were isolated from E12.5 embryos. RNA from each bud was 

obtained using the Qiagen RNeasy Mini kit, following their protocol including incubation 

with DNase. After eluting the RNA from the column in 30 L of water, 15L was used for 

cDNA synthesis with Promega iScript cDNA synthesis kit. One bud from each litter was 

retained as a no-reverse transcriptase control. After cDNA synthesis, samples were further 

diluted with water to 100 L total volume. Semiquantitative PCRs were run using 1L of 

cDNA, 0.5 L of each primer previously diluted to 20nM (sequences of primers used for 

each gene are listed in Supplementary table 3), and corresponding quantities of MMTaq and 

water per reaction to a total volume of 14 Ls. Water blanks was prepared for each reaction 

using 1L of water instead of cDNA. Individual reactions were stopped at 30, 33 and 36 

cycles. Water blanks were allowed to proceed to the 36
th

 cycle before stopping. 7 L of each 

reaction was loaded onto a 2% agarose gel in TAE with ethidium bromide and visualized. 

Data for RT-PCR were collected from 3 individual pancreatic buds per genotype, in 

triplicate, and data for qPCR from 5 individual isolated buds per genotype, in triplicate (6-12 

repeats for each gene analyzed). 

 

Real time quantitative PCRs 

Total RNA (250 ng) from mouse E11.5 pancreata was isolated using RNeasy Micro Kit 

(Qiagen) cDNA was using SuperScript II (Invitrogen). 1 μl cDNA in Power SybrGreen 
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Master Mix (Applied Biosystems) was used for real-time quantitative reverse transcriptase 

polymerase chain reaction (qPCR) analysis (CFX96, Bio-Rad) of gene expression 

using primers described in supplementary table S3. Gene expression levels were determined 

by PCR reactions (95 °C, 30 s; 60 °C, 30 s; 72 °C, 30 s; 35 cycles); fluorescence was 

measured at 72 °C. Gene expression levels were calibrated based on the threshold cycle 

[C(t)] calibrated to a standard curve generated for each assay using a five-step 1:5 dilution 

curve of wildtype mouse E11.5 pancreas and lung cDNA. Gene expression levels were 

normalized to Cyclophilin (Das et al., 2013). Data were collected from 5 individual 

pancreatic buds of each genotype (n=5), all reactions were carried out in triplicates.. 

 

Transfection for immunofluorescent staining 

HEK293T cells were seeded at 1.6 x 105 cells/well in DMEM supplemented with 10% Fetal 

Bovine Serum onto coverslips coated with fibronectin in 6-well tissue-culture plates 

(HEK293T cells were used as they do not endogenously express Pdx1). Each well was 

transfected with a total of 1600 ng of plasmid DNA (either CS2GFP or CS2GFP-Pdx1 as 

described previously) using Fugene6 (Promega) 24 hours after seeding. After 24 hours, 

media was removed and coverslips were fixed in 4%PFA/PBS and then washed in 0.1% 

NP40/PBS (PBSN). The coverslips were blocked in 5% NDS for 30 minutes, followed by an 

hour long incubation in a mixture of primary antibodies (mouse anti-E-cadherin used at 

1:100 and Chicken anti-GFP diluted to 1:500, further details for antibodies can be found on 

supplementary table 1). The cells were rinsed briefly several times in PBSN and then 

incubated in secondary antibodies (Invitrogen Alexa series Donkey anti-mouse-555 and Goat 
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anti-chicken 488) for one hour. Coverslips were washed in PBSN and then mounted onto 

slides using Prolong Gold anti-fade media. Slides were visualized on a Zeiss LSM 710 

microscope. E-cadherin levels were quantified for 150 of each type of transfected cells using 

the mean gray value function in ImageJ. 

 

Statistics 

Data are presented as mean + s.e.m. Quantifications were performed on multiple sections 

from at least 3 pancreatic buds for each genotype, at each stage. We show representative 

images chosen from the 5-10 sections analyzed from each bud (each section spans the entire 

bud diameter). All statistical analysis was performed using two-tailed, unpaired, Student’s t-

test in Graphpad Prism software. P-values lower than 0.05 were considered statistically 

significant. 
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TABLE 2.1. ANTIBODIES USED FOR IMMUNOFLUORESCENT STAINING 

 

Antibody Host animal Dilution Source company /  

Cat No. 

aPKC  Rabbit 1:100 Santa Cruz / sc-216 

Alpha-catenin Rabbit 1:1000 Sigma / C8114 

Beta-catenin Goat 1:100 Santa Cruz / sc-1496 
Caspase3 (cleaved) Rabbit 1:400 Cell signaling technologies / 9661 

C-Myc Rabbit 1:50 with TSA Cell signaling technologies/ 9402 

CPA Goat 1:300 R&D systems / AF2765 

E-cadherin Mouse 1:100 BD Transduction / 610182 

Ezrin Rabbit 1:100 Millipore / 07-130 

Fibronectin Mouse 1:100 Santa Cruz / SC-71113 

GFP Chicken 1:500 Aves / GFP-1020 

Glucagon Rabbit 1:2000 Millipore / 4030-01F 

GM-130 Mouse 1:100 BD Biosciences / 610822 

Phospho-histone H3 Rabbit 1:200 Millipore / 06-570 

Insulin Rabbit 1:100 Cell signaling technologies / 4590 

Laminin Rabbit 1:200 Sigma / L9393 

Muc-1 Armenian 

Hamster 
1:200 ThermoScientific / HM-1630 

Ngn3 Goat 1:100 Guoqiang Gu Lab 

Par3 Rabbit 1:100 Millipore / 07-330 

Phalloidin (F-actin)  1:100 Invitrogen / A34055 

pMLC Mouse 1:100 with 

TSA 

Cell signaling technologies / 3675S 

Podocalyxin Goat 1:100 R&D systems / AF1556 

Ptf1a Guinea Pig 1:1000 Jane Johnson and Ray MacDonald at 

UTSW 

Sox9 Rabbit 1:1000 Millipore / AB5535 

Synaptophysin Rabbit 1:600 DAKO / A0010 

Yap Rabbit 1:100 with 

TSA 

Cell signaling / 4912 

ZO-1 Rabbit 1:100 Invitrogen / 40-2200 

ZO-1 Mouse 1:100 Invitrogen / 33-9100 
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TABLE 2.2. PRIMERS USED FOR CLONING 

Primer Name Sequence 

E-cadherin 5’-primer (for both 300 

bp and 3 Kb fragments) 

5’-taaactgaggaaggtcactactgc-3’ 

E-cadherin 3’-primer for 3 Kb 

fragment 

5’-cctgtctgtagttggtggca-3’ 

E-cadherin 3’-primer for 300 bp 

fragment 

5’-ttatatcatggctgggtgcagg-3’ 

E-cadh Mut-site 1 5’ primer 5’-gaagggtgTGCCGAacctgacc-3’ 

E-cadh Mut-site 1 3’ primer 5’-caggtTCGGCAcacccttcag-3’ 

E-cadh Mut-site 2 5’ primer 5’-gaattatcactgtACGGCAgaaggg-3’ 

E-cadh Mut-site 2 3’ primer 5’-cattgacccttcTGCCGTacagtg-3’ 

β-catenin 5’-primer for 2.3 Kb 

fragment 

5’-gtatggctctgctgggaaag-3’ 

β-catenin 3’-primer for 2.3 Kb 

fragment 

5’-ccgctccattggaaactaaa-3’ 

Pdx1 5’-primer to insert into CS2 

vector (containing XhoI site)  

5’-tatcgctcgagatgaacagtgaggagcagtactacgc-3’ 

Pdx1 3’-primer to insert into CS2 

vector (containing XbaI site) 

5’-gatactctagactaccggggttcctgcggtc-3’ 

*Capital letters in Mut primers indicate mutated Pdx1 consensus sequence 
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TABLE 2.3. PRIMERS USED FOR qPCR AND SEMI-QUANTITATIVE PCR 

ANALYSIS 

 Gene Primer sequences 

Pdx1 For 5’-AAAACCGTCGCATGAAGTG-3’ 

Rev 5’-TAAGGCCCGAAGGCAGTAG-3’ 

E-cad 1 

(Harvard PrimerBank ID 118129809c3) 

For 5’-CTCCAGTCATAGGGAGCTGTC-3’ 

Rev 5’-TCTTCTGAGACCTGGGTACAC-3’ 

E-cad 2 For 5’-GAAGACGCTGAGCATGTGAA-3’ 

Rev 5’-TGGATCCAAGATGGTGATGA-3’ 

E-cad 3 For 5’-ACCGGAAGTGACTCGAAATG-3’ 

Rev 5’-GTCCTGATCCGACTCAGAGG-3’ 

β-catenin For 5’-CTGCACAACCTTTCTCACCA-3’ 

Rev 5’-CAACCATTTTCTGCAGTCCA-3’ 

Sox9 For 5’-CCACGGAACAGACTCACATC-3’ 

Rev 5’-CCCTCTCGCTTCAGATCAAC-3’ 

Nr5a2 For 5’-CTGCTGGAGTGAGCTCTTGA-3’ 

Rev 5’-ATACAAACTCCCGCTGATCG-3’ 

CPA1 For 5’-ACACGGGACCAAGTTCAAGT-3’ 

Rev 5’-GGTCCATGATGGTCAAAAGG-3’ 

Ptf1a For 5’-GCACCTCGGAGAGGACAGT-3’ 

Rev 5’-CCTCTGGGGTCCACACTTTA-3’ 

Glucagon For 5’-TGAATTTGAGAGGCATGCTG-3’ 

Rev 5’-GAATGGTGCTCATCTCGTCA-3’ 

Aldolase A For 5’-CTGAGCGACCACCATGTCTA-3’ 

Rev 5’-TTGATGGATGCCTCTTCCTC-3’ 

Cyclophilin For 5’-GGAGATGGCACAGGAGGAA-3’ 

Rev 5’-GCCCGTAGTGCTTCAGCTT-3’ 
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CHAPTER THREE 

 

Pdx1 regulates pancreas tubulogenesis and E-cadherin expression 

 
 

NB: This chapter has been accepted for publication in Development as of November 

2015 under the title: “Marty-Santos, L. and Cleaver, O. Pdx1 regulates pancreas 

tubulogenesis and E-cadherin expression”. The text has been modified accordingly to 

fit within this dissertation. 

 

Introduction 

Insulin-producing beta cells are critical to proper blood glucose homeostasis. These 

cells are of particular interest since diabetes, which affects millions of people worldwide and 

causes both significant morbidity and mortality, results from the loss of beta cells (Type 1) or 

defective insulin signaling (Type 2). Progress has been made in driving embryonic stem cells 

or other pancreatic cell types towards beta cell fate in culture (D'Amour et al., 2005; Kroon et 

al., 2008; Pagliuca et al., 2014; Rezania et al., 2014; Q. Zhou, Brown, Kanarek, Rajagopal, & 

Melton, 2008), however this remains an inefficient and poorly understood process. 

Elucidating normal beta cell ontogeny in the developing pancreas will instruct in vitro 

differentiation protocols and/or in vivo beta cell regeneration programs, paving the road for 

development of therapies for diabetic patients. 

The study of pancreatic development has been the focus of many research groups in 

the last few decades and it has elucidated the step-wise process by which beta cells emerge 
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from the pancreatic epithelium, involving both cell autonomous transcriptional events and 

cell-cell signaling from surrounding mesoderm (Ahlgren et al., 1996; Arda, Benitez, & Kim, 

2013; Pan & Wright, 2011). Although the roles of many factors involved in these events have 

been elucidated, there remain significant gaps in our understanding. In particular, little is 

known regarding the initial events within the progenitor pancreatic epithelium that set in 

motion the proper allocation and specification of beta cells.  

The pool of beta cell progenitors is set aside early during development and their 

number dictates the ultimate mass of the pancreas (Stanger et al., 2007). Pancreatic lineages 

emerge from a common endodermal epithelium surrounded by mesodermal mesenchyme, 

with which it exchanges significant molecular crosstalk. However, the architecture and 

dynamics of this early niche for progenitors is poorly understood. We and others found that 

the epithelium undergoes several dramatic changes, including a transient stratification, 

rosette formation and de novo microlumen formation, followed by epithelial resolution and 

branch formation (Hick et al., 2009; Kesavan et al., 2009; Villasenor et al., 2010). Hence, for 

a brief time, the pancreatic bud consists of an outer layer of semi-polarized (‘cap’) cells and 

internal unpolarized (‘body’) cells. In this stratified epithelium, microlumens fuse, giving rise 

to a complex ductal plexus that subsequently remodels into a hierarchical tree, with 

endocrine cells largely delaminating from the central trunk epithelium and acini developing 

from forming tip domains (Shih et al., 2013). Deleting cell polarity and cytoskeleton 

regulators causes defects in epithelial remodeling, as well as in the beta cell lineage (Kesavan 

et al., 2009; Petzold et al., 2013). Questions arise as to how the different lineages become 
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allocated within the epithelium and whether the 3D architecture of the progenitor epithelium 

impacts beta cell neogenesis. 

