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CHAPTER I ï INTRODUCTION 

 

Endoderm to pancreas: Early pancreas development, specification, and growth 

 

The pancreas is a complex organ with two primary functions coordinated by two distinct regions within the 

pancreas. The exocrine compartment makes up ~95% of the pancreas and functions to secrete enzymes (trypsin, 

amylase, etc.) necessary to digest food to be used as the fuel source for the rest of the body. The exocrine acinar 

cells secrete these enzymes into a duct system, formed by pancreatic ductal cells, and are deposited into the 

duodenum (Shih et al., 2013). The duct cells also serve a secretory function by releasing bicarbonate into the 

duodenum to neutralize the acidic stomach bile (Grapin-Botton, 2005; Reichert and Rustgi, 2011). The endocrine 

pancreas, which only makes up approximately 2% of the entire organ, comprises five different specialized hormone-

secreting islet cells. That is, insulin-expressing ɓ-, glucagon-expressing Ŭ-, somatostatin-expressing ŭ-, pancreatic 

polypeptide-expressing (Ppy) PP-, and a minor population of ghrelin-expressing Ů-cells (Oliver-Krasinski et al., 

2009; Pan and Wright, 2011; Shih et al., 2013). Regulation of blood glucose homeostasis is a critical function of the 

endocrine pancreas, driven by the reciprocal secretion of glucagon (Gcg) and insulin (Ins) from Ŭ- and ɓ-cells, 

respectively, into the bloodstream. Tightly controlled glucose homeostasis is crucial for the proper function of other 

organs in the body. Outcomes associated with dysfunctional endocrine cells are discussed later.  

Pancreatic differentiation and development is highly conserved across vertebrates and driven by highly 

coordinated processes dependent on the interplay of extrinsic signaling cues and intrinsic transcriptional regulation 

(Oliver-Krasinski et al., 2009; Pan and Wright, 2011). The underlying genetic programs and intricate regulatory 

interactions are essential for developing pancreatic multipotent progenitor cells (MPCs) into each of the pancreatic 

cell types. Pancreas development begins as early as E8.0 in mice and continues through post-natal stages with the 

maturation of fully differentiated cells (Fig. 1.1A). Developmental stages of pancreas organogenesis occur in three 

transitional phases: the primary transition (~E8.5-E12.5), the secondary transition (~E12.5-E16.5), and the tertiary 

transition (~E16.5-postnatal) (Fig. 1.1B) (Dassaye et al., 2016; Rutter et al., 1968). In general, the primary transition 

is a period marked by pancreas specification of the endoderm and robust proliferation of pancreatic progenitor cells, 

followed by a phase of rapid growth, differentiation, and decreased cellular proliferation in the secondary transition. 
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Finally, the tertiary transition state is defined by the final stages of maturation, cellular organization, and ultimately 

the shift to the cellsô primary function in secreting specific protein as a metabolic response to dietary changes 

(Dassaye et al., 2016; Rutter et al., 1968). 

During the early stages of pancreas specification, the pre-patterning of the definitive endoderm is stimulated 

by retinoic acid (RA), FGF, and BMP signaling cues from the surrounding mesoderm, notochord, and dorsal aorta 

(Fig. 1.2A-C, 1.3A-C) (Dessimoz and Grapin-Botton, 2006; Jorgensen et al., 2007; Kumar et al., 2003; Rankin et 

al., 2018). This step begins shortly after gastrulation at ~E8.0-E8.5 and is denoted by the flat sheet of endoderm 

being converted into the primitive gut tube (Figs. 1.1 and 1.3A) (Wells and Melton, 1999). Formation and closure 

of the gut tube require the expression of many factors, including GATA4, Furin, MMP2, and several BMP signaling 

molecules (Fig. 1.3A, D) (Jorgensen et al., 2007). The primitive gut tube is further stimulated by a combination of 

extrinsic signaling molecules (e.g., Wnt, RA, Fgf, Notch, etc.) and intrinsic transcriptional changes to initiate anterior-

posterior (A-P) patterning, from which the foregut (anterior), midgut, and hindgut (posterior) are established (Fig. 

1.2A-C) (Jorgensen et al., 2007; Pan and Wright, 2011; Rivera-Perez and Hadjantonakis, 2014). These domains 

become increasingly distinct through divergent gene expression patterns. The foregut endoderm is specifically 

marked by the expression of Hhex, Sox2, and Foxa2 (Zorn and Wells, 2009).   
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Figure 1.1.  Simplified schematic presentation of pancreas development in mice. The inner cell mass (blue) 

of the blastocyst, sometimes referred as embryoblast, gives rise to the three germ layers in the process of 

gastrulation. The definitive endoderm is then formed by the recruitment of epiblast cells through the primitive streak 

via a mesendodermal progenitor with the latter cells of the foregut (blue), midgut (purple), and hindgut (yellow). 

Morphogenesis of the primitive gut is a result of an invagination movement by which the layered definitive endoderm 

becomes a tube structure. The pancreas formation begins with the independent budding of the dorsal and ventral 

buds at the posterior region of the foregut. These two buds grow into the surrounding mesenchyme, branch in a 

tree-like structure and eventually fuse after rotation of the gut to form the definitive pancreatic endoderm. This 

predifferentiated epithelium grows in size with distinct endocrine and exocrine differentiation. The endocrine cells 

are organized in islets which are embedded in exocrine tissue and are composed of four major hormone-secreting 

cells types. Insulin is secreted by ɓ-cells (blue), glucagon by Ŭ-cells (yellow), somatostatin by ȹ-cells (green), and 

pancreatic polypeptide by PP-cells (purple). The timeline plots these key events for mouse. For comparison only, 

comparable stages of human ɓ-cell development have been mapped on the timeline. Several markers characteristic 

of each developmental step are listed. DE, definitive endoderm; GLC, glucagon; ICM, inner cell mass; PP, 

pancreatic polypeptide; SST, somatostatin. This figure was used with permission from Naujok, et al., 2011. 
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Figure 1.2. Anteriorïposterior (AïP) patterning of the endoderm. Top: (A): During gastrulation and early somite 

stages the definitive endoderm is patterned by interactions with the splanchnic mesoderm and other mesodermal 

derivatives into the gut tube domains foregut, midgut, and hindgut. (B): Combined data from several model 

organisms indicate that differential activation or inhibition of Wnt/ɓ-catenin-, FGFȤ, retinoic acidȤ, and BMPȤsignaling 

along the AïP axis patterns the endoderm in distinct domains. (C): Expression domains of transcription factors in 

the primitive gut tube of an e9.5 mouse embryo are depicted. (Scheme adapted from Davenport et al., 2016). 

Abbreviations: AFE, anterior foregut endoderm; DP, dorsal pancreatic bud; PFE, posterior foregut endoderm; VP, 

ventral pancreatic bud. Bottom: Positioning of notochord and dorsal aorta during pancreas specification. Collapsed 

image stacks of whole mount immunohistochemical detection: AïD, Pdx1 in the pancreatic epithelium, T in the 

notochord, and Cdh1 in epithelial cells in general; and EïH, Pdx1 in the pancreatic epithelium, Pecam1 in 

endothelial cells, and Foxa2 staining all endoderm and neural tube floor plate in E8.5ïE9.0 wild-type mouse 

embryos. A and E, Low magnification overview pictures of the E9.0 embryos shown in panels C and G. B, Between 

E8.5 and E8.75, the notochord lies in close proximity to the dorsal pancreatic epithelium. C and D, At E9.0, the 

notochord and the pancreatic epithelium become separated, and the distance between them increases as 

development proceeds. F, Between E8.5 and E8.75, there are two lateral aortas along the sides of the notochord. 

G and H, At E9.0, the two aortas fuse between the notochord and the dorsal pancreatic epithelium. In all panels, 

anterior is to the right, posterior is to the left, dorsal is above, and ventral is below. These images were modified 

and used with permission from Davenport, et al., 2016 and Jorgensen, et al. 2007. 
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Figure 1.3. Pancreatic fate is assigned in the gut endoderm via a series of inductive interactions with 

adjacent mesodermal tissues. (A) Prior to E8.0, before midline fusion of the dorsal aortas at E8.5 displaces it, the 

notochord signals to the adjacent dorsal endoderm, possibly via Fgf2 and activin-ɓB, to repress (barred line) 

endodermal Shh expression in the putative dorsal pancreatic domain, rendering it competent for subsequent Pdx1 

induction and pancreatic fate commitment. Concurrently, the dorsal pancreas responds to RA emanating from the 

paraxial mesoderm and ventrally, Hhex expression is required to drive proliferation and movement (arrow) of the 

leading edge of the ventral foregut endoderm (VFGE) lip to position it beyond the influence of signals from the 

cardiac mesoderm. (B) VFGE exposed to Fgf2 emanating from the cardiac mesoderm (arrows) and Bmp4 from the 

septum transversum mesenchyme retains Shh expression and undergoes hepatic differentiation, but VFGE beyond 

the influence of such signaling (denoted by the curved dashed line) loses Shh and induces Pdx1 expression, 

committing to a pancreatic fate. (C) By E9.0, turning and gut closure have brought the presumptive Pdx1+ dorsal 

and ventral pancreatic endoderm into apposition where they are positioned adjacent to the fused dorsal aorta and 

the vitelline veins, respectively. Signaling from the adjacent dorsal aorta (arrow) induces Ptf1a expression within 

the broader dorsal Pdx1+ domain. (D) By E10.5, mesenchyme has enveloped the dorsal and ventral buds and a 

capillary plexus develops within the mesenchyme overlying the epithelium and the portal vein develops in proximity 

to the proximal dorsal pancreas. Signals from the dorsal aorta are required to maintain the juxtaposed dorsal 

pancreatic mesenchyme while Fgf10 is required to promote both the expansion and pancreatic commitment of the 

pancreatic epithelium. Mesenchymal Fgf10 signaling is transduced via epithelial Fgfr2b to maintain expression of 

Sox9. Fgf10 also maintains epithelial Ptf1a expression, either directly, or indirectly via Sox9 which directly activates 

MPC Ptf1a expression. These images were modified and used with permission Seymour and Serup, 2019 and 

Jorgensen, et al., 2007. 
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Figure 1.4. Lineage hierarchy during pancreas organogenesis. Following specification, the multipotent 

pancreatic progenitors co-express a range of pancreas-associated transcription factors facilitating establishment of 

the gene regulatory network mediating multipotency at the early stages of pancreas development. Priming towards 

the endocrine lineage occurs in scattered multipotent progenitors via transient expression of Neurog3, subsequently 

leading to the emergence of primary transition-derived Ŭ-cells. Notch signaling and reconfiguration of the 

transcriptional connectivity between Ptf1a and Nkx6.1 next initiate tip-trunk segregation, leading to the segregation 

of the acinar and ducto-endocrine lineages. Expression of Rbp-JL facilitates the generation of the Ptf1a-Rbp-JL 

transcriptional complex mediating maturation of acinar progenitors into mature endocrine cells along with acinar 

specific transcription factors such as Nr5a2 and Mist1. In the ducto-endocrine bipotent population, scattered 

progenitors are primed towards the endocrine lineage via NEUROG3 expression facilitated by low levels of Notch 

signaling. The population of secondary transition-derived endocrine precursors primarily gives rise to ɓ-cells but 

also to the other four endocrine subtypes. Remaining ductal progenitors eventually mature into ductal cells 

displaying primary cilia and hydrogen bicarbonate production. These images were modified and used with 

permission Larsen and Grapin-Botton, 2017. 
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Figure 1.5. Overview of pancreas development during the secondary transition and later stages. (A) 