Identifying stem or progenitor cells capable of giving rise to endocrine cells, within 

the early bud or appearing via induced transdifferentiation has been the focus of many efforts 

(Lysy, Weir, & Bonner-Weir, 2013; Schiesser & Wells, 2014). In 2007, lineage tracing 

studies identified ‘multipotent progenitor cells’ (MPCs) in the early pancreatic epithelium 

which gave rise to all three lineages - endocrine, acinar and ductal. MPCs were characterized 

by co-expression of pancreas specific transcription factor 1a (Ptf1a), carboxypeptidase A1 

(CPA1), and c-myc in peripheral epithelial ‘tip’ domains (Pan et al., 2013; Stanger et al., 

2007; Q. Zhou et al., 2007) and shown to be multipotent prior to the secondary transition. 

After embryonic day 12 (E12.5), as the epithelium begins to resolve into monolayer 

branches, MPCs become restricted to the acinar lineage. Therefore, the stratified epithelium 

of the early pancreatic bud constitutes a potential MPC niche, about which we know very 

little. 

Growth and morphogenesis of the pancreatic bud into a ramifying gland requires the 

transcription factor pancreatic duodenal homeobox1 (Pdx1). Pdx1, in turn, regulates other 

transcription factors required for pancreatic cell fates, including Ptf1a and NK6 homeobox1 

(Nkx6.1) (Arda et al., 2013; Seymour & Sander, 2011; Shih et al., 2013), and ablation of 

Pdx1 results in complete pancreas agenesis and lethality at birth (Hale et al., 2005; Jonsson, 

Carlsson, Edlund, & Edlund, 1994; Offield et al., 1996). Pdx1 is expressed in the foregut 

endoderm at E8.5 (Villasenor et al., 2008) and in both dorsal and ventral pancreatic buds by 

E9.5. By late gestation, Pdx1 expression becomes restricted to endocrine cells and later 
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exclusively to beta cells (Guo et al., 2013; Wescott et al., 2009). While Pdx1 is required for 

the expression of insulin, developmental targets are only now being identified (Khoo et al., 

2012; Oliver-Krasinski et al., 2009; Raum et al., 2015). While one report speculated that 

Pdx1 might regulate cell adhesion (Ahlgren et al., 1996) and another found binding of Pdx1 

to the adherens junction E-cadherin (E-cad) promoter in adult islets (Khoo et al., 2012), no 

studies have directly addressed its possible roles regulating epithelial morphogenesis or a 

niche that could support beta cell development. 

Here, we characterize the structural abnormalities observed in the Pdx1 null pancreas. 

We show that Pdx1
-/-

 pancreatic epithelium initially undergoes normal stratification and 

microlumen formation, but that it displays defects in elaboration of the epithelial tree, 

including failure of fine lumen diameter maintenance and ductal plexus complexity. In 

addition, cells within the stratified bud fail to proliferate normally and the MPC pool is 

rapidly lost. We show that these events are accompanied by a significant decrease in the 

expression of the cellular adhesion molecules E-cad and β-catenin (β-cat). Furthermore, we 

identify E-cad as a novel embryonic Pdx1 transcriptional target. We show that Pdx1 directly 

binds to and activates the E-cad promoter. We also show that pathways downstream of E-cad 

known to regulate apical constriction, which are necessary for lumen formation and 

maintenance, are disrupted in the absence of Pdx1. Together, these defects result in the 

formation of a single, large central lumen encased by a monolayered, duct-like epithelium. 

Significantly, this study strongly suggests a requirement for three-dimensional architecture in 

the proper establishment of pancreatic cell fate. 
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Results 

Pancreatic agenesis in Pdx1
-/- 

embryos initiates at the onset of epithelial de-stratification  

To characterize timing of developmental failure of the Pdx1
-/-

 pancreatic bud 

(Pdx1
lacZ/lacZ

, (Offield et al., 1996), we analyzed stage-matched littermate buds from E10.0-

E14.5 Pdx1
+/-

 and Pdx1
-/-

 embryos. Embryonic midguts (antrum of the stomach, pancreatic 

bud and duodenum) were dissected and stained for beta-galactosidase (Figure 3.1). As 

previously shown (Hale et al., 2005; Jonsson et al., 1994; Offield et al., 1996), we find that 

Pdx1
+/-

 dorsal pancreatic buds grow and expand rapidly throughout late gestation, whereas in 

Pdx1
-/-

 they develop normally to about E10.5 (ventral bud never evaginates), but are smaller 

by E11.0 and fail to grow significantly past E11.5. The Pdx1
+/-

 epithelium was unaffected at 

all embryonic stages examined, as shown by normal expression of pancreatic markers, such 

as Nr5a2, and E-cad (Figure 3.2). 

We previously showed that normal pancreatic epithelium undergoes a rapid, transient 

stratification early in its development, becoming maximally stratified between E10.0 and 

E11.0, when microlumens emerge and connect into a luminal plexus (Villasenor et al., 2010). 

Microlumina are identified by expression of Muc-1 or other apical markers along a visible 

cavity at the center of rosettes of cells with apically constricted ends. Despite a high degree 

of variability in size and shape, most microlumens in the pancreas at E10.5 are under 20µm. 

We noted that this stage coincides with the initiation of observed Pdx1
-/-

 defects, so we 

assessed stratification in Pdx1
-/-

 buds. At E10.0, the epithelium appeared indistinguishable 

between controls and Pdx1
-/-

, presenting an average of 4 epithelial cell layers thick (Figure 

3.3A,C,E). However, by E10.5, Pdx1
+/-

 buds developed on average 6 cell layers, while Pdx1
-
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/-
 still only displayed 4 (Figure 3.3B,B’,D,D’,E). Decrease of relative cell numbers in the 

mutant was apparent by E11.5 (Figure 3.4A,A’,B,B’), with approximately half the number 

of cap cells in Pdx1
-/-

 buds (66.0±2.9 compared to 122.9±4.7 in Pdx1
+/-

) and one quarter the 

number of internal cells when compared to Pdx1
+/-

 (257.5±13.2 in Pdx1
+/-

 compared to 

67.2±4.1 in Pdx1
-/-

) (Figure 3.4C,D).  

 

Microlumens in the Pdx1
-/- 

bud expand to form an epithelial cyst 

Since defects were evident early in Pdx1
-/- 

pancreatic epithelium, we characterized 

microlumen formation and coalescence. Analysis of whole-mount immunofluorescent 

pancreata stained for E-cad and Mucin1 (Muc1) showed that microlumens in control
 
buds 

rapidly increased in number, but remained of constant size (Figure 3.5A-H). Pdx1
+/- 

epithelium had 270±22 microlumens at E10.5, with a maximum number at E11.0 of 334±49 

(Figure 3.5I,K,M). By E11.5, 150±30 microlumens, and at E12.5 111±10 were found in 

Pdx1
+/-

 buds (Figure 3.5A-D,M). By contrast, in Pdx1
-/- 

buds, the number of microlumens 

decreased over time after E10.5, with an average of 263±34, 115±5 at E11.0, 35±2 at E11.5 

and by E12.5 it was further reduced to 9±2 (Figure 3.5E-H,M). As the bud developed, these 

microlumens connected into a fine plexus of narrow lumens and individual microlumens 

could not be counted thereafter. Imaris surface reconstructions of whole-mount pancreata 

showed that microlumens initially form and continue to emerge until E10.5, in both Pdx1
+/-

 

and Pdx1
-/- 

buds, with rosette formation and microlumens in equal numbers and similar size 

(Figure 3.5I,K). However, by E11.5 mutant lumens significantly expanded (Figure 
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3.5J,L,N). We note that Pdx1
-/- 

bud defects were variable, although images shown are 

representative and quantifications reflect observed phenotypes. 

We also performed analyses on sections to further understand the Pdx1
-/-

 luminal 

phenotype. Similar to whole mount, small microlumens of comparable sizes and shapes were 

found at E10.5 in Pdx1
+/-

 and Pdx1
-/-

 buds (Figure 3.6A,E). However by E11.5-12.5, instead 

of a complex luminal network of epithelial tubes observed in Pdx1
+/-

, Pdx1
-/-

 microlumens 

enlarged and formed a progressively simpler plexus consisting of fewer connections, which 

were later eliminated. By E13.5, Pdx1
-/- 

buds displayed a single large cystic lumen (Fig. 

Figure 3.6B-D,F-H). The average lumen diameter in Pdx1
+/- 

at E13.5 was 9 ± μm at the 

widest point, while that of Pdx1
-/- 

buds was 49.0±2μm (Figure 3.5N, 3.6D,H). Maintenance 

of narrow lumen diameter thus failed in the Pdx1
-/- 

epithelium. 

 

Pdx1
-/-

 pancreatic buds are smaller due to decreased proliferation, not cell death 

To assess whether the decrease in size over time in Pdx1
-/- 

buds was due to cell death, 

we examined cleaved caspase 3 and TUNEL immunostaining on cryosectioned E10.5-E13.5 

pancreata (Figure 3.7A-F and data not shown). Quantification showed that there are low 

levels of cell death at these stages in normal pancreas. Similarly, Pdx1
-/- 

pancreata displayed 

few cells stained for cell death markers. Using cleaved caspase3 antibody staining, at E10.5 

we observed 1.4±0.4% positive cells out of total Pdx1
+/-

 epithelial cells and 1.6±0.2% in 

Pdx1
-/-

, at E11.5 we observed 1.6±0.2% apoptotic cells in Pdx1
+/-

 and 1.6±0.3% in Pdx1
-/-

, 

and at E12.5 we observed 1.2±0.1% positive cells in Pdx1
+/-

 and 1.5±0.2% in Pdx1
-/-

 (Figure 

3.7G). Absence of Pdx1 therefore does not result in epithelial cell death. 



69 

 

We then investigated whether proliferative capacity was decreased in Pdx1
-/- 

buds by 

staining for phospho-Histone H3 (pHH3). We found no difference in proliferation between 

heterozygotes and nulls at E10.5 (Figure 3.8A,D,G) (13.6±0.5% pHH3
+
 cells in Pdx1

+/- 
and 

12.8±0.4% pHH3
+
 cells in Pdx1

-/- 
epithelium). However, fewer pHH3

+
 cells were observed in 

Pdx1
-/- 

buds at E11.5 and E12.5 (Figure 3.8B,C,E,F,G). The difference in proliferation at 

these stages, between Pdx1
+/- 

and Pdx1
-/- 

buds, is largely due to fewer internal cells 

undergoing mitosis, whereas Pdx1
-/- 

peripheral cap cells exhibited similar low pHH3
+
 

positivity. At E11.5, Pdx1
+/-

 buds had 8.9±1.2% pHH3
+
 cap and 12.6±1.0% pHH3

+
 internal 

cells, while Pdx1
-/-

 had 7.5±1.0% pHH3
+
 cap and 5.3±0.9% pHH3

+
 internal cells. By E12.5, 

proliferation had significantly decreased in both newly forming peripheral cap/tip domains 

and internal/trunk cells in Pdx1
-/- 

buds, with the difference more striking in trunk cells 

(2.9±0.3% Pdx1
-/-

 compared to 7.1±0.4% Pdx1
+/-

 in tips, and 3.8±0.6% Pdx1
-/-

 compared to 

12.0±0.9% Pdx1
+/-

 in trunks).  

These findings are interesting as previous reports (Q. Zhou et al., 2007) show that 

proliferating cells fueling pancreas growth primarily reside in tip cell domains after E12.5. 

We subsequently verified that at early stages in the pancreas, more proliferation occurred 

within internal body cells with pHH3 stains on WT pancreas in 0.5 day increments from 

E10.5 – E13.5 (Figure 3.9A-G). At E10.5-E12.5 mitosis was indeed more frequent in the 

internal/trunk cell domain (6.8-9.4% compared to 2.5-6.1% in cap/tip domain). By E13.5, 

however, we observed a distinct shift in proliferative regionalization, as tip cells displayed 

increased pHH3 positivity (5.1% tip compared to 1.8% in trunk cells). Our findings show 

that early growth primarily occurs in the heart of the stratified epithelium and that the shift in 
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proliferation from internal to external cells was correlated with epithelial resolution and 

branching initiation. 

 

Multipotent Progenitor Cells (MPCs) are lost in the Pdx1
-/-

 pancreatic bud 

To determine whether progenitors were affected in Pdx1
-/-

 pancreata, we examined 

MPC marker expression. We performed immunostaining for CPA1, Ptf1a and Nr5a2 on 

E11.5 and E12.5 bud sections (Figure 3.10). While CPA1 staining was evident in 

heterozygote littermates at E11.5 and E12.5, it was absent from Pdx1
-/-

 epithelium at both 

stages (Figure 3.10A and D, G and J). Similarly, although the MPC marker Ptf1a was 

present in E11.5 Pdx1
+/-

 and Pdx1
-/-

 buds (Figure 3.10B and E), its expression ceased in 

Pdx1
-/-

 buds by E12.5 (Figure 3.10H and K). By contrast, Nr5a2 remained expressed in 

Pdx1
-/-

 buds at both stages (Figure 3.10C and F, I and L). We confirmed these results 

through both semi-quantitative PCR and qPCR and observed that in Pdx1
-/-

 buds, CPA1 

transcripts are reduced, while those from Ptf1a are altogether gone compared to controls 

(Figure 3.10M,N). 