By E10.5, the dorsal and ventral pancreatic ñbudsò are composed of multipotent progenitor cells (MPCs) with 

isolated Ngn3+ endocrine progenitors, which at this stage give rise to Ŭ-cells. Between E10.5 and E12.5, the 

pancreatic buds grow parallel to the presumptive duodenum and stomach and gut rotation results in their 

fusion by E12.5. (B-C) From E11.5 the pancreatic epithelium organizes into a contiguous luminal plexus via 

Cdc42-dependent microlumen expansion and luminal coalescence and this plexus remodels between E13.5-

E15.5 into the ductal tree. Concurrently, MPCs become segregated via proximodistal patterning into proximal, 

Sox9+Hnf1ɓ+Nkx6.1+ bipotent trunk progenitors of the plexus and distal, Ptf1a+ acinar-committed tip 

progenitors. Ngn3+ endocrine progenitors begin to give rise to insulin+ cells at this stage. (C) By the mid-

point of the secondary transition at E14.5, the plexus, still composed of bipotent progenitors marked by Sox9, 

Nkx6-1 and Hnf1ɓ, has begun to resolve into the branched tree-like structure in the periphery while the plexus 

is maintained in the central part. Ngn3Hi cells originating from the plexus commit to an endocrine fate, 

delaminate and coalesce into endocrine clusters, the nascent islets of Langerhans. Trunk cells which fail to 

initiate endocrine differentiation adopt a ductal identity. The distal ends of the duct progenitors are capped by 

tip-derived acinar cells which continue to express Ptf1a. (D) Following terminal maturation, Ptf1a+ acinar cells 

produce and secrete digestive enzymes in zymogen granules into the gut via the ductal tree, a subpopulation 

of which continues to be marked by Sox9 and Hnf1ɓ. Differentiation of later-arising endocrine (such as ŭ-) 

cells completes the ontogeny of the islets of Langerhans with their characteristic architecture with a core of 

ɓ-cells and a mantle of Ŭ- and other non-ɓ-cell types. This image was modified and used with permission 

Seymour and Serup, 2019. 
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Final patterning of the foregut endoderm leads to organ-specific sub-domains that will later yield the thyroid, 

thymus, lungs, liver, stomach, and pancreas (Fig. 1.2A) (Davenport et al., 2016; Lewis and Tam, 2006). The 

patterning of the dorsal and ventral pancreas begins at ~E8.0, marked by the induction of Ptf1a (pancreas 

associated transcription factor 1a). This is followed quickly by the induction of Pdx1 (pancreatic and duodenal 

homeobox 1) expression (~E8.5-E9.0) via signals from the notochord (Fig. 1.3A-C). Pancreas organogenesis 

becomes apparent by E9.5, during the primary transition, when each distinct domain begins to thicken and 

protrude from the endoderm and into the neighboring mesenchyme (Fig. 1.3D-F) (Pan and Wright, 2011). At this 

stage, the pre-pancreatic epithelium is comprised primarily of multipotent progenitor cells (MPCs) capable of 

making all pancreatic cell types (Herrera, 2000; Pan and Wright, 2011). The dorsal and ventral pancreatic buds 

begin to express additional TFs critical for the continued progression of pancreas development and the 

differentiation of pancreatic acinar, ductal, and endocrine cells (Pan and Wright, 2011). It is important to note that 

these two regions of the pre-pancreas undergo independent developmental processes relying on similar but 

slightly different TF cascades prior to fusion (Jensen, 2004; Murtaugh, 2007; Zorn and Wells, 2009). Key factors 

involved in these TF cascades include Mnx1 (Motor Neuron and Pancreas Homeobox 1), Ptf1a (Pancreas 

Associated Transcription Factor 1a), Sox9 (SRY-Box Transcription Factor 9), Nkx6.1 (NK6 Homeobox 1), Foxa2 

(Forkhead Box A2), Gata4 (GATA Binding Protein 4), and Gata6 (GATA Binding Protein 6). Each are important 

for the progression of primary to secondary multipotent progenitor cells (MPCs) (Fig. 1.4) (Pan and Wright, 2011).  

As previously mentioned, pancreas specification relies on the signaling factors from the surrounding 

mesoderm-derived tissues, but an important shift in proximity to these also takes place (Seymour and Serup, 2019; 

Stemple, 2005; Wells and Melton, 1999). Signals from the notochord, a transient embryonic midline structure 

responsible for providing patterning signals to surrounding tissues, induce expression of Pdx1 at E8.5 in the dorsal 

pancreas, and shortly after (~8.75-9.0), the notochord moves away from the dorsal pancreas region to be replaced 

by the dorsal aorta and mesenchyme (Fig. 1.2D-K) (Seymour and Serup, 2019). This shift in localization is important 

for both the hyper-vascularization of the pancreas by the dorsal aorta and for the associated signaling cues these 

endothelial cells provide to stimulate continued development of the pancreas (Seymour and Serup, 2019; Zorn and 

Wells, 2009). Expression of Pdx1 in the ventral pancreas occurs soon after and is an early marker and key driver 

of pancreatic tissues. Mice lacking Pdx1 exhibit pancreas agenesis, and sub-optimal levels result in early-onset 

hypoplasia of the dorsal bud and a complete lack of the ventral pancreatic bud (Ahlgren et al., 1998; Fujitani et al., 
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2006; Holland et al., 2002; Jonsson et al., 1994; Offield et al., 1996). Thus, these spatiotemporally regulated niche 

signaling cues and localization are essential. 

The secondary transition (E11.5-E16.5) is a phase of pancreas development marked by extensive growth, 

cellular differentiation, remodeling, and formation of the microlumen (Fig. 1.5A-C) (Pan and Wright, 2011). At a 

gross morphological level, the gut tube rotates at ~E11.5, bringing the ventral pancreatic bud in the proximity of the 

dorsal bud, allowing them to fuse and become a single organ pancreas (Seymour and Serup, 2019; Slack, 1995). 

During this phase of remodeling, the microlumen formation is observed at E11.0, with microlumen fusion beginning 

at E11.5 (Pan and Wright, 2011). Shortly after, the pancreatic epithelium is further segregated into the tip and trunk 

regions of the developing pancreas (Figs. 1.5A and 1.6). The tip region resides at the tip of the microlumenal 

spaces and consists of progenitors that give rise to acinar cells. Conversely, the trunk region contains bipotent 

progenitor cells that become fated for the ductal and endocrine cell lineages (Pan and Wright, 2011; Zhou et al., 

2007). Many endocrine cells are simultaneously specified and cued for endocrine commitment by transient 

expression of Neurog3 (Neurogenin 3). This triggers the expression of downstream TFs critical for establishing the 

endocrine-specific regulatory program and drive differentiation and delamination (Figs. 1.4 and 1.6) (Bechard et 

al., 2016; Pan and Wright, 2011).  As the delaminated cells continue to differentiate, they cluster together away 

from the pancreatic ducts to form the islets of Langerhans (Fig. 1.6) (Pan and Wright, 2011).   
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Figure 1.6. Model of epithelial organization during the secondary transition. A single piece of tip region 

epithelium from the secondary transition (E13.5) is depicted, consisting at this stage of two major domains: an MPCȤ
containing tip domain (grey), and a trunk region harboring the endocrine/ duct bipotential progenitor pool (duct 

progenitors are shaded blue). The trunk domain is subdivided with respect to their age after birth from tip MPC. 

Trunk cells nearest the tip are youngest with older cells moving back down the trunk (teenage through oldest). 

Scattered cells within the trunk epithelium activate Ngn3 expression, with Ngn3LO cells (light pink) representing a 

putative metastable, relative plastic, uncommitted but endocrineȤbiased mitotic state. Ngn3LO asymmetric cell 

division leads to one daughter having higher Ngn3 expression (Ngn3HI: darker nucleus, red border) that becomes 

endocrineȤcommitted, leaving a Ngn3LO progenitor available for more rounds of endocrine birth via production of 

additional Ngn3HI daughters. Committed Ngn3HI endocrine precursors rapidly activate Snail2 (purple cells) and 

escape the trunk epithelium, probably via epithelialïmesenchymal transition (EMT), before clustering to form the 

endocrine islets of Langerhans. This image was modified and used with permission Pan and Wright, 2011. 
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Endocrine specification and maturation 

 

A key factor for driving the processes of endocrine cell specification, expansion, and differentiation during 

the secondary transition is Neurog3. Neurog3 functions by activating the lineage-specific transcriptional program 

and is the master regulator of endocrine cell commitment (Rukstalis, et al., 2009). The spatial and temporal 

regulation of its expression is required for proper specification of the different islet cell types, as each cell type has 

specific windows of differentiation during development (Apelqvist et al., 1999; Schwitzgebel et al., 2000). 

Johannsson et al. further demonstrated this using an inducible Pdx1-driven Neurog3 ñaddbackò transgenic mouse 

model maintained in a Neurog3-null background. This approach allowed the authors to temporally control Neurog3 

expression during development. They found that each of the endocrine subtypes is generated in distinct 

competence windows, such that Ŭ-cells are produced first at ~E8.5, followed by ɓ- and PP cells (~E10.5-12.5), with 

ɓ-cells continuing to be prominently produced through E14.5 (Johansson et al., 2007). The differentiation of ŭ-cells 

falls into a later complacency window, with most of those cells being formed at E14.5 and later (Johansson et al., 

2007). Similarly, clonal analyses have also suggested that Neurog3-positive progenitors are unipotent in nature 

(Desgraz and Herrera, 2009). Subsequent delamination of pro-endocrine cells likely requires an EMT transition, 

although the delaminating cells never fully lose their epithelial characteristics (Fig. 1.6) (Rukstalis and Habener, 

2009). Ultimately, these cells transition away from the ductal epithelium of the trunk and form tightly organized islets 

(Miller et al., 2009).  

Neurog3 expression has long been considered a marker of irreversible endocrine commitment. However, 

recent studies suggest that the cellular dynamics are much more nuanced. Bechard et al. have shown that the 

transition of Neurog3+ cells from a mitotically active progenitor state into a fully committed pro-endocrine cell is 

Neurog3 dosage-dependent. Exit from the progenitor state requires high levels of Neurog3 protein (Bechard et al., 

2016; Bechard et al., 2017; Bechard and Wright, 2017). This phenomenon is discussed in greater detail in the 

following section. Given its prominent role in endocrine lineage specification, the mechanisms and factors that 

regulate Neurog3 expression, and those regulated by Neurog3, have been heavily studied. Neurog3, in combination 

with actions of its downstream transcriptional targets (Insm1, Neurod1, Pax4, Pax6, Rfx6, Nkx2.2, and others), 

promotes the differentiation and maturation of different endocrine cell types (Fig. 1.4).  
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TFs expressed by Neurog3 are often cell-type specific and responsible for regulating a narrower sub-

network of genes and more specific developmental processes. In addition to having functions important for 

promoting the differentiation into a certain cell type, many are also important for the repression of genes that 

correspond to other cell types. For example, the transcription factors Paired box 4 (Pax4) and Aristaless related 

homeobox (Arx) have a mutually repressive relationship (Courtney et al., 2013). Expression of Pax4 is necessary 

for proper differentiation of ɓ-cells, and Arx is critical for Ŭ-cells. They both inhibit the expression of the other to 

prevent the activation of genes needed for establishing the cellular identity of the opposing cell type. Mis-expression 

of either of these factors in the opposing endocrine cell lineage (i.e., Ŭ- or ɓ-cells) results in defects of Ŭ- or ɓ-cell 

identity (Collombat et al., 2005; Collombat and Mansouri, 2009; Collombat et al., 2009; Courtney et al., 2013). 