Similarly, other markers of pancreatic progenitors were reduced in the absence of 

Pdx1. In WT pancreatic buds, SRY-box 9 (Sox9) is expressed broadly in the epithelium, 

albeit at different intensities in different cells, with both Sox9
hi 

and Sox9
lo

 cells observed. 

Sox9
hi

 cells are believed to be bipotential cells that give rise to endocrine and ductal cells 

(Kopp et al., 2011; Lynn et al., 2007). We found that while Sox9 staining is present 

throughout E11.5 Pdx1
-/-

 pancreatic buds, Sox9
hi

 cells were reduced 30% (Figure 

3.11A,A’,B,B’). Analysis of overall intensity of Sox9 staining at E12.5 Figure 3.11C,D) 

confirmed decreased levels of Sox9 in Pdx1
-/-

 buds, although transcript levels were 
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unchanged. This finding suggests that the bipotent Sox9
hi

 progenitor population is reduced in 

the absence of Pdx1. 

E-cadherin and β-catenin are downregulated in Pdx1
-/-

 pancreatic epithelium 

Given that epithelial morphology was significantly disrupted in Pdx1
-/-

 buds, we 

visualized the epithelium using the classical adhesion components E-cad and β-cat. While the 

Pdx1
-/-

 epithelium generally remained cohesive, we nonetheless observed a marked reduction 

of E-cad (Figure 3.12A and C), β-cat (Figure 3.12B and D) and α-catenin (α-cat, data not 

shown) expression by immunofluorescence at E11.5. However, staining in the esophagus 

(where Pdx1 is not normally expressed) was unaffected (Figure 3.12-H). In E10.5 Pdx1
-/-

 

buds, levels appeared relatively normal, suggesting E-cad expression was lost at the onset of 

de-stratification. Quantification of pixel intensity of E-cad and β-cat determined that levels of 

adhesion molecules in the absence of Pdx1 were approximately half that obtained in Pdx1
+/-

 

(Figure 3.12I). 

 

Pdx1 regulates expression of E-cadherin, but not β-catenin 

We therefore asked whether Pdx1 might play a direct role in the regulation of E-cad 

and β-cat. Using the ECR browser (Ovcharenko, Nobrega, Loots, & Stubbs, 2004) and 

performing sequence alignments with consensus Pdx1 binding sequence CATYAS, we 

identified two conserved predicted binding sites for Pdx1 in the E-cad promoter and five 

conserved predicted binding sites in the β-cat promoter (represented as cartoons in Figure 

3.13B, D and F). Pdx1 was previously observed to bind the promoters of E-cad and β-cat in 
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adult beta cells, via a chromatin immunoprecipitation using anti-Pdx1 both in mouse and 

human adult pancreas (Khoo et al., 2012). 

 

To determine whether Pdx1 was capable of activating transcription of E-cad and β-

cat, we performed luciferase assays in HEK293T cells (which normally do not express 

Pdx1). We found that Pdx1 bound to the E-cad promoter and activated expression of E-cad, 

using both 2.8Kb and 300 bp promoter fragments (both containing predicted Pdx1 binding 

sites). Increasing concentrations of Pdx1 protein resulted in a corresponding increase in 

luciferase reporter activity (Figure 3.13A-B). However, mutation of binding sites in the 300 

bp E-cad promoter fragment, either individually or combined, hampered luciferase reporter 

activity, with the highest luminescence signal corresponding to less than half that seen with 

the WT promoter fragment (Figure 3.13C-D). We also assayed a 2.3Kb fragment of the β-

cat promoter that encompassed five predicted Pdx1 binding sites, but found that increasing 

Pdx1 concentration did not activate luciferase (Figure 3.13E-F). These results suggested that 

Pdx1 directly regulates E-cad in the developing pancreas.  

To further examine this possibility, we carried out semi-quantitative RT-PCRs and 

qPCRs on Pdx1
+/+

, Pdx1
+/-

 and Pdx1
-/-

 pancreatic epithelium to assess E-cad transcripts. In 

the absence of Pdx1, we found a significant decrease in E-cad mRNA, but not β-catenin 

(Figures 3.13G-H and 4.14). Conversely, we used HEK293T cells to test whether increased 

levels of Pdx1 might promote E-cad protein level. In this context, we found a modest but 

measurable increase in E-cad protein in transfected cells (Figure 3.15), further suggesting a 

positive, regulatory relationship between Pdx1 and E-cad. 
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Epithelial reacquisition of apical polarity during microlumen formation is not affected 

Given the dramatic differences in epithelial organization in Pdx1
+/-

 versus Pdx1
-/-

 

buds, and our finding that Pdx1 binds and activates the E-cad promoter, we examined the 

cellular events that might result in loss of lumen diameter maintenance. We previously 

showed that epithelial cells acquire apicobasal polarity following stratification, undergoing 

apical constriction and rosette formation and resulting in microlumen formation (Villasenor 

et al., 2010). Given the defects in microlumen diameter maintenance in Pdx1
-/-

 buds, we 

assessed cell polarity determinants at stages when the epithelium is stratified and forming 

microlumens. Immunostaining for F-actin (phalloidin), ZO-1, GM-130, atypical Protein 

Kinase C (aPKC), Par3 and Ezrin showed no evident defects in apical polarity when 

comparing Pdx1
+/-

 and Pdx1
-/-

 buds either early at E10.5 or during resolution at E12.5 

(Figures 3.16 and 3.17 and data not shown). 

 

Pdx1
-/- 

epithelial cells fail to maintain apical constriction 

Although apical polarization of Pdx1
-/-

 epithelial cells was grossly normal, we 

assessed cellular morphology. We speculated that inability to maintain cell shape might 

impact maintenance of luminal diameter. By E10.0, stratified pancreatic epithelial cells 

undergo something akin to apical constriction, changing their morphology from cuboidal to 

‘bottle’ shaped (Villasenor et al., 2010). Groups of cells coordinately adopt this shape to 

generate rosettes that open microlumens at their centers, as described in forming kidney 

tubules (Lienkamp et al., 2012) and zebrafish gut epithelium (Horne-Badovinac et al., 2001). 
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We found that Pdx1
+/-

 pancreatic epithelial cells acquired this ‘bottle shape’ and 

formed normal microlumens by E10.5 (Figure 4.18A-A”). However, while Pdx1
-/-

 cells 

developed apically constricted ends around E10.5, they did not maintain this bottle 

morphology over time (Figure 4.18B-B”). Pdx1
-/-

 cells suffered rapid loss of apical 

constriction and abnormal cell morphology. We used ImageJ to quantify cell shape 

parameters, including area, circularity and the apico-basal surface ratio. We found that Pdx1
-

/-
 cells were generally larger (67.51±2.38 µm

2
 in Pdx1

+/-
 compared to 95.30±3.35 µm

2
 in 

Pdx1
-/-

) (Figure 3.18C) and adopted a columnar, rather than bottle, morphology (as per 

ImageJ circularity assessment, where values equal to 1.0 indicate an ideal circular shape). 

Pdx1
+/-

 epithelial cells exhibited an average circularity value of 0.69 ± 0.01, while Pdx1
-/-

 

measurements indicated linear morphology with a value of 0.56 ± 0.01 (Figure 3.18D). 

Measurements of apico-basal surface ratio showed that Pdx1
+/-

 cells were significantly more 

constricted at their apical surface (area less than half that of basal surface, ratio = 0.48 ± 

0.03) (Figure 3.18E). However, Pdx1
-/-

 epithelial cells showed altered cell shape at E11.5 

and E12.5, with cells almost equal in their apical and basal surface lengths (ratio = 0.88 ± 

0.05). 

 

Regulators of apical constriction downstream of E-cadherin are absent in the Pdx1
-/-

 

In order to determine a cause for expansion of apical membranes and increased lumen 

diameters in Pdx1
-/- 

pancreata, we examined components downstream of E-cad and β-cat in 

the classical cadherin signaling pathway. Specifically, we assessed the actomyosin 

machinery, as it is known to regulate apical constriction. Phospho-Myosin Light Chain 
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(pMLC) activates MyosinII complexes, acting as a molecular ratchet, preventing relaxation 

of constriction (Ebrahim et al., 2013; Martin & Goldstein, 2014; Mason & Martin, 2011). 

Disruption of actin-myosin has been shown to disrupt apical constriction of epithelial cells 

(Solon, Kaya-Copur, Colombelli, & Brunner, 2009). We found that overall, pMLC was 

present in both Pdx1
+/-

 and Pdx1
-/-

 pancreatic epithelium at E10.5 (Figure 3.19A and D). 

However by E11.5-E12.5, it became reduced in Pdx1
-/-

 pancreatic epithelium, but not nearby 

blood vessels (Figure 3.19B,E,C,F). High magnification imaging shows equivalent pMLC 

expression at the apical surface of rosettes in both Pdx1
+/-

 and Pdx1
-/-

 epithelium at E10.5 

(Figure 3.19G and J). By E11.5 and E12.5, pMLC staining was markedly reduced in 

remaining abnormal rosettes visible in Pdx1
-/-

 cells, indicating loss of this molecular clutch 

(Figure 3.19H,K,I,L), and was absent from other epithelial regions.  

Indeed, loss of Pdx1, E-cad and pMLC was accompanied by marked loss of rosette 

structures between E10.5-E12.5, as well as altered rosette morphology. By E12.5, we found 

far fewer rosettes per section (50% fewer at E11.5 and 75% fewer at E12.5), as well as 

rosettes containing fewer and larger epithelial cells (Figure 3.20). Together, these findings 

suggest that cells lacking Pdx1 are unable to maintain the constriction of their apical surface 

and undergo deleterious changes in cell shape, leading to an overall failure in morphogenesis 

of the pancreas epithelial tree. 

 

Discussion 

Here, we report the architectural defects of the pancreatic epithelium that arise in the 

classical model of pancreatic failure, the Pdx1
-/-

 mutant, and we identify E-cadherin as a 
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direct target of Pdx1. Specifically, we report that defects in the Pdx1
-/-

 pancreatic epithelium 

culminate in defective epithelial tubulogenesis, failed bud expansion and blocked lineage 

differentiation. We propose that a deeper understanding of the early pancreatic epithelium is 

needed, as dynamic morphological and architectural changes occur at a time when 

multipotent progenitors (MPCs) are set aside (Stanger et al., 2007; Villasenor et al., 2010; Q. 

Zhou et al., 2007). How they arise and whether their microenvironment, or niche, is critical 

to their fates remain unknown. In this study, we show that the early Pdx1
-/-

 pancreatic 

epithelium initially develops normally, stratifying and opening microlumens in a manner 

similar to wildtype littermates. However, defects appear when the epithelium would normally 

begin to de-stratify into a monolayered tree, to generate fine tubular branches. Failures in 

expansion and fusion of lumens ultimately yield a cystic, monolayered epithelial ductule. 

Defects are correlated with reduction in cellular adhesion (decreased adherens junction 

components E-cad and β-cat), decreased proliferation, and failure of epithelial lumen 

diameter maintenance (Figure 3.21). In addition, we implicate the actomyosin machinery, 

downstream of E-cad, in modulating cell shape during microlumen formation. In the absence 

of Pdx1 and E-cad, MLC activity is lost along with apical constriction of rosette cells, and 

morphogenesis is disrupted. Together, these findings suggest that establishment of the 

pancreatic MPC population is likely to depend on proper 3D epithelial architecture. 

Pdx1 is essential for pancreatic development and its critical role has long been 

recognized, as deletion of Pdx1 results in pancreatic agenesis in mice and in humans 

(Ahlgren et al., 1996; Stoffers, Zinkin, Stanojevic, Clarke, & Habener, 1997). However, 

further understanding its impact is needed as it remains unclear why the pancreatic 
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epithelium fails to develop in its absence.  Furthermore Pdx1 point mutations in patients are 

associated with maturity-onset diabetes of the young (MODY4) or increased susceptibility to 

gestational diabetes (Gragnoli et al., 2005; Stoffers, Ferrer, Clarke, & Habener, 1997). 

Although the Pdx1
-/-

 pancreas was originally reported as failing to develop, yielding only a 

residual ‘ductule’, little was understood about the dynamics or underpinnings of this failure 

(Ahlgren, Pfaff, Jessell, Edlund, & Edlund, 1997; Offield et al., 1996). Why does the early 

pancreatic bud fail to develop? Conditional ablation of Pdx1 using a Tet-off system showed 

that epithelial branching and specification of pancreatic lineages depended on the precise 

timing of Pdx1 expression (Hale et al., 2005; Holland, Hale, Kagami, Hammer, & 

MacDonald, 2002). Inactivation of Pdx1 at late stages of development lead to mild pancreatic 

defects, while early deletion prior to de-stratification (at E11.5) resulted in major 

architectural abnormalities and absence of functional pancreatic lineages (Hale et al., 2005). 

While these findings suggested a role for Pdx1 in architecture of the pancreatic epithelium, 

the dynamics or causes for this failure were not examined. 

What downstream molecular pathways are disrupted in the absence of Pdx1? 