The transcription factors MafA and MafB function similarly and are also important for establishing and 

maintaining Ŭ- or ɓ-cell identities, respectively. MafB expression is observed in both cell lineages during 

development; however, it becomes restricted to Ŭ- cells in adult mice, although low levels of expression are 

maintained in ɓ-cells of adult humans (Artner et al., 2010; Conrad et al., 2016; Nishimura et al., 2006). In contrast, 

MafA is considered a marker of mature ɓ-cells and functions primarily to regulate the terminal differentiation of ɓ-

cells, not Ŭ-cells (Artner et al., 2008; Nishimura et al., 2006). MafA also plays a critical role in ɓ-cell function, 

regulating the expression of Ins and glucose-stimulated insulin secretion (GSIS) (Artner et al., 2008; Matsuoka et 

al., 2004; Matsuoka et al., 2007; Nishimura et al., 2006).  

Furthermore, and much like MafA, endocrine-specific TFs do not always function solely to promote or inhibit 

other TFs within the network. These factors are often also important for the cellular function of mature cells, as well 

as maintaining their cellular identity. This includes a cellôs ability to sense circulating glucose levels and to respond 

appropriately through the secretion of the necessary hormones (e.g., insulin or glucagon). In the case of ɓ-cells, 

this mechanism is known as glucose-stimulated insulin secretion (GSIS) and is a key feature of functionally mature 

cells (Fig. 1.7). For example, Pdx1, Hnf4a, and Neurod1 have also been shown to directly bind and regulate Ins 

expression (Artner et al., 2008; Gu et al., 2010b; Iype et al., 2005; Schaffer et al., 2013; Sharma et al., 1999; Wang 

et al., 2000; Zhang et al., 2005). They work to govern the cellular processes necessary for glucose sensing and 

insulin secretion of ɓ-cells. Others, such as Pax6 Isl1, and Brn4, regulate the expression of Ŭ-cell specific genes, 

including Gcg. The expression of functional genes important for establishing alternative cell types is also governed 
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by many of these factors. Pdx1, for instance, has been shown to maintain beta cell identity and function through the 

active repression of Ŭ-cell specific genes and activation of ɓ-cell genes. ɓ-cell specific loss of Pdx1 results in the 

upregulation of Ŭ-cell genes like MafB and Gcg, in addition to the downregulation of the ɓ-cell specific genes Glut2, 

Ins1/2, and G6pc2 (Gao et al., 2014). These transcriptional changes are paralleled by shifts towards a more Ŭ-cell 

like ultrastructure and physiological responses (Gao et al., 2014).  

These are just a few examples in a long line of evidence indicating that the regulation of a cellôs 

transcriptional profile is critical for maintaining these functional features. The genetic relationships described here 

also highlight the idea that negative regulatory interactions are just as important as positive interactions in 

establishing the GRN of endocrine cells. In turn, they are critical for the proper differentiation of each cell type, as 

well as the function and maintenance of cellular identity.  
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Figure 1.7. Functional ɓ-cells respond to increasing glucose levels by increasing insulin secretion. In 

glucose-stimulated insulin secretion (GSIS), glucose is transported into the cell via glucose transporters [e.g. 

Glut1 (Slc2a1) or Glut2 (Slc2a2), pink], where it is phosphorylated by glucokinase (GCK) and converted into ATP 

by subsequent metabolic reactions. Rising ATP levels (e.g. rising ATP:ADP ratios) trigger the closure of 

potassium channels [Sur1 (Abcc8) and Kir6.2 (Kcnj11) subunits], membrane depolarization, and the opening of 

calcium channels (blue). The resultant rise in intracellular calcium levels triggers the exocytosis of insulin-

containing granules and hence leads to increased insulin levels in adjacent blood vessels. Human genetic studies 

of maturity onset diabetes of the young (MODY) patients have identified a number of mutations that trigger 

diabetes, including those in genes encoding transcription factors (depicted in the nucleus) and components of the 

GSIS pathway indicated in this figure. Figure was reprinted with permission from Paglia and Melton, 2013. 
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Neurog3 is a master regulator of pancreatic endocrine cell development. 

Neurog3 is a bHLH transcription factor first identified as a differentiation factor for neurogenic lineages 

within the peripheral and central nervous system (Sommer et al., 1996). In neurons, its expression is generally 

initiated at E9 and becomes downregulated as the neuronal cells become more differentiated (Sommer et al., 1996). 

Similarly, in the developing pancreas, Neurog3 becomes lowly expressed as early as ~E9.5 and highly expressed 

during the secondary transition beginning at ~E12.0, peaking at E15.5. Its expression becomes diminished by 

E17.5, with little to no expression in adult cells (Fig. 1.8A, D-O) (Apelqvist et al., 1999; Gradwohl et al., 2000; Gu 

et al., 2003). However, more recent studies have indicated that at the level of individual cells, Neurog3 can be lowly 

expressed in later stages, including adults, and is also important for the maturation and maintenance of endocrine 

cell identity (Wang et al., 2009). Several TFs that are expressed during earlier pancreas specification, such as Pdx1 

(Burlison et al., 2008), Sox9 (Lynn et al., 2007), Nkx2.2 (Anderson et al., 2009; Papizan et al., 2011; Sussel et al., 

1998), Hnf6 (Jacquemin et al., 2000; Lee et al., 2001), Hnf1a and Hnf3b (Lee et al., 2001), as well as members of 

the Notch signaling pathway like Hes-1 (Apelqvist et al., 1999; Georgia et al., 2006; Jensen et al., 2000a; Jensen 

et al., 2000b; Lee et al., 2001; Li et al., 2015; Qu et al., 2013), have been shown to govern the expression of 

Neurog3. These factors are important for the necessarily tight regulation of the levels and timing of Neurog3 

expression.   

Neurog3 is the master regulator of and required for endocrine cell specification (Gradwohl et al., 2000; Pan 

and Wright, 2011; Schwitzgebel et al., 2000). Neurog3-deficient mice are stunted, devoid of all endocrine cells, 

develop diabetes, and die within three days of birth (Fig. 1.7B-C) (Gradwohl et al., 2000). Gu et al. used lineage 

tracing studies to demonstrate that all endocrine cells are derived specifically from Neurog3+ progenitor cells (Gu 

et al., 2002). Furthermore, over-expression of Neurog3 using the Pdx1 promoter leads to premature differentiation 

of endocrine progenitor cells, resulting in underdeveloped pancreatic tissues comprised mostly of endocrine cells 

(Apelqvist et al., 1999; Schwitzgebel et al., 2000). However, the rapid increase in differentiation from ectopic 

expression of Neurog3 comes at the expense of cellular proliferation and expansion. The progenitor pool becomes 

quickly exhausted, and an overall reduction in the number of exocrine cells is observed (Apelqvist et al., 1999; Petri 

et al., 2006; Schwitzgebel et al., 2000). Thus, a balance in high and low dosage levels of Neurog3 necessary for 

producing an adequate number of endocrine cells.  



 

17 

 

  



 

18 

 

  

Figure 1.8. Neurog3 expression in developing pancreatic endocrine cells. Top: (A) In situ hybridization map 

of Neurog3 expression at E14.5 in wild type C57BL/6J animals. Data were obtained from GenePaint digital atlas 

(https://gp3.mpg.de/viewer/setInfo/DA126/12). (B)  This image of two 3-day-old littermates, one wild-type (upper) 

and one ngn3-deficient (lower), shows the reduced size of the mutant animal. (C) Pancreas (p), spleen (s), and 

duodenum (d) of postnatal day 2 wild-type and ngn3 mutant mice. The mutant pancreas does not have any obvious 

morphological abnormality. Bottom: (D-I) Collapsed image stacks of wild-type whole embryos (E9.0ïE10.5) or 

dissected pancreata (E11.5 and E12.5). To visualize the pancreatic epithelium, all embryos were stained for Pdx1 

and only the dorsal pancreata are shown at E12.5. In all panels, anterior is to the right, posterior is to the left, dorsal 

is above, and ventral is below. (D-E) The proendocrine gene Neurog3 can be detected robustly at E9.0. Most of the 

Neurog3-positive cells reside within the Pdx1 expression domain, but a number of cells can also be observed in the 

endoderm between the two pancreas domains. This is also true at E9.25. (F-I) From E9.5 to E12.5, Neurog3 

becomes restricted to the pancreas endoderm. (At later stages not described here, Neurog3 will be expressed in 

the duodenum.) (F) The first ventral Neurog3 expression can be detected at E9.5. (I) At E12.5, Neurog3 is 

expressed in a scattered pattern in the central part of the epithelium. (J-K) Confocal immunofluorescence 

photomicrographs at equivalent stages, for the pan-epithelial marker E-cadherin (green) and the islet precursor 

marker Ngn3 (red). Ngn3 expression is rare at E11.5, dramatically peaks during the secondary transition (E13.5-

E15.5) and declines again at E17.5, becoming undetectable in neonatal and adult pancreas. Arrowheads indicate 

proto-acinar clusters at the periphery of the branched epithelium, from which Ngn3expression is consistently 

excluded. These images were modified and reprinted with permission from Gradwohl, et al., 2000, Jorgensen, et 

al., 2007, and Murtaugh, et al., 2007. 



 

19 

 

The importance of tightly regulating the Neurog3 expression point has recently been further elucidated by 

recent works. Bechard et al. demonstrated the effects of varying expression levels within developing endocrine 

progenitor cells using a sensitive Neurog3 BAC transgenic reporter in combination with real-time analysis of mitotic 

events (Fig. 1.9). The authors found that progenitor cells expressing low levels of Neurog3 (Ngn3LO) remained 

mitotically active but were biased towards the endocrine lineage. Conversely, cells with high levels of expression 

(Ngn3HI) undergo an irreversible commitment toward the endocrine lineage, consistent with previous reports 

(Bechard et al., 2016; Wang et al., 2010). In short, Ngn3LO cells maintain a proliferative state to expand the 

progenitor cell population and generate an adequate number of endocrine cells, while Ngn3HI cells are instructed 

to undergo cell cycle exit and terminal endocrine cell differentiation necessary for generating fully functional mature 

islet cells (Figs. 1.6 and 1.9) (Bechard et al., 2016). Subsequent studies determined that Neurog3 stability is 

regulated by cell cycle-dependent protein phosphorylation, with high levels of Neurog3 phosphorylation being 

associated with rapid protein degradation. These same studies found that the dephosphorylation of Neurog3 leads 

to an increase in activity (due to an increase in stability), the enhancement of cell cycle exit, and promotion of 

differentiation (Fig. 1.10) (Azzarelli et al., 2017; Krentz et al., 2017).   

Ngn3HI endocrine committed cells to undergo further differentiation into their terminal islet cell types. This 

process is triggered by the Neurog3-dependent activation of numerous downstream TFs. Genetic perturbation, 

biochemical assays, and sequencing studies have allowed for the identification and validation of many direct target 

genes, including Insm1 (Breslin et al., 2002; Goto et al., 1992; Mellitzer et al., 2006), Neurod1 (Gradwohl et al., 

2000; Huang et al., 2000), Pax4 (Smith et al., 2003; Sosa-Pineda et al., 1997), Pax6 (Gradwohl et al., 2000; 

Heremans et al., 2002), Rfx6 (Soyer et al., 2010), and Nkx2.2 (Churchill et al., 2017). Neurog3 has also been found 

to regulate its own expression (Ejarque et al., 2013). The function of many direct target genes has been studied to 

varying degrees, but gaps remain in our understanding of their individual roles within the transcriptional network. 