Surprisingly, despite more than two decades of intense interest by the field, only a handful of 

Pdx1 developmental targets have been identified. Pdx1 was initially identified as Xlhbox8 

and its expression was shown to be restricted to the pancreatic anlagen and duodenum 

(Wright, Schnegelsberg, & De Robertis, 1989). Pdx1 was later characterized under the name 

IPF1 (insulin promoting factor) because it transactivates the insulin promoter (Ohlsson, 

Karlsson, & Edlund, 1993) and was shown to maintain the expression of Ptf1a in acinar cells, 

ensuring exocrine differentiation (Pan & Wright, 2011). In addition, Pdx1 interacts with 
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Meis1 to downregulate Keratin19, and forms complexes with Pbx1b and Meis2 to control 

elastase transcription (Deramaudt et al., 2006; Swift et al., 1998). More recent ChIP studies 

carried out in the embryonic pancreas also identified Ngn3, Pax6 and Tshz1 as direct targets 

(Oliver-Krasinski et al., 2009; Raum et al., 2015). However beyond these targets, it has been 

unclear what pathways Pdx1 controls during pancreas morphogenesis and how this impacts 

pancreatic cell lineages. 

We found that epithelial tubulogenesis was severely disrupted in the absence of Pdx1. 

We also serendipitously noted a sharp reduction in E-cad, as it is a common marker used to 

visualize epithelial cells. We speculated that architectural molecules such as E-cad might 

represent potential direct targets of Pdx1. Analysis of published ChIP on chip and ChIP-Seq 

data obtained by other groups revealed that E-cad and β-cat promoters were bound by Pdx1 

in isolated adult beta cells (Khoo et al., 2012; Teo et al., 2015), making these promising 

candidates. Our data provides further evidence that E-cad is a direct target of Pdx1.  

How might loss of E-cad influence morphogenesis of the pancreatic epithelium? We 

found cell polarity unaffected in Pdx1
+/-

 pancreatic buds, as mutants showed normal 

expression of all apical markers examined between E10.5 and E12.5 (aPKC, ezrin, ZO-1). 

However, we found significant differences in maintenance epithelial cell shape during 

morphogenesis, as Pdx1
-/-

 epithelial cells lost their bottle cell morphology after E10.5, taking 

on a more cuboidal appearance. Measurements of the apical membrane in Pdx1
-/- 

buds at 

timepoints after lumen formation (E11.5) revealed significant expansion. We propose that 

inappropriate expansion of the apical membrane alters overall morphogenesis of the 

pancreatic tubular epithelium. 
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The question arises as to whether the normally small apical membrane observed 

lining WT microlumens is the result of constriction of that surface (previously larger and 

juxtaposed to other neighboring epithelial cells), building of that surface de novo, or simply a 

change in cell shape driven by aggregation of tight junctions within rosettes. While our data 

does not resolve these possibilities, we did observe a significant loss of apical pMLC in 

Pdx1
-/-

 epithelial cells. The actin-myosin cytoskeleton at the apical membrane has also been 

dubbed a “subcellular ratchet to reduce apical area incrementally” (Martin, Kaschube, & 

Wieschaus, 2009). Mutations affecting the actomyosin complex formation result in 

ineffective periodic constriction and relaxation, without concomitant reduction in apical 

domain size (Solon et al., 2009) and loss of normal cell shape during embryogenesis 

(Blanchard et al 2010). Importantly, E-cad loss-of-function also causes failure in apical 

constriction, and a decreased tension between cells that disrupts signaling to the apical 

constriction machinery, including pMLC (Ebrahim et al., 2013). Disruption of adherens 

junctions by laser ablation in individual cells also leads to loss of apical constriction in 

neighboring affected cells (Jayasinghe, Crews, Mashburn, & Hutson, 2013). It is also 

possible that Pdx1 directly regulates the actomyosin machinery in addition to E-cad, as we 

observe Pdx1 consensus binding sites within the MLC promoter, however future studies will 

be needed to examine this possibility. Our present study suggests that microlumen and plexus 

formation occur at least in part via Pdx1-coordinated apical constriction, and that Pdx1 

thereby plays a role in regulating epithelial architecture. 

The coincidence of major epithelial defects with absence of all three lineages in Pdx1
-

/-
 pancreata is striking and raises the question as to cause and effect. Does the architecture of 
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the epithelium impact the fate of cells therein? We hypothesized it does, as structural defects 

observed in the Pdx1
-/-

 pancreas coincide with the timing of specification of the MPCs in the 

pancreas. In addition, a growing number of studies link epithelial architecture development to 

cell fate (Cortijo et al., 2012; Kesavan et al., 2009; Petzold et al., 2013). Indeed, we find 

fewer progenitors in Pdx1
-/-

 pancreata expressing high levels of Sox9 (Kopp et al., 2011), and 

none expressing CPA1. Loss of Ptf1a expression was also observed at the time when 

expansion and differentiation of the MPCs should occur (staining is present at E11.5 in Pdx1
-

/-
, but absent by E12.5). It is of interest that these markers are rapidly down-regulated only 

after architectural defects initiate in the Pdx1
-/-

 epithelium. Similarly, proliferative defects 

also occur at this later time. One can imagine that critical processes such as cell cycle or fate 

depend directly on Pdx1, or alternatively that they are the result of defects in the morphology 

of a putative epithelial signaling niche. Structural defects in the Pdx1
-/-

 epithelium are 

therefore correlated with, or possibly contribute to, failure of specification of MPC fate. 

Together, this work demonstrates that Pdx1 is important for pancreatic architecture 

and cell fate via its regulation of molecular machinery critical to cell shape and adhesion. Our 

investigations identify the novel Pdx1 developmental target E-cad. This finding suggests that 

structural and cell fate defects may arise in the Pdx1
-/-

 epithelium because of defective 

regulation of apical constriction maintenance downstream of E-cad, including α-cat and 

pMLC. In addition, these findings raise the possibility that transcriptional control of cell fate 

is influenced by biomechanical forces resulting from cell-cell adhesion and tension. An 

important next frontier will be to elucidate how pancreatic fate is regulated at the 

transcriptional level by the intracellular and extracellular microenvironment. No cell “lives 
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on an island”, and we propose that understanding the extrinsic context of neighbors and the 

signals they convey to MPCs in the early bud will be key to understanding how to harness 

and manipulate endocrine cell fate. 
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Figure 3.1. The Pdx1
-/- 

epithelium does not expand after E10.5.  

Whole-mount beta-gal stains of Pdx1
LacZ/+ 

(Pdx1
+/-

) and Pdx1
LacZ/LacZ

 (Pdx1
-/-

) show gross 

pancreatic morphology. Note Pdx1
-/-

 epithelium does not expand or branch after E10.5, a 

time when the bud epithelium is most highly stratified. Dp, dorsal pancreatic bud; p, 

pancreas; st, stomach; du, duodenum. Numbers followed by (s) in E10.5, E11.0 and E11.5 

stages indicate the number of somites in the embryo dissected. Anterior-posterior axis is 

oriented with anterior portion of gut located towards top of image. Scale bar, 100 μm. 

  



83 

 

 

 



84 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. Pdx1
-/-

 epithelium fails to undergo morphogenesis and expand, while Pdx1
+/- 

and Pdx1
+/+

epithelium are unaffected.  

A-C) Immunofluorescent staining of E12.5 for the epithelial adhesion molecule E-cad (red) 

and the nuclear hormone receptor family member Nr5a2 show that the Pdx1
+/-

 (B) continues 

to grow and expand in the same manner as the Pdx1
+/+

 (A), making them equivalent for our 

analysis. However, the Pdx1
-/-

 (C) bud is already abrogated in size and branching capability 

at this stage. A’-C’) E-cad shown without Nr5a2 staining to better illustrate complexity of the 

Pdx1
+/+

 (A’) and Pdx1
+/-

 (B’) epithelia as they have continued to expand and differentiate, in 

contrast to the failure of Pdx1
-/-

 bud growth. Scale bars, 25 µm. 
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Figure 3.3. Methodology for quantifying stratified epithelium.  

A, C) The Pdx1
+/-

 and Pdx1
-/-

 pancreata display similar levels of stratification at E10.0. B, D) 

While the Pdx1
-/-

 bud is stratified at E10.5, it shows fewer layers overall in the epithelium 

than that of a Pdx1
+/-

 littermate. Outer white line indicates the basal surface of the pancreatic 

bud, red dotted line outlines the primary central lumen and yellow dotted lines indicated 

perpendicular trajectories analyzed. Numbers indicate how many nuclei were encountered in 

a straight line extending from the apical central lumen surface to the basal outer surface of 

the bud (yellow dotted lines). B’, D’) Representative staining with E-cad (in red) and the 

sialomucin Podocalyxin (in green) were used to label the epithelium and primary central 

lumen respectively, in order to confirm number of cell layers through the buds in section 

stained with DAPI (in blue). Scale bars in all panels, 20 μm. E) Quantification of average cell 

layers at E10.0 and E10.5. ns = not statistically significant, #= p<0.0001. 
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Figure 3.4. The E11.5 Pdx1
-/-

 bud displays fewer internal cells than its Pdx1
+/-

 

littermate.  

A-B) 10 µm sections through E11.5 pancreatic buds stained for E-cad and DAPI demonstrate 

both smaller size and reduced internal cell number in the Pdx1
-/-

 bud. A’-B’) DAPI staining 

shown in grayscale to more clearly show nuclei. Solid pink line denotes border of pancreas 

next to surrounding mesenchyme, dotted pink line separates cap cells from internal (body) 

cells. A-B’ Scale bars, 20 μm C) Comparison of the number of cap cells and internal cells in 

the Pdx1
+/- 

and Pdx1
-/-

. D) Comparison of the ratio of internal cells to cap cells at E11.5. #= 

p<0.0001. 
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Figure 3.5. In the absence of Pdx1, the pancreatic ductal plexus transforms into a bag-

like cyst.  

A-H) Z-stacks of whole mount tissues stained with Muc1 to visualize lumens, reconstructed 

using 3D projection (ImageJ). Scale bars, 50 μm. I-L) Imaris surface reconstruction of 

lumens (previously stained with Muc1 in red). Note that while at E10.5 microlumen size is 

similar in Pdx1
+/- 

and Pdx1
-/-

 buds (I,K), lumen sizes become greatly expanded in Pdx1
-/-

 by 

E11.5 (L) when compared to Pdx1
+/-

 (J). Representative microlumens included for 

comparison (insets, panels J, L). Scale bars, 25 μm. Muc1 in red, E-cad in green. M) 

Quantification of number of microlumens at different stages. N) Comparison of microlumen 

diameter as lumens start to fuse. ns = not statistically significant, * = p<0.05, ** = p<0.01, # 

= p<0.001. 
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Figure 3.6. Pdx1
-/-

 pancreatic buds display epithelial lumens with progressively 

expanded diameters after E11.5.  

Sections through pancreatic buds show epithelial lumen diameters at different stages in (A-

D) Pdx1
+/-

 and (E-H) Pdx1
-/- 

embryos. Insets are close-up images of representative lumens, 

and yellow lines show lumens measured at widest diameter (Muc1, red) was visible. Note 

normal microlumens at E10.5 (A and E), and cystic lumen in Pdx1
-/-

 at E13.5 (H), compared 

to Pdx1
+/- 

(D). Scale bars = 20 μm. 
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Figure 3.7. The Pdx1

-/-
 pancreatic bud does not exhibit increased cell death. 

A-F) Cell death was assayed using cleaved Caspase3 (in red), E-cad to delineate the 

epithelium (in green) and DAPI (in blue) staining.  Scale bars = 10 μm. G) Quantification at 

E10.5-12.5 shows that there is not a significant increase in cell death. ns = not statistically 

significant. 
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Figure 3.8. The Pdx1
-/-

 epithelium has decreased proliferative capacity over time.  

A-F) Images of sections through pancreatic buds at E10.5 and E11.5 (pHH3, red; E-cad, 

green; DAPI, blue). Scale bars, 20 μm. G) Quantification of pHH3
+
 cells in the E10.5 

epithelium shows no difference between Pdx1
+/-

 and Pdx1
-/-

. Comparison of pHH3
+
 cells at 

E11.5 shows decreased proliferation in internal cells , but not cap cells, the Pdx1
-/-

 bud. By 

E12.5, the Pdx1
-/-

 epithelium exhibits decreased proliferation in both cap and internal cells. 

ns = not statistically significant, # = p<0.001. 
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Figure 3.9. Increased proliferation in internal cells compared to cap/tip cells of the WT 

developing pancreas until E13.5.  

A-F) Wild type pancreas sections were stained with pHH3 (in red) and DAPI (in blue). White 

outline denotes outer boundary of pancreatic epithelium. Scale bars, 20 μm. G) 

Quantification of the percentage of pHH3
+
 epithelial cells in either the cap/tip or 

internal/trunk domains per pancreatic section at different developmental time points. Prior to 

E13.5, proliferation of internal cells occurs at higher frequency than peripheral (cap/tip).  
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Figure 3.10. Progenitor pool is impaired early in the Pdx1
-/-

 pancreas.  