My studies have been focused on further elucidating those functions of Insm1, Neurod1, and Pax6, three Neurog3-

dependent TFs. 
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Figure 1.9. Model depicting the behavior of Neurog3TA.LO cells in the pancreatic epithelium. The mitotic 

index, and other differentiation behaviors, of progenitor cells is effected by the level of Neurog3 protein during 

pancreas development. Putative endocrine progenitor cells expressing low levels of Neurog3 (Ngn3LO) remain in a 

proliferative state at the luminal surface. Cells expressing high levels of Neurog3 (Ngn3HI) become fully committed 

to the endocrine lineage and begin to denominate away from the Trunk epithelium. This figure modified and 

reprinted with permission from Bechard et al., 2016. 
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Figure 1.10. Neurog3 de-phosphorylation enhances cell-cycle exit. In rapidly dividing pancreatic progenitor 

cells, there is high activity of Cdks. These kinases phosphorylate Neurog3, resulting in its degradation. During 

development, there is a lengthening of G1-phase from 4.5 hours at E11.5 to 7.2 hours at E13.5. This change in cell 

cycle length would result in less activity of Cdks, reduced phosphorylation of Neurog3, and differentiation to the 

endocrine cell fate. This figure modified and reprinted with permission from Krentz et al., 2017. 
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Insm1 regulation of endocrine cell development and mature islet cell function. 

Insulinoma-associated 1 (Insm1) is an intronless gene that encodes for a transcription factor. The highly 

evolutionarily conserved protein contains a zinc finger DNA-binding domain at the C-terminus consisting of five 

Cys2-His2 (C2H2) zinc finger motifs and a putative pro-hormone domain (Lan and Breslin, 2009; Lan et al., 1994). 

Insm1 (previously IA-1) is expressed robustly in embryonic stages of the developing central nervous system, 

neuroendocrine, and pancreatic tissues (Lan and Breslin, 2009). Specifically, Insm1 is expressed in the spinal cord, 

cerebellum, forebrain, midbrain, hindbrain, and olfactory epithelium as indicated through multiple in situ 

hybridization experiments (Fig. 1.11A-C) (Duggan et al., 2008; Mellitzer et al., 2006). Insm1 expression is highest 

in proliferative neuronal progenitor cells and in nascent neurons and is completely absent in fully mature cells 

(Duggan et al., 2008). Additionally, it is also known to be a specific biomarker of tumors originating from 

neuroendocrine tissues, where it was originally identified (Goto et al., 1992; Lan et al., 1994; Mahalakshmi et al., 

2020). Its expression has specifically been highly correlated with small-cell lung cancers (Mukhopadhyay et al., 

2019; Pedersen et al., 2003). 

In the developing endocrine pancreas, Insm1 expression is reported beginning at ~E10.5 in scattered pro-

endocrine cells and peaking at E15.5 (Mellitzer et al., 2006). In situ hybridization experiments show that Insm1 

overlaps with Neurog3 expressing cells and is exclusively found in endocrine cells, excluded from acinar and ductal 

cell lineages (Mellitzer et al., 2006). Direct regulation of Insm1 by Neurog3 was determined through reporter assays 

measuring Insm1 promoter-driven luciferase activity, showing an increase in activity when cells were co-transfected 

with a Neurog3 expressing plasmid (Mellitzer et al., 2006). Furthermore, Insm1 expression in endocrine cells is 

directly activated by another Neurog3-dependent TF, Neurod1. Relative to that of Neurog3, positive regulation by 

Neurod1 is only moderate, and Insm1 expression is not lost in Neurod1 knockout (KO) mice as it is in Neurog3 KO 

models (Breslin et al., 2003; Mellitzer et al., 2006; Zhu et al., 2002). Reports have suggested that these results 

indicate a feedforward loop of gene expression, where Neurod1 helps to maintain or increase Insm1 levels once 

Neurog3 levels have diminished (Mellitzer et al., 2006). Interestingly, other studies have used luciferase reporter 

assays in HEK293 cells to demonstrate that Insm1 may function, at least in part, by directly binding and repressing 

Neurod1 expression (Breslin et al., 2002; Liu et al., 2006). 
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Figure 1.11. Insm1 expression and regulation of endocrine cell development. (A) In situ hybridization map of 

Insm1 expression at E14.5 in wild type C57BL/6J animals. Data were obtained from GenePaint digital atlas 

(https://gp3.mpg.de/viewer/setInfo/MH3077/10). (B) Green fluorescence in a whole mouse embryo carrying the 

Insm1GFPCre allele at E11.5 broadly marks the neural system. (C) Green fluorescence in a pancreas at E15.5 marks 

pre-endocrine cells. Fluorescence images were overlaid with images taken with white light. Immunohistological 

analysis of the developing dorsal pancreas of (D,J) Insm1lacZ/+ and (E,K) Insm1lacZ/lacZ mice at E15.5; the genotypes 

are indicated by +/ī and ī/ī, respectively. The antibodies used were directed against ɓ-galactosidase (red) and 

insulin (green) (D,E), and ɓ-galactosidase (red) and glucagon (green) (J,K). (F,L) Proportions of ɓ-galactosidase+ 

cells that express insulin (F) or glucagon (L) in the dorsal (D) and ventral (V) pancreas of Insm1lacZ/+ and Insm1lacZ/lacZ 

mice at E15.5. Asterisks indicate p-values of <0.01. Bar, 20 ɛm. This figure modified and reprinted with permission 

from Gierl, et. al., 2006 and Osipovich et. al., 2014. 
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Murine Insm1 knockout models are embryonically lethal and display defects in the development of the 

central and peripheral nervous system, as well as pancreas development (Farkas et al., 2008; Gierl et al., 2006; 

Wildner et al., 2008). In the developing nervous system, its acts as a regulator of neurogenic progenitor cell 

differentiation and of the formation and proliferation of basal progenitor cells (Farkas et al., 2008; Rosenbaum et 

al., 2011; Wildner et al., 2008). Duggan et al. concluded that during neuronal development, Insm1 functions in part 

to regulate the termination of proliferation during terminal divisions based on the decreased expression of Insm1 

later stages of non-proliferative cells (Duggan et al., 2008). Subsequent studies provided support for this hypothesis 

by showing that Insm1 can function beyond transcriptional regulation by binding directly to Cyclin D1, interrupting 

the cyclin D1/CDK4 interaction. This leads to cell cycle arrest and a switch from cellular proliferation to cellular 

differentiation (Liu et al., 2006; Zhang et al., 2009). Additionally, studies in C. elegans lacking egl-46 (the Insm1 

homolog) have demonstrated impaired axonal outgrowth and migration, suggesting an additional role for Insm1 in 

regulating cell migration of nascent neurons (Desai et al., 1988; Desai and Horvitz, 1989).  

In the pancreas, mice lacking Insm1 have disrupted endocrine cell development, marked by impaired islet 

formation, and altered hormone expression at E18.5. There is a specific loss of Ŭ- and ɓ-cells and an increase in 

PP cells (Fig. 1.11 D-I) (Gierl et al., 2006; Osipovich et al., 2014). The developmental program of endocrine cell 

differentiation in mutant mice is delayed, and terminal differentiation is impaired, as highlighted by the altered ratio 

of hormone expressing cells. This is particularly true of the ɓ-cell lineage, as only a small subset of pro-endocrine 

cells is fully converted to insulin-expressing ɓ-cells (Gierl et al., 2006). Insm1 KO endocrine cells also have reduced 

proliferation rates and fail to move away from the pancreatic ductal cells during development (Fig. 1.11 J-L) 

(Osipovich et al., 2014). These morphological phenotypes observed in KO animals are paralleled by robust changes 

in the gene expression profiles. For example, genes previously shown to be dysregulated in Insm1 KO embryos 

include pancreatic hormones (Ins1/2), other TFs (Bhlhe22, Sox6, Ripply3, MafA, MafB), and various signaling 

factors (Hes1, Notch1, Fgfr1, Bmp1) (Osipovich et al., 2014). 

Unlike some neuronal lineages, Insm1 expression is maintained throughout development and persists in 

mature pancreatic endocrine cells (Gierl et al., 2006; Mellitzer et al., 2006). Conditional ablation of Insm1 in adult 

ɓ-cells results in reduced endocrine cell size and defects in islet morphology, with Ŭ-cells localized throughout the 

islets rather than the periphery (Jia et al., 2015). Adult animals display impaired cellular function and GSIS, in 
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addition to a shift to a more immature gene expression profile (Jia et al., 2015). This includes the dysregulation of 

Glut2, Pfkfb3, Prckb, Ak5, and Glp1r, which all have functions in glucose-dependent insulin secretion, consistent 

with disrupted secretory functions (Jia et al., 2015). Tao et al. recently reported that haplo-insufficiency of Insm1 

delays the cell-cycle and disrupts early expansion of ɓ-cells during development, followed by decreases in ɓ-cell 

mass and defects in glucose tolerance (Tao et al., 2018). These results suggest that Insm1 has concentration-

dependent functions in mature ɓ-cells. 

Although much has been learned about the functions of Insm1 in pancreatic endocrine cells over the last 

few decades, the precise nature of its role within the regulatory network has not been fully elucidated. Additional 

experiments focused on tissue-specific functions and genetic interactions are necessary to better understand the 

molecular mechanisms underlying the morphological phenotypes observed. 

Significance of Neurod1 in endocrine cell differentiation and maturation. 

Neurod1, or Neuronal Differentiation 1, is a member of the basic helix-loop-helix (bHLH) TF family (Naya 

et al., 1995). TFs of the bHLH family have long been known to play an important role in the development and 

specification programs of several tissue types (Jan and Jan, 1993; Weintraub, 1993). These proteins contain a 

basic (b) domain that is associated with DNA binding and an HLH domain containing two alpha-helices linked by a 

looping region critical for protein dimerization (Bertrand et al., 2002; Dennis et al., 2019; Jones, 2004). Proteins in 

this class can be further subdivided based on their expression patterns, were ubiquitously expressed bHLH genes 

are of the Class I subtype, and those with tissue-specific expression fall under the Class II subtype; Neurod1 is a 

Class II bHLH (Dennis et al., 2019). These TFs bind specific regions of DNA of target genes, known as E-boxes 

(enhancer box), by forming homo- and hetero-dimer complexes with other bHLH members to facilitate transcription 

(Jones, 2004; Weintraub, 1993).  

Neurod1 was first discovered via a yeast two-hybrid screen, which utilized a hamster insulinoma cell cDNA 

library to identify ɓ-cell specific bHLH TFs that bound the insulin (Ins) gene E-box. Direct interaction between 

Neurod1 and the Ins E-box, as well as transcriptional activation, was later confirmed via a DNA electrophoretic 

mobility shift assay (EMSA) and biochemical reporter assays (Naya et al., 1995). While Neurod1ôs N-terminal is 

less well conserved between mouse and frog (58%), the critical bHLH C-terminal end is highly conserved between 

species (98%), indicating its functional role is also likely conserved (Lee et al., 1995). Much like Insm1, Neurod1 is 
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expressed at high levels during embryogenesis in the developing nervous system and endocrine pancreas, 

particularity in Ŭ- and ɓ-cells (Fig. 1.12A) (Naya et al., 1995). Early Northern Blot experiments revealed that Neurod1 

expression is restricted to the endocrine cell lineage of the pancreas and otherwise only found in the brain tissues 

and weak expression in the intestine (Naya et al., 1995). Its expression in pancreatic endocrine progenitor cells can 

be observed as early as E9.5 and persists in all endocrine cell types throughout development and adulthood (Naya 

et al., 1997). Similar expression patterns are also observed in human islet cells during development (Fig. 1.12B) 

(Lyttle et al., 2008). 

Two independent studies used gene targeting methods to replace the native Neurod1 allele with a LacZ 

reporter and create null mouse models that allow for identification of Neurod1-expressing cells (Miyata et al., 1999; 

Naya et al., 1997). Both reports replicated the expression patterns described in Naya et al., 1995, and demonstrated 

that animals lacking Neurod1 had deficits in neuronal and pancreatic development. In the developing central 

nervous system, defects were most apparent in the granule cells of the dentate gyrus (DG) in the hippocampus and 

in the cerebellum. These cells failed to properly regulate necessary ion channels, were unable to properly 

differentiate, and underwent premature cell death (Liu et al., 2000; Miyata et al., 1999). More recent studies have 

observed similar phenotypes in developing DG and vestibulocochlear ganglion (VCG) neurons, in addition to the 

failure of VGC neurons to migrate successfully (Kim, 2013). Conversely, when Neurod1 is over-expressed in 

developing neurons of Xenopus, neural precursors undergo premature differentiation. Ectopic expression of 

Neurod1 in embryonic non-neuronal ectoderm or neural crest cells has also been shown to drive their conversion 

to a neuronal cell fate (Lee et al., 1995).  Collectively, these data suggest that Neurod1 plays a role in the terminal 

differentiation of neurons at a specific stage of development. Neurod1 has also been shown to be a marker of small 

cell lung cancer (SCLC). Ikematsu et al. showed that SCLC tumors with higher Neurod1 expression were in an 

extensive disease state and had increased migratory activity (Ikematsu et al., 2020). The authors hypothesized that 

Neurod1 might regulate the migration and epithelial-mesenchymal transition (EMT) activity in these cells by inducing 

the expression of ZEB2 (zinc finger E-boxïbinding homeobox 2) (Ikematsu et al., 2020). This would support the 

argument that Neurod1 plays a role in the metastasis of SCLC, as well as general migratory functions in developing 

neuronal cells (Ikematsu et al., 2020). 



 

27 

 

Newborn KO animals display severe diabetes, marked by hyperglycemia and an inability to respond to 

insulin, and die within 3-5 days after birth as a result (Miyata et al., 1999; Naya et al., 1997). Null animals also have 

defects in islet architecture, where KO islets are only able to form small, disorganized clusters with a 

disproportionate ratio of hormone expressing cells, observable by E14.5 (Naya et al., 1997). The inability of cells to 

properly migrate towards each other and tightly cluster into islets parallels Neurod1ôs regulatory functions of 

migration activity in developing neurons and SCLC tumor cells (Ikematsu et al., 2020; Kim, 2013). Furthermore, the 

development of endocrine cells was arrested at a stage just after the segregation of Ŭ-, ɓ-, and ŭ-cell lineages, as 

was their cellular expansion. Between E17.5 and P0, the overall number of endocrine cells is reduced, and by birth, 

KO animals contain 60% fewer endocrine cells than control litter mates (Naya et al., 1997). Increases in apoptosis 

have been implicated in the decrease in endocrine cell number, although a more recent study has suggested that 

the loss of proliferation is likely to be the primary cause (Fig. 1.12C) (Naya et al., 1997; Romer et al., 2019). Whether 

due to increased cell death or decreased proliferation, the number of ɓ-cells was reduced, but Ins expression was 

still observed. This indicates that while Neurod1 is a positive regulator of Ins, it is not necessary, and this function 

is at least partially compensated for by other TFs.  

Neurod1 maintains expression in adult ɓ- and Ŭ-cells and is necessary for mature cellular function 

(Mastracci et al., 2013; Naya et al., 1997). Conditional ablation of Neurod1 in the adult ɓ-cell results in immature ɓ-

cells, and animals are hyperglycemic (Gu et al., 2010a). These animals are glucose intolerant due to a blunted 

glucose-stimulated insulin secretion response (Gu et al., 2010a). While studies have demonstrated a clear role for 

Neurod1 in both the development and function of endocrine cells, our understanding of its specific regulatory roles 

and interactions remains incomplete.  
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Figure 1.12. Neurod1 during endocrine cell development and differentiation. (A) In situ hybridization map of 

Insm1 expression at E14.5 in wild type C57BL/6J animals. Data were obtained from GenePaint digital atlas 

(https://gp3.mpg.de/viewer/setInfo/DA125/16). (B) Insulin and glucagon staining at P0 of Neurod1 heterozygous 

and knockout mice. (C) Quantification of hormone expressing cells of Neurod1+/+ and Neurod1-/- samples at E17 

and P0. Normalized to area of pancreas with n=4-5 per genotype. Scale Bar = 200um. Insulin, glucagon, CPA1, 

and DAPI staining of Neurod1 heterozygous and knockout mice. This figure modified and reprinted with permission 

from Lyttle, et al., 2008 and Romer, et. al., 2019. 
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Pax6 regulation of endocrine cell fate. 

Another downstream target of Neurog3 involved in pancreas development is Pax6 (Paired box 6). The Pax6 

gene (alternatively known as Small eye / Sey) encodes a protein that contains a paired box domain at its N-terminal 

and a homeobox domain at its C-terminal, both of which are able to bind DNA (Hanson, 2003; Karthikeyan et al., 

2017). Homeobox domain-containing genes are historically known to be major players in developmental genetic 

programs, regulating developmental processes such as cellular proliferation, differentiation, and migration (Blake 

and Ziman, 2014; Duverger and Morasso, 2009; Karthikeyan et al., 2017). This family of genes can be subdivided 

into the HOX and PAX genes. The HOX subfamily are found clustered together in the genome and are prominently 

involved in the segmentation and patterning of organisms (Karthikeyan et al., 2017; Nusslein-Volhard et al., 1980; 

Nusslein-Volhard and Wieschaus, 1980). Conversely, the PAX subfamily of homeobox genes, which includes Pax1-

Pax9, are scattered individually around the genome (Stapleton et al., 1993; Walther et al., 1991). The Pax genes 

have a similar protein sequence and structure and are highly conserved across vertebrate species (Blake and 

Ziman, 2014; Walther et al., 1991).  

A Pax6 mutation in mice was originally identified by chance when researchers identified pups having eyes 

that were ñreadily recognizedò as being smaller in size compared to their litter mates (Roberts, 1967). Based on the 

observed phenotype, the mutation, and later its gene, was termed Small eyes (Sey) until the gene becoming more 

commonly called by its current name, Pax6. This change in terminology was based on its protein structure and 

classification. For the purposes of this document and to mitigate any confusion, Pax6 will be used when referring 

to this gene in the remainder of the text. Pax6 functions as a TF and has similar expression patterns to that of Insm1 

and Neurod1. It is specifically expressed in the developing nervous system and pancreatic endocrine cells, as well 

as the retina (Hogan et al., 1988; Hogan et al., 1986).  

Initial characterization of mice with a non-functional Pax6 mutation revealed that they were homozygous 

lethal, and that the specific mutation observed showed incomplete penetrance, with some animals having a more 

severe eye phenotype than others (Roberts, 1967). Given this information and through decades of research that 

followed, it was clear that Pax6 plays a critical role in eye development. In fact, subsequent studies demonstrated 

that in addition to having small eyes, by E10.5, homozygous mutant embryos fail to undergo lens induction. The 

optic epithelium and ectoderm are unable to make contact due to separation by mesodermal cells, disrupting 
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necessary inter-cellular signaling, and confirming perturbations in early development (Hogan et al., 1988; Hogan et 

al., 1986). The human homolog was later discovered by researchers using positional cloning to identify the gene(s) 

located in a specific genomic region, known as the Aniridia (AN) locus. Because of the similarities in phenotypes, 

linkages between the human Aniridia locus and the mouse Sey had been made (Glaser et al., 1990; van der Meer-

de Jong et al., 1990). Deletions and translocations within this locus in humans is associated with the congenital 

disorder, Aniridia (AN), which presents as the partial or complete absence of the iris, as well as the deterioration of 

other regions of the eye like the optic nerve and fovea (Nelson et al., 1984; Ton et al., 1991). 

  Pax6 also plays a critical role in pancreas development and function. It is expressed as early as E9.0 in the 

pancreatic buds but becomes quickly restricted to the endocrine lineage and maintains expression in all islet cell 

types of adult animals (Fig. 1.13A, F-K) (Ashery-Padan et al., 2004; Sander et al., 1997; St-Onge et al., 1997). 

Hormone expressing endocrine cells arise from Pax6+ cells, and it has also been shown to activate expression of 

pre-proglucagon, insulin, and somatostatin (Jensen et al., 2000a; Sander et al., 1997). Furthermore, previous 

studies have demonstrated that mice lacking Pax6 display a diabetic phenotype marked by hyperglycemia and 

hypoinsulinemia (Ashery-Padan et al., 2004; Sander et al., 1997; St-Onge et al., 1997). These physiological 

phenotypes are accompanied by disruptions in islet architecture and a reduction in all endocrine cell types, thought 

to be caused by a failure to expand the endocrine cell population during the secondary transition (Fig. 1.13B-E) 

(Sander et al., 1997; St-Onge et al., 1997). Pax6 has a particularly critical role in Ŭ-cell differentiation, as KO mice 

completely lack Gcg-expressing cells (Sander et al., 1997; St-Onge et al., 1997). In addition to its developmental 

functions, its role in establishing and maintaining both Ŭ- and ɓ-cell identity is further exemplified by the conditional 

KO of Pax6 in adult Ŭ- and ɓ-cells. These experiments result in a conversion of both cell types towards a ghrelin-

positive cell type, suggesting that Pax6 also normally functions to prevent the expression of ghrelin in pancreatic 

endocrine cells (Ahmad et al., 2015; Heller et al., 2004). 

Research has also shown that alterations in expression levels of Pax6 lead to disruptions in the regulation 

of glucose, in addition to developmental defects (Kuroda et al., 2004; Rabiee et al., 2020; Tian et al., 2021; Wen et 

al., 2009; Yasuda et al., 2002). Similarly, perturbations in Pax6 expression levels, protein structure, and even 

mutations in target binding sites have been linked to diabetes (Kulzer et al., 2014; Panneerselvam et al., 2019; Tian 
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et al., 2021). Thus, having a complete understanding of the role of Pax6 is critical for expanding our knowledge of 

its molecular mechanisms by which it operates normally and how it may contribute to the diabetic disease state. 
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Figure 1.13. Pax6 regulates pancreatic endocrine cell differentiation. (A) In situ hybridization map of Insm1 

expression at E14.5 in wild type C57BL/6J animals. Data were obtained from GenePaint digital atlas 

(https://gp3.mpg.de/viewer/setInfo/MH454/10). (B-E) Analysis of newborn pancreas of Pax6 heterozygous and 

Pax6 deficient mice. Tissue sections are stained for B-galactosidase, insulin, glucagon, PP, and amylase 

expression. B-galactosidase staining is restricted to islet of Langerhans in heterozygous mice and blue stained cells 

correspond to the hormone indicated. (F-K) Collapsed image stacks of wild-type whole embryos (E9.0ïE10.5) or 

dissected pancreata (E11.5 and E12.5). To visualize the pancreatic epithelium, all embryos were stained for Pdx1 

and only the dorsal pancreata are shown at E12.5. In all panels, anterior is to the right, posterior is to the left, dorsal 

is above, and ventral is below. The expression of Pax6 is slightly delayed compared with Neurog3 and Nkx2-2 and 

can first be detected at E9.25 in the dorsal bud (G) and at E10.5 in the ventral bud (I) and has not been observed 

outside the pancreas domains. (J-K) At E11.5 and E12.5, many Pax6-expressing cells appear in clusters as 

observed for the hormones. This image was modified and reprinted with permission from St-Onge, et. al., 1997 and 

Jorgensen, et. al., 2007. 
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The role of gene regulatory networks during development 

 

Any given cell is the product of a series of complex developmental processes. Successful development 

requires adequate proliferation to generate enough cells, tissue specification, cellular differentiation, and 

organization, and ultimately fully functional mature cells (Fig. 1.14). Central to these processes are concerted 

changes in gene expression patterns. Thus, it is essential that the necessary genes are expressed at the right time, 

in the right place, and at the right levels for proper development to occur. Precise control of gene expression is 

dependent on sophisticated circuits of regulatory interactions within the genetic programs (Macneil and Walhout, 

2011). It should be appreciated that the gene expression patterns which are observed during development 

demarcate specific populations of cells and are regulated by multiple tiers of TFs and other regulators (Fig. 1.15). 