A-L) MPC marker expression analyzed in the absence of Pdx1. CPA1 (red) is absent at both 

E11.5 and E12.5 (panels D and J compared to A and G), while Ptf1a (red) is reduced by 

E12.5 (K compared to H) in the Pdx1
-/-

 epithelium. Nr5a2 is present at both stages (F and L) 

in Pdx1 null epithelium. Scale bars, 20 μm. M) Semiquantitative PCR was performed on 

cDNA isolated from single E12.5 pancreatic buds for CPA1 and Ptf1a, and CPA1 transcript 

levels are decreased in the Pdx1
-/-

 bud, and Ptf1a is completely absent by this stage. First lane 

for each individual set of samples per genotype is a water blank removed after 36 cycles, and 

second to fourth lanes correspond to cDNA containing reactions removed at 30, 33 and 36 

cycles respectively. AldolaseA was used as a loading control. N) qPCR analysis performed 

on cDNA isolated from single E11.5 buds (n=5 for each genotype) show that CPA1 and 

Ptf1a transcripts are significantly lower in the Pdx1
-/-

  pancreas, compared to Pdx1
+-

. # = 

p<0.001. 

  



96 

 

 
 

 



97 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11. Sox9 is expressed at lower levels in the Pdx1
-/-

 epithelium at E11.5.  
A-B’) Staining for the bipotential (ductal and endocrine) progenitor marker Sox9 (expressed 

at high levels, red) indicates that this cell population is reduced in the Pdx1
-/-

 pancreas. Sox9 

staining (in red) in the Pdx1
+/- 

and Pdx1
-/- 

epithelium shows that fewer cells express high 

levels of Sox9 (Sox9
hi

) associated with bipotential progenitors. (A’-B’) High magnification 

images. C) Quantification of pixel intensity distribution derived from Sox9 stained images 

from 5 sections through each of 3 buds per genotype (Pdx1
+/- 

and Pdx1
-/-

). Measurements 

show that Pdx1
-/-

 epithelium expressed lower levels of Sox9 (error bars omitted to allow for 

graph clarity, as have pixel intensity values from 0-10 to eliminate any background signal 

and those from 245-255 to account for saturation). D) Expression of the progenitor marker 

gene Sox9 is not significantly decreased at the mRNA level, as per semi-quantitative PCR. 
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Figure 3.12. E-cadherin and β-catenin expression is decreased in the Pdx1
-/-

 pancreatic 

epithelium.  

A-H) Pancreas (A-D) sections stained for E-cad and β-cat (in red) and DAPI (in blue). 

Esophagus sections (E-H) from the same slides show that E-cad and β-cat staining is not 

affected in tissues not expressing Pdx1. Scale bars, 25 μm. I) Pixel intensity quantifications 

of E-cad and β-cat in pancreas versus non-Pdx1 expressing gut tissues. # = p<0.001. 
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Figure 3.13. Pdx1 binds to and activates the E-cad promoter.  

A) Luciferase assays show that Pdx1 transcriptionally activates both a 3Kb and a 300bp 

fragment of the WT E-cad promoter fused to a luciferase reporter gene. B) Schematic 

showing 2 predicted Pdx1 binding sites (consensus sequence CATYAS) in the E-cad WT 

3kb and 300 bp promoter fragments. C) When predicted binding sites in the 300 bp E-cad 

promoter fragment are mutated, reporter activity decreases. D) Schematic showing promoter 

fragments analyzed in C, with the WT E-cad 300 bp promoter fragment with and without 

mutation of predicted Pdx1 binding sites. E) Addition of Pdx1 protein to the β-cat promoter 

did not increase luciferase reporter activity. F) Schematic comparing fragments used for 

luciferase assays in panel E; 3Kb E-cad promoter fragment has 2 predicted Pdx1 binding 

sites and the β-cat promoter has 5 predicted Pdx1 binding sites. G) E-cad and β-cat transcript 

levels from individual E12.5 pancreatic buds were found to be reduced using semi-

quantitative PCR (3 different primer pairs) in the Pdx1
-/-

 pancreas; β-cat levels remained 

unchanged. Pdx1 and AldolaseA primer sets were used as controls. H) qPCR analysis shows 

that E-cad transcripts are reduced in Pdx1
-/-

 buds at E11.5, while β-cat transcripts were 

unaffected. ns = not statistically significant, ** = p<0.01. 
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Figure 3.14. Semi-quantitative RT-PCRs on E12.5 buds confirm decrease in E-cadherin 

and MPC markers CPA1 and Ptf1a.  
cDNA isolated from individual buds was used for semi-quantitative PCRs. 3 different primer 

sets were used to test for E-cad, and transcript levels were observed to be decreased in the 

Pdx1
-/-

 for all 3 primer sets used. β-cat transcript levels are unaffected however, indicating 

that Pdx1 does not affect transcription of this gene. MPC genes CPA1 and Ptf1a are almost 

completely ablated in the Pdx1 null bud, but Sox9 and Nr5a2 transcripts are at similar levels 

as those seen in the WT and het buds. Glucagon and Aldolase A were used as loading 

controls, as glucagon arising from the primary transition endocrine cells had previously been 

reported to be unaffected. cDNA analyzed was collected from 3 individual pancreatic buds 

per genotype, reactions were carried out in triplicate. 
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Figure 3.15. Addition of Pdx1 in vitro causes an increase of E-cadherin at cellular 

junctions.  
A-B) Cells transfected with either control GFP constructs (CS2GFP) or CS2GFP-Pdx1 were 

stained for E-cad (in red), GFP (in green) and DAPI (in blue). A’-B’) E-cad staining shows 

an increase of E-cad levels in the GFP-Pdx1 transfected cells (B’) compared to the GFP 

transfected cells (A). C) E-cad intensity was increased in GFP-Pdx1 transfected HEK293T 

cells, as assessed through the mean gray value function on ImageJ. 150 individual transfected 

cells were analyzed, from 3 separate transfection and staining assays, with 3 replicate wells 

each.  #= p<0.0001. 
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Figure 3.16. Apical polarity determinants are correctly organized in Pdx1
-/-

 buds at 

E11.5.  

While apical polarity molecules (all in green, except for F-actin) are located towards the 

apical surface in the Pdx1
-/-

 bud, the organization of the epithelium exhibits disruptions 

compared to Pdx1
+/-

. Apical markers localize primarily to regions adjacent to the primary 

central lumen. DAPI (in blue) was used to stain nuclei. Scale bars in A-J, 20 μm, panels A’-

J’, 10 μm. 

  



106 

 

 
 

Figure 3.17. Apical polarity determinants remain unaffected in Pdx1
-/-

 buds at E12.5. 

Apical polarity cues Par3 (green, A-B), DBA (red, C-D) and aPKC (green, E-F) were 

assessed in Pdx1
+/- 

and Pdx1
-/- 

pancreatic buds. We find that apical markers are properly 

oriented towards the luminal surface in the Pdx1
-/-

 epithelium, in the same pattern observed 

in the Pdx1
+/-

 bud, at this same stage. Beta-catenin was used as a counterstain in A-B and E-F 

(in red). DAPI (in blue) was used to stain nuclei.  Scale bars, 20 μm. 
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Figure 3.18. Cell shape is altered in the Pdx1
-/-

 pancreas by E12.5.  

A-B”) E12.5 pancreas sections stained for epithelial marker β-cat (in red), apical polarity 

determinant aPKC (in green) and DAPI (in blue). Squares in A and B indicate regions shown 

at high magnification in A’ and B’, and those in A’ and B’ indicate regions shown in A”-B”. 

White outlines indicate cells used for morphometric analysis. (Contrast enhanced in the red 

channel to allow for visualization of cell shape in Pdx1
-/-

). Only cells with defined apical and 

basolateral domains were used for analysis. Scale bars, 20 μm. C-E) Cell morphology 

parameters assessed indicate that Pdx1
-/-

 cells have a larger area, are less circular and have a 

higher apical:basal surface ratio, demonstrating that these cells do not apically constrict. # = 

p<0.001. 
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Figure 3.19. Apical pMLC is present in early Pdx1
-/-

 epithelial cells, but decreases 

significantly by E12.5.  

A-F) Sections stained for pMLC (in green) and DAPI (in blue). Note decreased level of 

pMLC in the Pdx1
-/-

 epithelium at E11.5 and markedly by E12.5 (E and F), while levels in 

the mesenchyme (especially blood vessels) are unchanged. White dotted outlines in A-F 

indicate basal surface of epithelium. Scale bars, 20 μm. G-L) Close-up images taken of 

rosettes show that the pMLC is decreasing apically in the Pdx1
-/-

 bud after E11.5 (K-L). 

White dotted outlines in G-L indicate rosettes. Scale bars, 5 μm. 

 

  



110 

 

 
 

 

 



111 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.20. Rosette number and morphology is altered in the Pdx1
-/-

 pancreatic bud. 

A) Average number of rosettes was assessed across 45 individual 10µm sections per 

genotype at E10.5, E11.5 and E12.5. We found that while there is an overall decrease in 

rosette number over time during development in the Pdx1
+/-

, rosette number is decreased in 

the Pdx1
-/-

 by E11.5 and even more dramatically by E12.5. B) Number of cells per rosette is 

reduced in the Pdx1 null bud by E12.5. C) Cell size (assessed by measuring the area of cells 

in a rosette on 10µm sections) is increased in the Pdx1
-/-

 by E12.5.  ns = not statistically 

significant, * = p<0.05, ** = p<0.01, # = p<0.001. 
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Figure 3.21. Pdx1 regulates adhesion, cell shape and fate, driving epithelial 

morphogenesis in the developing pancreatic bud.  

A) Our data support a molecular model that places Pdx1 as an activator of E-cad 

transcription in the developing pancreas. Signaling downstream of E-cad, α-cat and β-cat 

further regulate cytoskeletal architecture (such as the actomyosin complex) and transcription 

factors that drive proliferation and differentiation. B) In the early pancreatic bud, 

microlumens form within the stratified epithelium, and are characterized by the apical 

accumulation of pMLC (among other known polarity determinants). E-cad regulates cellular 

adhesion and lumen size of rosettes through its downstream effector pMLC, which is 

responsible for maintaining apical constriction. Regulation of microlumen size allows for 

establishment of a fine ductal network as the pancreatic epithelium resolves. In Pdx1
-/-

 buds, 

regulation of lumen size is lost due to decrease in E-cad and pMLC, and loss of apical 

constriction in epithelial cells. This ultimately leads to formation of a single, large lumen in 

Pdx1
-/-

 pancreata. 

 

  



114 

 

CHAPTER FOUR 

 

E-cadherin is required for endocrine specification during development and 

for cell survival in the post-natal pancreas  
 

Introduction 

Cellular adhesion molecules (CAMs) play a crucial role in regulating the assembly of 

individual cells into 3D tissues, thus allowing tissue morphogenesis to ensue. There are 

several classes of CAMs involved in the formation of both cell-cell and cell-ECM adhesions 

required for basic cellular function and survival. Among these are the integrin receptors 

which are known to mediate the recognition of ECM components and allow for the activation 

of bidirectional signaling from both the inside and outside of cells, the selectins are mostly 

responsible for leukocyte-endothelial interactions involved in the homing and extravasation 

of these cells during inflammation, and the immunoglobulin-like adhesion molecules such as 

intercellular adhesion molecule (ICAM), neural cell adhesion molecule (NCAM), and their 

many variants are associated with a diverse range of contact-mediated interactions between 

cells (Alimperti & Andreadis, 2015; Cavallaro & Dejana, 2011; Harris & Tepass, 2010; 

Weledji & Assob, 2014). Interestingly, regulation of the expression of these different types of 

adhesion molecules has been implicated in the development and maintenance of proper 

function of several branching organs. The loss of CAM expression regulation is observed in 

many pathologies of these organs, including the pancreas (Carvalho et al., 2014; Diaferia et 

al., 2013; Frossard et al., 1999; Hartman et al., 2012; Tempia-Caliera et al., 2002). 

Cadherins are another class of CAMs and consist of transmembrane glycoproteins 

that mediate Ca2
+
-dependent homophilic interactions between cells. There are several types 
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of cadherins, of which the most well studied are the classical cadherins, that have an 

ectodomain structure with five extracellular cadherin-motif (EC1-EC5) subdomains. The 

outermost domain (EC1) regulates the cadherin-cadherin interactions between cells, resulting 

in the formation of the adherens junctions (AJs) (Alimperti & Andreadis, 2015; Brasch, 

Harrison, Honig, & Shapiro, 2012). Beyond their well-characterized function as cellular 

adhesion molecules, cadherins also influence cell arrangements and sorting during tissue 

morphogenesis, as cells expressing the same cadherin profiles preferentially adhere to each 

other (M. R. Schneider & Kolligs, 2015). For example, although very similar in structure, 

cells that express either epithelial-cadherin (E-cad) or  neural-cadherin (N-cad) have been 

shown to sort away from each other, via a process termed ‘differential cell adhesion’ 

(Halbleib & Nelson, 2006; Katsamba et al., 2009). Consequenctly, E- and N- cadherins often 

show reciprocal expression patterns during development. Cadherins have also been shown to 

regulate specific steps during tubular morphogenesis, as they influence apical constriction in 

epithelia by signaling to the actomyosin complex (Nishimura & Takeichi, 2009).  

E-cad (also known as Cdh1) is a member of the classical cadherins and derives its 

name from its widespread expression in epithelial cells, where it has been shown to 

contribute to the maintenance of epithelial integrity (Gumbiner, 2005; van de Ven et al., 

2015). As with other cadherins, binding between E-cad molecules is mainly mediated by the 

EC1 domain, although the E2-E5 domains are also thought to contribute to the adhesive 

strength of the interaction (M. R. Schneider & Kolligs, 2015). The binding affinity between 

two individual E-cad molecules is relatively weak, requiring multiple molecules to cooperate 

in order to generate sufficient adhesion between cells (Harris & Tepass, 2010; M. R. 
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Schneider & Kolligs, 2015). Like other cadherins, E-cad has been shown to interact with 

both actin and the microtubule cytoskeleton through its cytoplasmic domain linkage with β-

cat, α-cat and p120-catenin (p120), allowing for further stabilization of the AJs (Alimperti & 

Andreadis, 2015; Shapiro & Weis, 2009; Takeichi, 2014). E-cad also enables the 

transduction of “outside-in” signals, as many E-cad binding partners (such as β-cat, α-cat and 

p120) translocate to the nucleus or cytoplasm upon reduced binding to E-cad, indicating that 

E-cad may serve as a stoichiometric competitor of these signaling events (McCrea, Maher, & 

Gottardi, 2015).  

Absence of E-cad has been correlated with cancer cell invasiveness in both cell 

culture and in patients. E-cad inactivating mutations have been found to drive cancer 

progression in multiple pathologies, including cancers of the lung, uterus, liver and gastric 

carcinomas (Ceteci et al., 2007; Derksen et al., 2006; Nakagawa et al., 2014; Reardon et al., 

2012; Shimada et al., 2012). Many publications have focused on E-cad’s role in pancreatic 

cancer, specifically addressing the loss of E-cad as an important step in the transition from 

adenoma to a more invasive carcinoma (G. Schneider et al., 2008; von Burstin et al., 2009).  

This loss of E-cad has become an area of clinical focus, as it occurs in a high proportion of 

pancreatic adenocarcinoma patients (Joo, Rew, Park, & Kim, 2002; Pignatelli et al., 1994; 

Winter et al., 2008).  

E-cad is required from very early stages of development, as global deletion causes 

death before implantation due to embryonic failure to form a trophectodermal epithelium and 

cavity at the blastocyst stage (Larue, Ohsugi, Hirchenhain, & Kemler, 1994; Ohsugi, Larue, 

Schwarz, & Kemler, 1997; Riethmacher, Brinkmann, & Birchmeier, 1995). Conditional 
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ablation of E-cad has demonstrated its importance in the development, differentiation and 

function of multiple organs, including the mammary glands, lung, epidermis, stomach, 

intestine, uterus and thyroid gland (Derksen et al., 2006; Mimata, Fukamachi, Eishi, & 

Yuasa, 2011; M. R. Schneider & Kolligs, 2015; Tinkle, Lechler, Pasolli, & Fuchs, 2004; 

Young et al., 2003). Several groups have also demonstrated that E-cad is required for proper 

β-cell function and insulin secretion, in addition to promoting proliferation and preventing β-

cell death (Carvell, Marsh, Persaud, & Jones, 2007; Dahl et al., 1996; Parnaud et al., 2015). 

However few studies have examined how E-cad influences morphogenesis and cell fate 

during early pancreatic development.   

Our previous work had identified E-cad as a novel target of the pancreas-specific 

transcription factor Pdx1, or pancreatic duodenal homeobox 1 (Chapter 3). We 

demonstrated that E-cad expression is significantly downregulated at both the protein and 

mRNA levels in the Pdx1
-/- 

pancreatic bud, at early developmental stages. The Pdx1
-/-

 

pancreas displayed an aberrant, cystic lumen morphology, along with the complete absence 

of the three lineages that mediate normal pancreatic functions: acinar, ductal and endocrine 

cells.  We also found failure of maintenance of apical constriction in mutant buds, in addition 

to defects in the activation of components of the actomyosin complex. Together, these 

findings indicated that signaling downstream of the E-cad pathway was also lost in the 

absence of Pdx1. This led us to examine whether a similar phenotype occurred upon 

conditional deletion of E-cad in the pancreas using Pdx1Cre (E-cad
f/f

;Pdx1Cre). Here, we 

show that E-cad
f/f

;Pdx1Cre pancreas do not phenocopy Pdx1 null mutants, but they do 

display a distinct endocrine phenotype, characterized by a reduction in both islet size and 
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number. In addition, the endocrine progenitor pool is also diminished in the E-cad
f/f

;Pdx1Cre 

pancreata. While mutant mice are born, we observe that they begin to die shortly after birth. 

We ascribe this lethality to a perinatal loss of the acinar cell population, correlated with 

widespread cell death in the exocrine compartment. These data indicate that E-cad is a key 

factor required for cell fate specification and tissue organization in the pancreas, both during 

embryonic development and later for the post-natal maintenance of this tissue. 

 

Results  

 

 

The E-cad
f/f

;Pdx1Cre pancreas does not display the same cystic ductal phenotype as the 

Pdx1
-/-

 bud 

Our previous work characterizing the Pdx1
-/-

 bud demonstrated that E-cad was a 

novel target of this transcription factor and that downstream signaling to the cytoskeleton 

through E-cad was disrupted upon loss of Pdx1, leading to an aberrantly expanded lumen 

diameter. To determine whether pancreas-specific ablation of E-cad would phenocopy the 

Pdx1 null pancreas, we used Pdx1Cre to drive the deletion of a floxed E-cad allele in the 

early pancreas (Boussadia, Kutsch, Hierholzer, Delmas, & Kemler, 2002). No gross 

morphological defects were observed in the E-cad
f/f

;Pdx1Cre pancreata throughout 

development when compared to E-cad
f/+

;Pdx1Cre littermates. Anti-Muc1 whole-mount 

immunofluorescence at different embryonic stages was used to examine luminal 

morphology. E-cad
f/f

;Pdx1Cre showed no observable defects in ductal plexus formation at 

E12.5 (Figure 4.1A and C), at E14.5 (Figure 4.1B and D), and later developmental stages 
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(data not shown). Lumens within the E-cad
f/f

;Pdx1Cre ductal plexus maintain similar 

diameters to those seen in wild type pancreata, and ramification of the ductal tree proceeds 

normally. 
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E-cad
f/f

;Pdx1Cre endocrine cells fail to coalesce into islets  

To assess the mass and organization of the other functional lineages of the pancreas, 

we examined E-cad
f/f

;Pdx1Cre pancreata with endocrine and acinar markers. Previous reports 

had demonstrated that endocrine cells, specifically β cells, fail to coalesce into islets after E-

cad disruption both in vitro (Carvell et al., 2007), or using using the Rat Insulin Promoter 

(RIP)-driven Cre recombinase to drive deletion in vivo (Dahl et al., 1996). However, the use 

of the RIP-Cre promoter in this study limits observations to cells already expressing insulin 

and precludes analysis of morphogenetic defects. We therefore assessed islet volume using 

whole-mount immunofluorescence for insulin and glucagon from E12.5 – E18.5 (Figure 4.2 

and data not shown). At E12.5, we found no observable effects of loss of E-cad (data not 

shown). By E14.5, we observed that endocrine cells were significantly more dispersed 

throughout the E-cad
f/f

;Pdx1Cre pancreas when compared to E-cad
f/+

;Pdx1Cre littermates 

(Figure 4.2A-B’). Quantification through Imaris surface reconstruction confirmed that there 

is a larger number of endocrine clusters (with clusters defined as the volume occupied by 3 or 

more endocrine cells) beginning at E12.5 (71 ± 8 clusters in the E-cad
f/+

;Pdx1Cre compared 

to 122 ± 9  in the E-cad
f/f

;Pdx1Cre at E12.5, 135 ± 8 compared to 271 ± 5 at E14.5, 183 ± 9 

compared to 377 ± 47 at E15.5 and 276 ± 14 compared to 616 ± 28 at E18.5) (Figure 4.2C). 

We also noted that although there are more endocrine clusters overall, these clusters are 

much smaller than those observed in the E-cad
f/+

;Pdx1Cre beginning at E14.5. Quantification 

of the total endocrine volume showed that there are significantly fewer endocrine cells 

overall in the E-cad
f/f

;Pdx1Cre ((2.8 ± 0.5) x 10
5
 µm

3
 in the E-cad

f/+
;Pdx1Cre compared to 

(1.5 ± 0.2) x 10
5
 µm

3
 in the E-cad

f/f
;Pdx1Cre at E12.5, (9.4 ± 0.4) x 10

5
 µm

3
 compared to 
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(4.3 ± 0.7) x 10
5
 µm

3
 at E14.5, (2.7 ± 0.2) x 10

6
 µm

3
 compared to (4.7 ± 0.7) x 10

5
 µm

3
 at 

E15.5 and (1.22 ± 0.05) x 10
7
 µm

3
 compared to (8.3 ± 0.2) x 10

6
 µm

3
 at E18.5) (Figure 

4.2D). Our data confirms the observations reported previously, and also demonstrates that E-

cad is required not only for maintenance of islet cell adhesion in already formed islets, but 

during the process of isletogenesis, as we deleted E-cad prior to islet formation, earlier than 

other studies (Dahl et al., 1996). 

 

Endocrine precursors are reduced in the E-cad
f/f

;Pdx1Cre 

Given that we observed fewer endocrine cells in the E-cad
f/f

;Pdx1Cre mice, we 

evaluated whether the specification of the endocrine precursor pool was also disrupted. We 

assessed endocrine precursors using synaptophysin immunofluorescence on sections at E14.5 

(Figure 4.3A-B). Quantification of the percentage of total epithelial cells expressing 

synaptophysin on individual sections confirmed presence of fewer endocrine precursors in 

the E-cad
f/f

;Pdx1Cre when compared to the the E-cad
f/+

;Pdx1Cre (18.9 ± 0.9% of epithelial 

cells in the E-cad
f/+

;Pdx1Cre express synaptophysin compared to 13.5 ± 0.5%  in the E-

cad
f/f

;Pdx1Cre) (Figure 4.3C). These findings are of interest as they indicate that not only is 

endocrine cell coalescence affected, but allocation of this lineage within the pancreatic 

epithelium is also disrupted in the absence of E-cad. Together, these observations suggest 

that E-cad plays a role in directing endocrine cell fate during pancreatic development. 

Given that both endocrine precursor (as per reduced synaptophysin staining) and 

differentiated endocrine cell (as per reduced insulin and glucagon staining in whole-mount 

immunofluorescence) numbers are significantly reduced in E-cad
f/f

;Pdx1Cre pancreata, we 
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asked whether post-natal survival of these mice was affected. We found that there is a broad 

range of variability in the survival of the E-cad
f/f

;Pdx1Cre mice, with some dying as early as 

post-natal day (P) 3, while others survived for 2 months after birth (Table 4.1 and data not 

shown). However, E-cad
f/f

;Pdx1Cre mice are overall severely runted shortly after birth when 

compared to their littermates (Table 4.1 and Figure 4.4A). We isolated the E-cad
f/f

;Pdx1Cre 

pancreata and determined that although the E-cad
f/f

;Pdx1Cre mice are smaller than control 

littermates, the size of the isolated pancreata is still proportional to the size of the mouse 

(Figure 4.4B and data not shown). 

 

Endocrine cells in the E-cad
f/f

;Pdx1Cre postnatal pancreas are sufficient to maintain 

blood glucose homeostasis 

To determine whether the neonatal runting was associated with the endocrine loss seen 

during embryonic stages, we performed immunofluorescence staining for insulin and 

glucagon on postnatal pancreata. Upon close examination of pancreata isolated at post-natal 

stages, including that from a pup that died at P3 with stage-matched littermates, we observed 

that endocrine cells are still present in the E-cad
f/f

;Pdx1Cre pancreas (Figure 4.5). We also 

performed blood glucose analysis every 3 days on both E-cad
f/+

;Pdx1Cre and E-

cad
f/f

;Pdx1Cre mice beginning at P28 until P52 and observed no difference in blood glucose 

levels (data not shown). This data indicates that there are enough endocrine cells present in 

post-natal development to allow for maintenance of normal blood glucose homeostasis in the 

E-cad
f/f

;Pdx1Cre mouse. 
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The ductal population of the E-cad
f/f

;Pdx1Cre postnatal pancreas is aberrantly expanded 

To verify whether the ductal lineage was also affected in the post-natal E-

cad
f/f

;Pdx1Cre pancreas, we performed immunofluorescent analysis for Muc1 and the lectin 

Dolichos biflorus agglutinin  (DBA) on serial sections of the tissues that displayed a 

significant failure to thrive (Figure 4.6A and B). We observed that although ducts are 

present in both E-cad
f/+

;Pdx1Cre and E-cad
f/f

;Pdx1Cre tissues, there is an increase of ductal 

tissue in the E-cad
f/f

;Pdx1Cre, particularly that of the larger ducts marked by DBA, and fewer 

smaller ducts indicated by Muc1 staining throughout the E-cad
f/f

;Pdx1Cre pancreas. 