Gene expression is regulated by modifications like methylation and ubiquitylation (Cramer, 2019; 

Kouzarides, 2007). Once transcribed, the pre-mRNA is regulated by alternative splicing to provide multiple mRNA 

products, mRNA modifications, stability, and localization (Di Liegro et al., 2014; Moore and von Lindern, 2018; Zhao 

et al., 2017). The resulting protein products and their function can also be affected by translation events, stability, 

and localization, as well as through post-translational modifications like acetylation and phosphorylation (Gebauer 

and Hentze, 2004; Spoel, 2018). Having multiple layers of regulation of gene expression and gene products within 

the network creates an exponential number of possible interactions and makes studying them difficult. It becomes 

more complicated still when considering the role of non-coding RNAs in each of these pathways. 
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Figure 1.14. Developmental lineage specification of stem cells is driven by an underlying gene regulatory 

network. Model depicting the differentiation of embryonic pluripotent stem cells into various terminal specialized 

cell types. The transition from stem cell to somatic cell relies on the integration of signaling cues and underlying 

gene regulatory networks (GRN). These GRNs are responsible for regulating stable gene expression programs 

specific to each cell type and provides the instructions necessary for determining cell fate. Original work generated 

using BioRender.com. 
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Figure 1.15. Model of hierarchical regulatory interactions within a developmental gene regulatory network. 

Nodes within the network represent transcription factors (TFs) (larger, colored nodes) and their target genes 

(smaller, grey nodes). Nodes are connected by edges, depicted as lines, which represent a regulatory interaction 

between a given pair of nodes. The layout of this gene regulatory network (GRN) schematic is used to emphasize 

the hierarchical nature of the regulatory interactions within a network. The top tier of TFs comprises those 

considered to be master regulators, or genes required for lineage specification and initiate a transcriptional cascade 

necessary for proper differentiation of a given cell type. Factors that fall in the middle tier, are typically ñmanagersò 

and while they are not required for the initiation, they act broadly and are critical for cells to become fully 

differentiated. Lastly, genes residing in the bottom tier are ñworkersò and are generally involved in more specific 

functions during cellular differentiation. This figure was generated using BioRender.com. The concepts around 

hierarchical regulation within GRNs has been described and previously reviewed (Jothi, 2009; Nowick and Stubbs, 

2010; MacNeil and Walhout, 2011; Rebeiz, 2015). 
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The biological inputs and outputs of the regulatory genes in the genetic programs can be mapped as 

gene regulatory networks (GRNs) to provide information about the interactions between the genes expressed in a 

given cellular context (Levine and Davidson, 2005). GRNs are composed of regulators, such as TFs and signaling 

factors, and the target genes that they control. The complex interactions that occur within the network are 

responsible for organ specification, cellular differentiation, and cellular function of adult cells (Sheaffer and 

Kaestner, 2012).  During development, these networks are fluid, and their regulatory states transient due to the 

rapid changes in gene expression associated with the morphological and functional outputs of cells. Visualizations 

of GRNs typically represent regulators and targets as ñnodes,ò and the connections between these nodes are 

depicted as ñedges,ò or lines, indicating a regulatory interaction (Fig. 1.15). Edges are directional in nature based 

on the repressive or activating relationship between the regulator and its target. Due to the expansive number of 

possible molecular interactions that can impact a GRN, as previously mentioned, many researchers have focused 

on transcriptional regulatory networks primarily involving only TFs and signaling factors (Levine and Davidson, 

2005). 

Since the foundations of GRNs are built on the interactions between TFs and their targets, building a 

network that is accurate and which provides robust predictive power requires vast amounts of data. Data used in 

creating networks need to provide information about how various factors interact and about the nature of the network 

inputs and outputs. Current technologies have allowed researchers to gather huge amounts of data in a single 

experiment but often require a high level of computational power and expertise. RNA-Seq data allows us to infer 

the interactions between one specific gene (the mutated gene in the model) and literally thousands of other gene 

products. Likewise, ChIP-Seq data allows us to determine specific protein-DNA interactions by providing 

sequencing data for DNA regions that are directly bound by a TF of interest. Other experiments like DNA 

electrophoretic mobility shift assay (EMSA) and DNA pull-down assays can also detect direct protein-DNA 

interactions. Combined with RNA-Seq, identified protein-DNA interactions correlated by altered gene expression 

provide evidence for a direct regulatory mechanism, adding confidence to that connection in the network. Other 

experimental techniques, such as FAIRE-Seq, ATAC-Seq, and DNaseI hypersensitivity assays, can also provide 

informative data about the broader genomic landscape and accessibility. It should be noted, however, that other 

biological molecules and events, such as alternatively spliced isoforms, can also contribute to a GRN (Fig. 1.16). 
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These events are becoming easier to study and to incorporate but add a layer of complexity that can make 

interpretation more difficult.  

  

Figure 1.16. RNA-binding protein mediated RNA regulation in the pancreatic ɓ cell. Insulin-secreting ɓ cells 

reside in the islets of the pancreas along with several other endocrine cell types (Ŭ, ŭ, and PP cells). RNA binding 

proteins (RBPs) (green) are present in both the nucleus and the cytoplasm of cells and bind to RNA (blue) to perform 

a variety of functions. RBPs binding to introns and exons of pre-mRNAs contribute to alternative splicing. RBPs can 

also write, read, and erase methylation modification on mRNAs in RNA methylation. RBPs can also facilitate the 

transport of RNAs between the nucleus and cytoplasm and throughout the cell. RBP binding to the UTRs can alter 

mRNA stability and translation. Figure was reprinted with permission from Moss and Sussel, 2020. 
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While powerful, these techniques in isolation can only provide so much biologically relevant information. 

There is still a need for genetic manipulation in the form of knockdowns, knockouts, over-expression, or more 

specific mutations within a gene that may alter its function in some way without completely abolishing its expression. 

Ideally, these mutations would occur in a spatiotemporally controlled manner to determine the effects within a 

specific cell type and to not introduce additional variables based on the added effects from other tissues in the 

organism. With the introduction of CRISPR, scientists can now generate these types of models in a more controlled 

manner and in a much more rapid time frame. Such genetically modified models followed by the previously 

mentioned experimental approaches allow us to ask more specific questions and obtain more detailed answers 

about gene interactions (Thompson et al., 2015). Indeed, many researchers have been following such designs to 

determine the functional role of genes and to add to the construction of a regulatory network. Combined with the 

assays mentioned above that can measure the gene expressions changes due to the designed impairments, 

measurable network outputs can be obtained. In this way, the network can be linked to specific expression outputs 

and correlated with functional changes observed (Thompson et al., 2015).  

In a given network, certain regulators may have a more robust impact if removed, while others display a 

more subtle or inconsequential role (Fig. 1.17). This is largely due to how many connections a node has with other 

members in the network. For example, a node that is connected to most of the other nodes in a developmental 

network will greatly disrupt the other interactions and feedback loops potentially causing significant functional 

phenotypes. However, a different node in a network of a mature cell that has only one or two connections will likely 

have a limited effect on the remaining interactions between the other regulators, and slightly, if at all, cause defects 

in the cellular function.  
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Figure 1.17. Model of hub genes within multi-dimensional gene regulatory networks. Networks consist of 

nodes and edges, representing cellular components (genes, transcripts, proteins, etc.) and their interactions, 

respectively. The nodes with the greatest number of interactions constitute primary hubs. Secondary hubs 

themselves are the interacting partners of primary hubs and simultaneously connect with many other nodes, thereby 

partially mediating the function of the primary hubs. Local sub-networks are also prevalent. Perturbation of primary 

or secondary hubs of the network likely poses detrimental impact to the system, while perturbation of a more locally 

confined network or a node with few interacting partners may not exert substantial effect on the system integrity. 

Identification of commonly affected networks in diverse retinal diseases will allow the better drug design. Figure 

was modified and reprinted with permission from Yang, et al. 2015. 
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Using evidence-based information, networks enable us to apply what is already known about a system to 

make predictions about the effects of perturbations within that network. For example, consider a simple network in 

which a given node ñAò is shown to be the only activating connection to node ñBò and the only inhibiting connection 

to node ñC.ò One would predict that if the network were perturbed by the elimination of ñA,ò that there would be a 

decrease in the levels of ñBò and an increase in the levels of ñC.ò An obvious way to find the answer to that prediction 

would be to actually perturb node ñAò in a model system and measure the results; however, that can be difficult. 

Setting up the proper experimental conditions can consume a large amount of time and resources, and it may still 

not actually have the predicted effect. Alternatively, computational approaches can be used to mathematically model 

the network under the perturbed state to test the prediction prior to performing any experiments requiring animal 

models.  

Gene regulatory networks in endocrine pancreas development. 

 Through decades of research focused on lineage tracing, gene expression analysis (microarray, RNA-Seq), 

gene knockout experiments, and direct TF-DNA interactions to determine the effects of regulator genes, building 

and studying the regulatory network for the developing pancreas has become possible. Arda et al., reported an 

account of a curated network based on published data in the field. This report highlighted the numerous TFs and 

signaling factors known to be important for endocrine cell development and differentiation. The network described 

included the key regulator Neurog3 and many of its downstream targets such as Neurod1, Pax4, Pax6, and Myt1 

(Fig. 1.18) (Arda et al., 2013). While this account of the known interactions is powerful, much work has been 

performed since then that needs to be accounted for. For example, data characterizing new, or expanding on 

existing, gene knockout models (e.g., Insm1, Neurog3, Sox4, Nkx2.2, Myt1) have since been generated, providing 

important information about their target genes and the nature of the regulatory relationships (i.e., activating, or 

repressive) (Churchill et al., 2017; Hu et al., 2020; Osipovich et al., 2014; Sheets et al., 2018; Xu et al., 2015). 

Incorporating these interactions will improve the accuracy of the GRN architecture and its predictive capabilities. 

 Another pancreas-specific GRN involving the regulation of T2D associated genes by NFATC4 was also 

recently published. This study utilized GWAS data, eQTL analysis, and a number of in vitro silencing experiments 

to identify the targets of NFATC4 in adult islets (Sharma et al., 2018). By constructing an expanded regulatory 

network based on gene expression data from diabetic and non-diabetic cadaver islet samples, the authors were 
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able to apply a ñhigh control centralityò approach, a parameter that is based on the integration of other centrality 

measures, such as degree, closeness, eigenvector, betweenness, and PageRank centrality. This approach enabled 

them to identify pathways that had high centrality measures and were thought to be key drivers of the disease. They 

then determined if the key pathways identified contained targets of NFATC4 and found that it regulates the 

expression of many downstream T2D candidate genes. This included the target gene Tcf7l2, a gene that has SNPs 

tightly associated with T2D (Sharma et al., 2018).  

 Models such as these provide both a visual and a static reference point for generating hypotheses based 

on known regulatory interactions. However, these models also demonstrate the predictive potential that underlies 

GRNs in identifying important factors and disease linkages. Such features make them useful for testing hypotheses 

in silico and for aiding in experimental designs. 