 

Acinar cells undergo cell death in the E-cad
f/f

;Pdx1Cre postnatal pancreas 

 We next analyzed the E-cad
f/f

;Pdx1Cre pancreata to determine if these mice failed to 

thrive due to defects in the remaining pancreatic lineages. To test for presence of the acinar 

compartment, we performed immunofluorescent staining for amylase at different stages 

(Figure 4.7). The immunofluorescent analysis revealed that while the acinar compartment is 

present initially in the E-cad
f/f

;Pdx1Cre, there are fewer cells positive for amylase staining 

than the E-cad
f/+

;Pdx1Cre littermate (Figure 4.7A and C). We found that amylase positive 

cells were rarely found at later post-natal stages in the E-cad
f/f

;Pdx1Cre pancreas (Figure 

4.7B and D), indicating that the failure to thrive was due to loss of the acinar compartment. 

 In order to determine whether the loss of the acinar cells in the E-cad
f/f

;Pdx1Cre,  was 

due to cell death, we performed immunofluorescent staining for cleaved caspase 3 on 

pancreas sections (Figure 4.8). These stainings confirmed that the loss of cells in the E-
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cad
f/f

;Pdx1Cre pancreas was due to increased cell death beginning at P3 compared to that in 

the E-cad
f/+

;Pdx1Cre. 

 

Discussion 

In this chapter, we report developmental isletogenesis defects and the failure of the 

post-natal acinar compartment in the E-cad
f/f

;Pdx1Cre pancreas. We demonstrate that the 

endocrine lineage is affected as there are fewer synaptophysin-expressing and insulin or 

glucagon-positive cells in the E-cad
f/f

;Pdx1Cre pancreas, and we also confirm the previously 

established role of E-cad as a regulator of the coalescence of endocrine cells into islets 

(Carvell et al., 2007; Dahl et al., 1996). We find that the organization of the ductal plexus is 

unaffected during development, but report a post-natal expansion of the ductal lineage, 

specifically of cells in the large ducts. We also establish a new role for E-cad in promoting 

cell survival in the acinar lineage of the post-natal pancreas. Upon deletion of E-cad, we 

observe the loss of amylase in the post-natal pancreas with a concomitant increase in cleaved 

caspase 3 immunofluorescence, indicating that the acinar population is lost due to induction 

of cell death. Overall, our findings indicate that E-cad plays a role in cell fate allocation, 

morphogenesis and cell survival in the developing pancreas.  

In our previous work, we analyzed the Pdx1
-/-

 pancreatic bud and identified E-cad as 

a target of Pdx1. We demonstrated that the downstream signaling from E-cad to the 

cytoskeleton was disrupted, leading to an aberrant expansion of lumen diameter. Given these 

results, we expected that the E-cad
f/f

;Pdx1Cre pancreas would display a similar luminal 

phenotype during development. However, we observed that the E-cad
f/f

;Pdx1Cre pancreas 
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does not phenocopy the Pdx1
-/-

 bud architectural defects, and that the ductal lineage is not 

affected in the E-cad
f/f

;Pdx1Cre during development. Indeed, lineage specification defects 

are relatively minor in the E-cad
f/f

;Pdx1Cre compared to those seen in the Pdx1
-/-

pancreas. 

This could be due to several reasons. We hypothesize that Pdx1 could regulate other 

structural components in parallel to E-cad that lead to the severe architectural defects 

observed in the Pdx1
-/-

 bud. Pdx1 has indeed been shown to bind to additional cadherins such 

as N-cad and retinal(R)-cadherin, and also to NCAM in adult islets (Khoo et al., 2012), 

allowing for the possibility that these adhesion molecules are transcriptional targets of Pdx1 

in the developing pancreas. 

Another question that arises is whether other redundant CAMs are able to compensate 

for the loss of E-cad in the E-cad
f/f

;Pdx1Cre. We observed that N-cad staining was slightly 

increased in E-cad
f/f

;Pdx1Cre post-natal islets when compared to those in the E-

cad
f/f

;Pdx1Cre, but N-cad was not observed in the rest of the pancreatic tissue (data not 

shown). We propose that there might be an as of yet unidentified cadherin present in the 

pancreas capable of maintaining tissue integrity and downstream signaling to the 

cytoskeleton during development, thereby allowing  the E-cad
f/f

;Pdx1Cre pancreas to 

undergo normal morphogenesis. Activation of N-cad in the post-natal islets would allow for 

survival of these tissues in the absence of E-cad, but acinar cells that do not express N-cad 

would be susceptible to cell death due to loss of adhesion, also known as anoikis.  

Alternatively, the more subtle defect seen in the E-cad
f/f

;Pdx1Cre pancreas could be 

due to incomplete deletion of E-cad. Our analysis of the E-cad
f/f

;Pdx1Cre pancreas confirms 

this, as anti-E-cad immunofluorescence on tissue sections shows that regions expressing E-
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cad remain present at all stages observed in this study (Figure 4.8 and data not shown). 

Several groups have also confirmed that most Pdx1Cre recombinases are expressed in a 

mosaic pattern (Gannon, Herrera, & Wright, 2000; Herrera, 2000; Magnuson & Osipovich, 

2013). The incomplete deletion might not allow for E-cad ablation in enough cells to cause a 

more severe phenotype or for the E-cad
f/f

;Pdx1Cre pancreas to phenocopy the Pdx1
-/-

 bud, 

which requires further quantification of islet size and acinar cells remaining related to the 

percentage of E-cad present in pancreatic sections. The mosaic deletion could also explain 

the phenotypic variance we see within the population of mice, as tissues with fewer 

recombination events might allow for a larger amount of persisting acinar cells, allowing 

mice to survive for a longer period of time. 

 It is of interest that the ductal lineage seems almost unaffected in the E-cad
f/f

;Pdx1Cre 

pancreas, except for an increase in the amount of cells expressing DBA, which marks the 

larger ducts in the pancreas.  We propose two potential explanations for this increase here. 

The DBA+ cells could be undergoing an increase in proliferation in response to the loss of 

acinar cells. This could be assessed by immunofluorescent analysis of proliferative markers 

in this population of cells. Another possibility is that acinar cells are transdifferentating into 

ductal cells, resulting in an increase of the DBA-expressing population. Acinar cells have 

previously been reported to be capable of transdifferentiating into either ductal or duct-like 

cells under particular stimuli, such as those seen in cases of chronic pancreatitis (Arias & 

Bendayan, 1993; Blaine et al., 2010). It could be that the loss of attachment, and increase in 

acinar cell death in the E-cad
f/f

;Pdx1Cre allows for similar stimuli that cause a 

morphogenetic switch towards the ductal fate. Additional lineage tracing studies using an 
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acinar fate reporter in the E-cad
f/f

;Pdx1Cre pancreas would allow us to further differentiate 

between these hypotheses. 

It was not surprising to note that the first defect observed in the E-cad
f/f

;Pdx1Cre 

pancreas is in the endocrine cells, as E-cad has been previously been shown to play a role in 

mediating the organization of β-cells in the islets of Langerhans; however, the phenotype 

observed by this group is seen much later and their work focused specifically on the analysis 

of β-cell organization (Dahl et al., 1996). Our work indicates that endocrine precursors are 

disrupted in the E-cad
f/f

;Pdx1Cre, although it would be advantageous to determine when the 

defect starts. It is possible that endocrine progenitors that give rise to the precursor cells are 

also affected and this could be assessed through endocrine progenitor markers.  

In addition, while glucose testing revealed no phenotype, it is still unclear whether the 

remaining endocrine population is sufficient to maintain blood glucose homeostasis over 

long periods of time, as mice die relatively quickly. There is the potential to assess whether 

supplementation of digestive enzymes in the E-cad
f/f

;Pdx1Cre mice would increase their 

survival rate, and if so, glucose testing could be used to assess whether endocrine cells are 

still capable of maintaining blood glucose homeostasis or whether E-cad
f/f

;Pdx1Cre mice 

would develop diabetes later on.  

Our studies show that E-cad specifically is required both for survival and 

differentiation of the acinar and endocrine functional compartments in the pancreas, 

respectively. Our observations correlate with previous reports in which E-cad has been 

shown to be a regulator of cell fate, survival, differentiation and epithelial morphogenesis in 

other tissues through critical downstream interactions with both the catenins (α-, β- and 
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p120-) and the cytoskeleton (Kumar et al., 2011; McCrea et al., 2015; M. R. Schneider & 

Kolligs, 2015) (further discussed in Chapter 5). These results reveal that cell-cell 

interactions are crucial to guide tissue specification, organization and structure, and may be 

useful in the development of in vitro strategies for the generation and differentiation of 

insulin-producing β and other pancreatic cells in culture. 
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Figure 4.1. The E-cad
f/f

;Pdx1Cre ductal plexus develops normally.  

A-D) Whole-mount immunofluorescence staining for Muc-1 (in red) on E12.5 (A and C) and 

E14.5 (B and D) pancreas shows no gross morphological defects in ductal plexus formation 

in the E-cad
f/f

;Pdx1Cre when compared to E-cad
f/f

;Pdx1Cre littermates. Scale bars, 100 μm 

in A and C, 200 μm in B and D.  
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Figure 4.2. Endocrine cells fail to coalesce into islets the E-cad
f/f

;Pdx1Cre.  

A-B) Whole-mount immunofluorescence staining on E14.5 pancreata for Muc1 (in red) and 

insulin and glucagon (in light blue) was used to assess the number of endocrine clusters and 

the total volume of the endocrine compartment. Scale bars, 100 μm. C) Quantification at 

E12.5-E18.5 shows that there is a significant increase in the number of endocrine clusters in 

the E-cad
f/f

;Pdx1Cre. D) Imaris surface reconstruction reveals that the total endocrine volume 

in the E-cad
f/f

;Pdx1Cre is reduced beginning at E14.5, despite the increase in endocrine 

clusters.  ns = not statistically significant, * = p<0.05, ** = p<0.01. 

  



132 

 

   

Figure 4.3. Endocrine precursor numbers are reduced in the E-cad
f/f

;Pdx1Cre.  

A-B) Pancreas sections stained for synaptophysin (in red) and DAPI (in blue). Scale bars, 20 

μm. C) Quantification of the percentage of epithelial cells per section expressing 

synaptophysin confirmed a reduction in the endocrine precursor population of the E-

cad
f/f

;Pdx1Cre pancreas. ** = p<0.01. 
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Figure 4.4. E-cad
f/f

;Pdx1Cre mouse are runted compared to their littermates, however 

the pancreas is proportional to their size.  

A) Runting was observable in E-cadherin
f/f

;Pdx1Cre neonatal mice compared to WT 

littermates. Mice were photographed at P3. B) Bright field comparison of P3 whole-mount 

pancreata from mice in (A) show that the pancreas is still present in the E-cadherin
f/f

; 

Pdx1Cre. 
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Figure 4.5. Endocrine cells are present in the post-natal E-cad
f/f

;Pdx1Cre pancreas.  

A-B) Pancreas sections stained for glucagon (in red), insulin (in green) and DAPI (in blue) 

demonstrate that endocrine cells are still present in the P31 E-cad
f/f

;Pdx1Cre pancreas (B). 

Scale bars, 50 μm. 
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Figure 4.6. The ductal population is expanded compared to the other lineages in the 

post-natal E-cad
f/f

;Pdx1Cre pancreas.  

A-B) Pancreas sections stained for Muc1 (in red), DBA (in green) and DAPI (in blue). Scale 

bars, 50 μm. 
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Figure 4.7. Acinar cells are lost over time in the E-cad
f/f

;Pdx1Cre pancreas. A-D) 

Pancreas sections stained for amylase (in red) and DAPI (in blue) show that the functional 

acinar cell population is still present although in fewer numbers at P3 (A, C) but almost 

completely absent by P31 (B, D). Scale bars, 50 μm. 
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Figure 4.8. E-cad
f/f

;Pdx1Cre pancreata display an increase in cell death.  

A-B) Pancreas sections stained for cleaved caspase 3 (in red), E-cad in green and DAPI (in 

blue). Analysis of immunofluorescent sections demonstrates a substantial increase in cells 

undergoing cell death in the E-cad
f/f

;Pdx1Cre (B) compared to a E-cad
f/+

;Pdx1Cre littermate 

(A). Scale bars, 50 μm. 
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Figure 4.9. E-cad promotes endocrine precursor proliferation and differentiation 

during development, and drives cell survival in the post-natal pancreas. A) As shown 

previously, normally E-cad signals to nucleus via downstream effectors, allowing for 

activation of proliferation and differentiation pathways. This signaling is lost in the endocrine 

population of the E-cad
f/f

;Pdx1Cre pancreas. B) Increased number of E-cad EC1 domain 

contacts promotes adhesion between cells, increasing tension that is sensed by cytoskeletal 

components that signal to nucleus promoting cell survival signals. Loss of E-cad signaling in 

the acinar cells of the E-cad
f/f

;Pdx1Cre pancreas leads to decreased signaling to the nucleus, 

thereby reducing cell survival signals and promoting cell death. 
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Table 4.1. E-cad
f/f

;Pdx1Cre survival analysis in mice derived from a single litter. 
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CHAPTER FIVE 

 

New Areas for Investigation and Conclusions 
 

NB: Portions of this chapter have been previously published under the title: “Marty-

Santos, L. and Cleaver, O. (2015) Progenitor Epithelium: Sorting out pancreatic 

lineages. J. Histochem Cytochem 63: 559-74.”. The text has been modified accordingly 

to fit within this dissertation.  