  



 

42 

 

 

  

Figure 1.18. Neurog3 is a master regulator of pancreatic endocrine cell development. A schematic 

representation of an endocrine progenitor gene regulatory network. This network describes regulatory interactions 

between key transcription factors within the endocrine cell GRN based on experimental evidence. Of note, Neurog3 

is a highly connected node in the network, regulating the activation of other critical genes encoding for TFs such as 

Insm1, Neurod1, Pax6, and Rfx6. This figure was modified and reprinted with permission from Arda, et al. 2013. 
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Diabetes Mellitus ï Loss of ɓ-cell function and identity 

 

Diabetes mellitus is a collection of multiple subtype conditions, all ultimately defined by the inability of an individual 

to maintain blood glucose homeostasis. As of 2019, approximately 48 million people have been diagnosed with 

diabetes in North America, with over 463 million affected globally (2019)(International Diabetes Federation Diabetes 

Atlas, 9th edition. 2019.).  The primary forms of diabetes include type I diabetes (T1D) and type 2 diabetes (T2D), 

as well as the less common forms of maturity-onset diabetes of the young (MODY) and neonatal diabetes mellitus 

(NDM) (Flannick et al., 2016).  

 T1D accounts for approximately 10% of cases in the US and is most frequently diagnosed in children but 

can be found in adults. It is an autoimmune disease in which immune cells destroy pancreatic ɓ-cells, and auto-

antibodies targeted against insulin, or other ɓ-cell factors, are generated (Sachdeva and Stoffers, 2009). Research 

suggests that T1D is initiated when a genetically susceptible individual is exposed to an infection, causing the 

destruction of some ɓ-cells and release of islet-derived pro-inflammatory factors, and leading to an aberrant immune 

response (Moin and Butler, 2019). The subsequent loss of ɓ-cells leaves the pancreas unable to regulate blood 

glucose levels leaves individuals dependent on exogenous insulin treatments, as no cure is currently available.  

 T2D constitutes ~90% of diabetes cases and is marked by chronic hyperglycemia. While this is a heritable 

form of diabetes, it is complicated by the fact that it is polygenetic and lacks a clear pattern of inheritance (Flannick 

et al., 2016). Unlike T1D, T2D occurs most frequently in adults, and environmental factors play a larger part in 

disease susceptibility. Age and obesity are strong risk factors that often lead to insulin resistance, the impaired 

ability for peripheral tissues to respond to insulin and uptake glucose and place additional stress on pancreatic ɓ-

cells (Flannick et al., 2016). With the presence of other stressors such as increased metabolic demands (e.g., high 

fat and high sugar diets), pancreatic ɓ-cells progressively lose their ability to secrete insulin (Fig. 1.19). Combined 

with a loss of ɓ-cell mass, individuals are unable to meet increased demands and succumb to the T2D disease 

state (Fig. 1.20). Despite T2D associations with other co-morbidities such as cardiovascular disease and stroke, 

treatment remains limited. A small number of drugs exist that lower blood glucose levels but are unable to prevent 

further disease progression or prevent the onset of co-morbidities and are not curative (Sachdeva and Stoffers, 

2009).  
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Figure 1.19. Dynamics of ɓ-cell mass during the progression of insulin resistance to diabetes. In the setting 

of insulin resistance, the pancreatic islet insulin-secreting ɓ-cells respond, in part, via a compensatory increase in 

ɓ-cell mass, elevating plasma insulin levels to maintain normoglycemia. Changes in both ɓ-cell proliferation and 

survival play important roles in this adaptive expansion of ɓ-cell mass and in the reduction in mass that is associated 

with progressive ɓ-cell dysfunction, eventually leading to type 2 diabetes. These cellular processes are regulated 

by extracellular signals from a number of tissues, as described in detail in the text. IGT, Impaired glucose tolerance; 

IFG, impaired fasting glucose; PP, pancreatic polypeptide. Figure was reprinted with permission from Sachdeva 

and Stoffers, 2009. 



 

45 

 

 

 

  

Figure 1.20. Models for ɓ-cell failure in Type 2 Diabetes. The illustration shows the architecture and endocrine 

cell composition of a normal pancreatic islet of Langerhans (top) and potential changes, distinguished by ɓ-cell fate, 

that lead to ɓ-cell failure in T2D (bottom). Different colors indicate different islet cell type. Ů, ghrelin; G, gastrin, E, 

endocrine cell with empty granules (no hormone is produced). Figure was reprinted with permission from Wysham 

and Shubrook, 2017. 
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Monogenic forms of diabetes differ from the prominent T1D and T2D classes in that they are driven by 

causal mutations within a single gene. These subclasses include NDM, MODY, and mitochondrial diabetes. The 

age of onset and degree of severity can vary greatly across these forms of diabetes. For example, while both are 

characterized by ɓ-cell failure, NDM typically presents at <6 months of age while the onset of MODY generally 

occurs anywhere from 6 months to 35 years of age, depending on the driving mutation (Fig. 1.21) (Flannick et al., 

2016). Genes containing driver mutations of these subtypes include Gata6, Neurog3, Pax6, Gck, Neurod1, Pdx1, 

Hnf1a, and Abcc8, among others. Many of these same driver genes are found within the same regulatory networks 

found to be impaired in, and have GWAS associations with, T2D or glucose dysregulation (Flannick et al., 2016).  

It has previously been accepted that the loss of ɓ-cell mass was due to increases in ɓ-cell death. Recent 

studies, however, have suggested that the loss of ɓ-cell identity could be a bigger factor (Cinti et al., 2016; Talchai 

et al., 2012; Wang et al., 2014). Consistent with this theory is the fact that ɓ-cells that have not fully matured or that 

have an immature molecular identity are not able to properly regulate insulin secretion in response to glucose. It 

has also been suggested that the dedifferentiation of ɓ-cells is an adaptive response that may be necessary to 

increase proliferation (Dor and Glaser, 2013; Weinberg et al., 2007). However, the ability of ɓ-cells to proliferate 

varies greatly across populations, and conflicting bodies of evidence in this area make this a controversial topic as 

there have been mixed findings on the efficiency this approach can increase overall ɓ-cell mass (Bader et al., 2016). 

ɓ-cell dedifferentiation appears to be a stepwise process in which a coordinated loss of regulatory TFs is observed 

in parallel to the loss of cellular identity and function. Importantly, the sequence of TFs lost is in the reverse order 

of that seen during development, highlighting the importance of understanding the developmental processes and 

the translational potential to diabetes.  
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Figure 1.21. Monogenic forms of diabetes mellitus. Shown are genes implicated in a restricted set of monogenic 

diabetes mellitus subtypes (discussed in the article). Each class of disorder is shown as a box in the central column: 

neonatal diabetes mellitus (NDM, red); maturity-onset diabetes of the young (MODY, blue); and mitochondrial 

diabetes mellitus (grey), while syndromic forms are divided based on closer similarity to NDM (pink) or MODY (light 

blue). The major clinical features of each disorder are described in each box. NDM and MODY with organ 

dysfunction can have one or more organs affected. Genes are shown as boxes in the outer two columns, with 

arrows connecting to the disorders for which the genes are implicated. Genes implicated in more than one disorder 

have arrows to each. CNS, central nervous system. This figure was modified and reprinted with permission from 

Flannick, et al., 2016. 
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The precise mechanisms driving dedifferentiation of ɓ-cells have not yet been elucidated, but proposed 

models include the infiltration of the islet micro-environment by pro-inflammatory factors (inflammation-induced), 

chronic glucotoxicity, and the up-tick in endoplasmic reticulum (ER) stress and associated impairment of the 

unfolded protein response (UPR) (Moin and Butler, 2019). No matter which mechanism, or a combination thereof, 

the loss of ɓ-cell mass remains a critical feature contributing to diabetes phenotypes and an area of interest for 

researchers. Relevant studies have pointed towards several mechanisms in which cellular mass can be 

replenished. For instance, functional ɓ-cell mass can be increased through cellular proliferation. Although basal ɓ-

cell proliferation in adults is low (~<0.5% in humans), this rate can increase to a degree under stressed conditions 

(Mosser et al., 2015). The neogenesis of ɓ-cell mass from progenitor cells is another option for making new cells, 

but this approach remains controversial due to the level of efficiency (Bonner-Weir et al., 2008; Kopp et al., 2011). 

Collectively, it seems that these mechanisms are unlikely to overcome the inherent apoptosis and dedifferentiation 

processes which reduce functional ɓ-cell mass in the diabetic disease state (Fig. 1.9). This makes efforts based on 

regenerative approaches enticing and of great interest.  

 

 

Significance of understanding endocrine cell development for therapeutic gains 

 

Diabetes, defined by the bodyôs inability to maintain glucose homeostasis, remains a global problem despite 

decades of dedicated research efforts. The trend in the number of cases worldwide has also only been growing for 

the last several years, with future projections rising at steady rates (2019)(IDF diabetes atlas). To date, insulin 

treatments remain the most common form of therapy. In the last decade, researchers have made great strides in 

establishing regenerative medicine approaches to create a more enduring treatment for diabetes (Pagliuca et al., 

2014; Rezania et al., 2014). Many approaches have been explored, including guided differentiation of induced 

pluripotent stem cells (iPSC) or embryonic stem cells (ESCs) and direct reprogramming of one cell type to another, 

but bypassing the transient pluripotent stage. These approaches have been performed in many different variations, 

both in vitro and in vivo, with great progress being made in both areas. However, the knowledge enabling our 

advances in this endeavor has been driven by basic research focused on the innate factors involved in determining 

endocrine cell lineage allocation and the cellular function of mature cells. This means that through continuing to 
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study the fundamentals of endocrine cell development, the field will be able to apply those concepts to optimizing 

reprogramming protocols.  

Furthermore, while efforts have been made to increase our understanding of pancreatic endocrine cell 

development and to answer many lingering questions, gaps remain. Although I have discussed many of these in 

the preceding text, I have outlined a select few below. It should be noted that this is a truncated list that has been 

compile through many personal discussions as well as questions currently posed within the communityôs literature 

and is by no means comprehensive. More generally, how are the development programs (e.g., proliferation, 

differentiation, morphogenesis) coordinated by the underlying transcriptional program? How are pancreatic 

progenitor cells maintained and regulated in such a way that they can give rise to the right number of endocrine 

cells at the right time in order to generate a properly functioning organ? What molecular underpinnings are 

responsible for the cell fate choices of pro-endocrine cells, and what are the cues necessary to trigger those 

interactions? How do cells choose their final hormone cell type? Can we use the information we have about native 

in vivo developmental programs and cellular decision-making to control cellular choices (and ultimately outcomes) 

to make progress in therapeutic approaches? 

With respect to Insm1, Neurod1, and Pax6, how are these factors connected within the GRN? When, and 

to what degree, do these factors contribute to the coordination of the developmental programs critical for proper 

endocrine cell differentiation and maturation? Do these factors regulate a small subset of specific genes and 

pathways in endocrine cell development, or do they act more broadly? Do they share regulatory targets and have 

synergistic behaviors, or do they act on separate pathways independent of each other? Do these TFs govern the 

cycling properties of pro-endocrine progenitors to regulate the number of endocrine cells established? Are there 

domain-specific functions of each TF that are important for development? 

Other emerging areas of interest also inspire unanswered questions. Where does alternative splicing fit into 

the intricate network that drives developmental processes? Are some RBPs more enriched or important than others 

in regulating pancreatic endocrine cell development? Do known disease-associated SNPs interrupt mRNA splicing 

events, causing functional downstream consequences? Does cellular stress lead to alterations in the splicing 

program and contribute to cellular dysfunction in the disease state? Can we identify alternative splicing events or 

mechanisms that can be targeted for therapeutic applications? In the case of zinc finger proteins, how many, and 
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which, ZFPs are involved in endocrine cell development and function? Do these factors function as transcription 

factors, or do they have other functionalities that contribute to the developmental program? What other TFs do they 

interact with or, perhaps, regulate?  