 

 
NEW AREAS FOR INVESTIGATION 

Live imaging as method for analysis 

How can we delve into the question of early niches and sorting of pancreatic 

lineages? Understanding the dynamic context progenitors experience over developmental 

time is likely to reveal much about the sequential inductions they might experience. The 

challenge becomes how to address this question. Developmental biology has long relied on 

visualization techniques such as analysis of fixed tissue specimens by immunohistochemistry 

and immunofluorescence, and although this analysis has advanced our understanding of cell 

rearrangements in the pancreas, it is still limited to comparing static time-points in the 

development of an organ. Many studies in other systems have successfully used live imaging 

to explore the contribution of cell movement and elucidate cellular step-wise events during 

epithelial morphogenesis. Examples include neuronal precursors in the zebrafish lateral line 

(Lecaudey & Gilmour, 2006), border cell migration in Drosophila (Bianco et al., 2007; 

Prasad & Montell, 2007), and mammary gland and kidney development in mouse (Ewald, 

Brenot, Duong, Chan, & Werb, 2008; Packard et al., 2013). However, this technique has 

been used only sparingly in the developing pancreas and with only a few studies that focused 
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on late branching and the clustering of islet endocrine cells (Puri & Hebrok, 2007). There is a 

need for careful analysis of where progenitors arise in the early bud, where they go, what 

inductive influences they experience and how lineages sort out as the bud expands and 

branches. Live imaging of different pancreatic reporter lines would be of particular interest, 

as these would allow characterization of how cells divide to contribute to the stratification of 

the early bud, how bud epithelial cells organize themselves within the stratified bud, and 

could be used later to understand epithelial resolution from multi-layered to single-layered 

tubes. The use of live imaging could also be used to understand cellular movements in the 

epithelia of currently used models of pancreatic defects, such as those described in this 

dissertation. Use of pancreatic reporter lines could be used to assess how cells within the 

Pdx1
-/-

 stratified epithelium move and reorganize themselves into a cystic, monolayered 

lumen. Endocrine reporter lines could be used within the E-cad
f/f

;Pdx1Cre pancreas in order 

to elucidate whether endocrine cells and their precursors try to form aggregates but 

ultimately are unable to coalesce into islets. Current efforts in this arena are likely to yield 

important insights. 

 

ECM proteins and pancreatic morphogenesis 

In our introduction we presented a brief overview on the role that ECM and basement 

membrane components play in guiding branching in many developing organs. Glandular 

organs especially have been shown to depend on cues from the ECM in order to undergo 

branching morphogenesis (Varner & Nelson, 2014). However, the influence of the basement 

membrane on epithelial branching has been understudied in the pancreas. We are particularly 
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interested in the effects of laminin on pancreatic branching. As the pancreatic bud evaginates 

from the foregut endoderm at E10.5, laminin is expressed in the pancreatic mesenchyme, 

with a strong extracellular deposition immediately adjacent to the epithelium (Crisera et al., 

2000; Villasenor et al., 2010). Recent reports have shown that laminin is also expressed 

within the stratified pancreatic epithelium as it begins to resolve back down  a single layer 

(Kesavan et al., 2009; Villasenor et al., 2010), but no one has assessed whether laminin plays 

a role in resolution and branching in the epithelium. Laminin has long been known to 

mediate the cell-substrate adhesions, cell movements and proliferation events required for 

normal epithelial morphogenesis (Durbeej & Ekblom, 1997; Kleinman et al., 1985). Loss of 

laminin signaling has been shown to lead to abrogated branching in both the prostate glands 

in and the lungs (Bello-DeOcampo et al., 2001; Nguyen & Senior, 2006; Plosa et al., 2014). 

In our analysis of the Pdx1
-/-

 pancreatic bud, we observed that laminin was absent in regions 

both outside the cap cell layer (immediately adjacent to the ECM) and within the stratified 

epithelium at time points associated with the beginning of epithelial resolution (data not 

shown). Pdx1 has been found to bind to the promoter of the three different chains (α, β and γ) 

that make up the heterotrimeric laminin protein (Khoo et al., 2012), suggesting that pancreas-

specific regulation of laminin expression might occur, and that expression of laminin is 

required for epithelial resolution and branching in the developing pancreatic bud. 

  Several groups have suggested that laminin plays a role in the determination of cell 

fate of the developing pancreas, as cells that are in direct contact with laminin seem to 

differentiate into acini and ducts, while cells that are devoid of contact with the basement 

membrane at early stages of development organize into islets (Crisera et al., 2000; Gittes, 
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Galante, Hanahan, Rutter, & Debase, 1996; Kesavan et al., 2009). However, these reports are 

based on work that has been done in vitro, through use of laminin-inactivating antibodies, 

and the use of pancreatic explants might not fully recapitulate the 3D microenvironment seen 

in vivo. Conditional ablation of laminin in vivo would previously been very difficult, as it 

would have required the deletion of the α, β and γ laminin chains (Crisera et al., 2000). An 

alternative approach for in vivo analysis of laminin signaling would be the deletion of β1-

integrin, which is the major receptor associated with transduction of “outside-in” signals 

from the ECM in epithelia (Diaferia et al., 2013). Indeed, several groups have examined 

acinar and endocrine cell loss arising from the deletion of β1-integrin in the pancreas, but 

have specifically targeted only exocrine or β cells after differentiation and have conducted 

their analyses on neonatal and adult animals (Bombardelli et al., 2010; Diaferia et al., 2013; 

Riopel, Li, Liu, Leask, & Wang, 2013). It is possible that by conducting their analyses on 

these specific populations after organogenesis they have not been able to assess any 

developmental phenotypes that arise from the deletion of β1-integrin in the early pancreas. 

Therefore, it would be of interest to re-examine the pancreatic deletion of β1-integrin in a 

developmental context of pancreas. The recent emergence of CRISPR/Cas9 technologies for 

genome editing might also allow for a more rapid generation of the conditional knock-outs 

needed to assess the effects of laminin deletion in vivo in the early pancreatic epithelium, 

instead of the use of traditional gene-targeting methods. Conventional methods required the 

use of homologous recombination to generate mutations within murine ES cells, followed by 

injection of these targeted ES cells into WT blastocysts (Capecchi, 2005). This process 

results in the generation of chimeric animals that then need to be screened for germline 
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transmission of the mutation and later backcrossed to generate single-gene knockout mice 

This process is both costly and time-consuming, and becomes even more so when trying to 

target multiple genes (Wang et al., 2013). By contrast, recent publications using 

CRISPR/Cas9-mediated targeting have shown that injection of Cas9 mRNA and single-guide 

RNAs (sgRNAs) into zygotes allows for the generation of mice that carry mutations in 

transgenes or in endogenous genes in a single step (D. Li et al., 2013; Li, Teng, Li, & Zhou, 

2013; Shen et al., 2013). Multiple sgRNAs have also been used at once to perform 

multiplexed genome editing in mammals, thus permitting the simultaneous editing of 

multiple genes in both ES cells and mice (Cong et al., 2013; Wang et al., 2013). Using this 

strategy would allow for the acceleration of in vivo studies related to redundant genes, such 

as the laminin genes described above. These experiments in combination with further 

examination of known pancreatic mutants with defects in ECM components such as the 

Pdx1
-/-

 bud, could lead to very interesting insights regarding early pancreatic morphogenesis 

and cell fate allocation. 

 

Do cells in pancreatic cancers behave like those in development? 

Striking parallels have been observed in cellular behaviors within different organs 

both during development and cancer progression (Ewald et al., 2008; Gray, Cheung, & 

Ewald, 2010). Glandular organs in particular have shown that developmental programs seem 

to be reactivated in cancerous lesions. It has been observed that stratification occurs in the 

epithelium of the mammary gland in both the developing terminal end bud (TEB) and in 

neoplasias, with a concomitant loss of polarity associated with this stratification process, and 



145 

 

it is hypothesized that the early cancerous lesions activate a developmental program at the 

incorrect time within this organ (Ewald et al., 2008). Maintenance of polarity is critical for 

epithelial tissue function, as polarity has been shown to be disrupted in epithelial cancers that 

account for 90% of fatal malignancies (Yu et al., 2008). While several groups have reported 

on the impact of loss of polarity determinants either during pancreatic development or in 

models of pancreatitis and neoplasias in adult mice (Cortijo et al., 2012; Hezel et al., 2008; 

Kesavan et al., 2009; Petzold et al., 2013), little is known about similarities between the 

normal development and disease states. Further characterization of the epithelium in 

pancreatic cancerous lesions could address whether loss of specific polarity determinants 

parallels the transient loss of polarity in the stratified epithelium during development (Hick et 

al., 2009; Kesavan et al., 2009; Villasenor et al., 2010). 

Could the architectural changes observed during the stratification and branching 

processes in the developing pancreas be replicated during cancerous lesion formation? 

Several groups have reported that loss of E-cad is an important step in the transition from 

adenoma to a more invasive carcinoma (G. Schneider et al., 2008; von Burstin et al., 2009), 

and somatic and germline mutations have been found in a large proportion of PDAC patients 

(Joo et al., 2002; Pignatelli et al., 1994; Winter et al., 2008). Our work in the E-

cad
f/f

;Pdx1Cre pancreas suggests that deletion of E-cad causes a similar stress leading to loss 

of acinar cells as that seen in cases of chronic pancreatitis that can result in PDAC (Blaine et 

al., 2010). Loss of E-cad is normally associated with an increase in a specialized type of cell 

death called anoikis, in which apoptosis is induced upon abrogration of cellular adhesions to 

their matrix. However, in certain cancers and in MDCK cells in culture, it has been observed 
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that activating mutations of Kras are sufficient to confer resistance to anoikis (Ma, Liu, 

Myers, & Terada, 2008). Loss of E-cad signaling to its downstream effector p120 has also 

been shown to cause p120 to act as an oncogene, as loss of E-cad leads to translocation of 

p120 to the cytosol leading to GTPase-dependent induction of resistance to anoikis (M. R. 

Schneider & Kolligs, 2015). It would be of interest to examine the impact of the loss of E-

cad in the context of mouse models used for studying the progression of PDAC, such as mice 

with activating mutations of Kras, loss of p53 and/or loss of p16
Ink4a

, in order to understand 

the underlying mechanisms that cause enhanced disease progression (Gore, Deitz, Palam, 

Craven, & Korc, 2014; Morris, Cano, Sekine, Wang, & Hebrok, 2010). 

The pancreatic research field focuses intensely on the developmental processes that 

occur in the pancreas with the hopes of elucidating key points in the step-wise differentiation 

of pancreatic progenitor cells into beta-cells to then apply the data obtained towards beta cell. 

However, genes that have been shown to play a role in the specification and maintenance of 

pancreatic cell fate during development have also been implicated in pancreatic neoplasias. 

Nr5a2 (also known as Lrh1) contributes to MPC establishment and later to the production of 

acinar cells and the maintenance of their fate (Hale et al., 2014; von Figura, Morris, Wright, 

& Hebrok, 2014). Interestingly, pancreatic ductal adenocarcinomas (PDACs) show an 

increased activation of Nr5a2 to almost 30 times the levels observed in normal pancreatic 

tissues (Benod et al., 2011; von Figura et al., 2014). The transcription factor Pdx1 expression 

has also been shown to be increased in PDAC, the ductal and acinar compartments normally 

express very low levels (Benod et al., 2011). Are these genes reactivated in pancreatic 

cancers in order to revert to a more “progenitor-like” state that will allow both increased 
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proliferation and migration of these cancerous lesions? Additional experiments examining 

the expression of other pancreatic progenitor markers within cancerous lesions would 

provide further insight into the possibility of developmental programs contributing to the 

progression of cancer. The wealth of knowledge obtained from careful analysis of pancreatic 

differentiation and cell movement during development in order is therefore not limited 

towards the generation of replacement therapies, but can also be directed towards 

understanding disease states within the pancreas.   

 

Conclusions 

Together, the work presented in this dissertion has aimed to cover what is known and 

what is unknown with regards to the earliest pancreatic progenitor cells. Much attention has 

been given to deletion of transcriptional regulators and cell intrinsic regulators, assessing 

impact on later pancreas development, while the field has largely shied away from simple 

characterization of the earliest progenitor epithelium and its niche. We have now identified 

the adhesion molecule E-cad as a previously uncharacterized target of the pancreas-specific 

transcription factor Pdx1 and have shown that E-cad is a regulator of early pancreatic 

morphogenesis. Our work highlights the importance of architectural molecules in the 

specification of cell fate and tissue morphogenesis. However, better description is clearly 

needed and would help reveal important non-autonomous events, such as potential extrinsic 

inductions between epithelial cells. Understanding the early events in the pancreatic bud is 

likely to reveal how cells become specified, committed and ultimately differentiated into the 
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different pancreatic lineages - ductal, acinar and endocrine - and to set the stage for more 

informed development of methods for replacement of β cells in diabetics. 
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