As research efforts move forward, it is important to reflect on these lingering questions. Doing so will help 

guide hypotheses and open opportunities to dissect the molecular complexities of pancreatic endocrine cell 

development and function more precisely. Having high-level questions in mind has helped me to find creative ways 

to better understand how members of the GRN, specifically Insm1, Neurod1, and Pax6, work to establish fully 

functional endocrine cells.  

 

Overview of thesis 

 

Despite countless fruitful studies that have shed light on the functional role of key transcription factors in 

pancreas development, our understanding of their individual roles and their roles within a larger developmental 

gene regulatory network remains incomplete. Many gaps in our understanding of the precise role of key transcription 

factors have yet to be answered. With the aim of contributing to this collection of knowledge, I have further 

investigated the role of three important TFs that are Neurog3-dependent. Insm1, Neurod1, and Pax6 are all 

Neurog3-dependent TFs and have been independently studied. However, analyses directly comparing their 

functions have not been performed even though they share similar phenotypes in defective islet development when 

ablated in mouse embryos. My studies have been aimed at further elucidating the individual roles of each of these 

TFs on the regulatory network of developing endocrine cells and to identify processes that are uniquely and 

commonly regulated by each. This was achieved by performing immunohistochemical, bulk RNA-Seq, and 

differential splicing analysis of Insm1, Neurod1, and Pax6-null mouse embryos during critical developmental periods 

of endocrine cell expansion and differentiation. First, I generated knockout mice of Insm1, Neurod1, and Pax6 to 

determine the effects on the pancreas. Second, I quantified the morphological consequences on islet development 

by the loss of each TF during embryonic stages. Third, to determine the genes whose expression is regulated by 

each factor, I performed bulk RNA-Seq analysis of FACS purified KO endocrine cells and a reanalysis of Insm1 and 

Neurod1 DNA binding data in ɓ-cells (Chapter II). Fourth, I performed an alternative splicing analysis using the 
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RNA-Seq datasets to identify changes in AS patterns caused by the loss of each TF (Chapter III). Lastly, I sought 

to explore the biological role of a subset of zinc finger proteins that are expressed in murine islets and 

transcriptionally regulated by one or more TFs (Neurog3, Insm1, Neurod1, or Pax6) (Chapter IV). 
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CHAPTER II - REGULATION OF ENDOCRINE PANCREAS DEVELOPMENT BY INSM1, NEUROD1, 

AND PAX6 

 

INTRODUCTION 

 

During pancreas development, the formation of endocrine cells within nascent islets of Langerhans requires 

the formation of an endocrine cell-specific gene regulatory network (GRN).  Prior studies have elucidated multiple 

transcription factors (TFs) that contribute to the establishment of a stable GRN (Arda et al., 2013; Osipovich et al., 

2021). Neurog3 plays a vital role in initiating the formation of the GRN in pancreatic endocrine cells by activating a 

downstream cascade of pro-endocrine TFs (Bechard et al., 2016; Ejarque et al., 2013; Gu et al., 2002). Activation 

of this transcriptional program ignites a series of developmental processes driven by the downstream TFs critical 

for the stepwise differentiation of endocrine cells (Fig. 2.1).  

In its absence, the fate of pancreatic pre-endocrine cells is redirected towards the ductal lineage, and no 

endocrine cells are formed (Gradwohl et al., 2000; Osipovich et al., 2021; Schwitzgebel et al., 2000; Wang et al., 

2010).  In contrast, when other pro-endocrine TFs downstream of Neurog3 are eliminated, including Insm1, 

Neurod1, and Pax6, pancreatic endocrine-like cells are formed that exhibit marked defects in proliferation and/or 

hormone expression, suggesting that each factor regulates specific subnetworks of genes (Gierl et al., 2006; Heller 

et al., 2004; Huang et al., 2000; Mellitzer et al., 2006; Naya et al., 1997; Osipovich et al., 2014; Sander et al., 1997; 

St-Onge et al., 1997).  
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Figure 2.1. Neurog3 marks pro-endocrine committed cells and initiates transcriptional cascade. Simplified 

schematic of endocrine cell development. Neurog3 drives expression of key transcription factors, which in turn 

promote cellular differentiation and maturation. This is an original work generated using BioRender.com. 
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TFs activate target genes by directly binding DNA in promoter regions, and ChIP-Seq represents a useful 

approach to identify genome-wide TF binding sites. Previous ChIP-Seq studies using cell lines have identified many 

binding sites for Insm1, Neurod1, and Pax6. Analysis of Insm1 and Neurod1 binding sites in a pancreatic ɓ-cell line 

derived from adult islets has shown that Insm1, Neurod1, and Foxa2 frequently co-bind to the same genomic 

regions.  However, only 32% of genes in adult ɓ-cells that are regulated by Insm1 have nearby Insm1 binding (Jia 

et al., 2015). Similarly, in insulinoma cells, ~40% of Pax6 binding sites overlapped with Neurod1 sites, and both 

were enriched at islet cell-active enhancers (Lizio et al., 2015). A separate study found that Pax6 had activating 

and repressive functions in mouse and human ɓ-cell lines and showed a large degree of overlap between Neurod1 

and Pax6 binding sites (Swisa et al., 2017).  

RNA processing is also an important process that is regulated during development. There are hundreds of 

different RNA binding proteins (RBPs) that affect the polyadenylation, stabilization, and localization dynamics of 

mRNA. Some of these proteins also introduce nucleotide modifications and cause differential splicing of introns and 

exons (Carazo et al., 2019a; Carazo et al., 2019b; Licatalosi and Darnell, 2010; Manning and Cooper, 2017; 

Wickramasinghe and Venkitaraman, 2016). Alternative RNA splicing significantly enhances transcriptome diversity, 

and it is important for cell differentiation (Fiszbein and Kornblihtt, 2017). Indeed, Singer et al. have recently reported 

that the alternative splicing of Pax6, which requires recruitment of RBPs by the lncRNA Pauper, alters both its 

transcriptional activity and DNA binding specificity (Singer et al., 2019). It has also recently been shown in islets 

from individuals with type 2 diabetes that many RBPs are dysregulated and that this may impair correct RNA splicing 

(Jeffery et al., 2019).  

In this study, I performed immunohistochemical and bulk transcriptomic analyses to directly compare the 

effects of eliminating Insm1, Neurod1, and Pax6 during endocrine cell development. Our findings indicate that this 

three TFs individually and coordinately regulate the expression of common and unique sets of genes necessary for 

the proliferation and function of pancreatic endocrine cells. Additionally, I found that Insm1, Neurod1, and Pax6 

differentially affect the splicing of genes, thereby adding complexity to pancreatic endocrine cell proteomes.  

 

MATERIALS AND METHODS 
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Mice and genotyping. Insm1tm1.1Mgn (Insm1GFPCre) (MMRRC Stock No: 36986-JAX; MGI: 1859980)  

(Osipovich et al., 2014) and Neurod1tm1Jle (Neurod1LacZ) (MGI: 2385826) (Miyata et al., 1999) mice were maintained 

in a CD-1 background. Pax6tm2Pgr (Pax6flox) (MGI: 1934348) mice were obtained from Jackson Laboratory and kept 

in a C57BL6/J background (Ashery-Padan et al., 2000; Sun et al., 2008). All animal experimentation was performed 

under the Vanderbilt University Institutional Animal Care and Use Committeeôs oversight. The Insm1GFPCre allele 

was identified in mice as previously described (Osipovich et al., 2014). Pax6flox mice were genotyped using the 

primer pairs CCTAACAGAGCCCCGTATTC (forward) and GCCCAACAGTCCAGAGAAAG (reverse). To detect 

wild-type Neurod1 and Neurod1LacZ, I used either ACCATGCACTCTGTACGCATT (forward) or 

GAGAACTGAGACACTCATCTG (forward) in combination with AAACGCCGAGTTAAAGCCATC (reverse), 

respectively.  

Timed matings and tissue collection. Embryos were isolated from timed matings where noon of the day that 

vaginal plugs were observed was designated E0.5. Embryonic day (E) 15.5 animals were dissected into ice-cold 

PBS and visually genotyped for the presence of InsmGFP.Cre allele based on green fluorescence. For PCR 

genotyping, embryonic tissues were digested at 55ęC in 100 Õl of PCR lysis buffer (1X PCR buffer, 0.1% Triton X-

100, 100 ȋg/ml Proteinase K), inactivated at 90ęC for 15 minutes and used for PCR. The whole pancreas was 

dissected and either processed for FACS or frozen in OCT for immunostaining analyses.  

Immunofluorescence. Immunofluorescence staining of frozen tissue sections was performed as previously 

described (Burlison et al., 2008). Ten ɛm tissue sections were stained using anti-GFP (1:500, ThermoFisher, 

#A10262), insulin (1:1000, Invitrogen, #PA1-26938), glucagon (1:100, Milipore, #AB932), somatostatin (1:1000, 

Linco), pancreatic polypeptide (1:1000, Linco), and/or Ki67 (1:500, ThermoFisher, #RM-9106-S1) antibodies, and 

ProLong Gold anti-fade reagent with DAPI (Life Technologies, #P36941) used to mount coverslips. TUNEL (TMR 

red) assays were performed following the manufacturerôs protocol (ROCHE). Respective images were obtained via 

confocal microscopy using an LSM 510 Meta microscope at 20x magnification. The image processing software, 

ImageJ (National Institute of Health), was used to manually identify and quantify fluorescently positive cells 

(Schneider et al., 2012). GFP-positive cells were counted independently first, followed by quantification of hormone-

positive islet cells. The ratios of GFP-positive cells, which also express other proteins or hormones, were then 
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calculated. Three different biological replicates from each genotype and at least 500 cells were analyzed for each 

measurement. 

Fluorescence-Activated Cell Sorting (FACS). Pancreatic cells were dispersed into a single-cell suspension 

by incubation for 5 minutes at 37°C in Accumax (Sigma) containing 50 µg/mL DNase I. Reactions were quenched 

by the addition of sorting buffer (FACS staining buffer (R&D Systems), DNAse (1:1000)). Cells were then filtered 

through a 35 µm nylon mesh into a FACS tube (Corning), washed once with FACS staining buffer, centrifuged at 

1100 rpm for 3 minutes, then re-suspended in 500 µl of FACS sorting buffer (Osipovich et al., 2014). 7-

aminoactinomycin (7-AAD) was added at a concentration of 1:1000 immediately before sorting using either a Benton 

Dickenson FACS Aria-II or Aria-III instrument to distinguish between live and dead cells. GFP-positive, 7-AAD 

negative cells were collected directly into Trizol LS (Invitrogen) containing 40 µg/mL of mussel glycogen 

(Roche/Sigma). An average of 6,000 cells was obtained per embryo sample.  

RNA isolation, library construction, and RNA-Seq. Three replicate samples for each genotype were 

collected, and total RNA was isolated using Trizol LS then treated with DNase I (Life Technologies). RNA was 

column-purified using the RNA Clean and Concentrator Kit (Zymo Research) and previously published protocols 

(Osipovich et al., 2021). RNA integrity was determined using an Agilent 2100 Bioanalyzer (Agilent Technologies, 

CA), and samples with an RNA integrity number (RIN) of 7.0 or greater were used for RNA-Seq. All samples were 

amplified using the SMART-Seq Ultra Low Input RNA Kit (TAKARA/Clontech) at 10 cycles, except for the 

Neurog3GFP/+ and Neurog3GFP/GFP samples, which were prepared using the Ovation RNA-Seq System V2 (NuGEN). 

cDNA was prepared using the Low Input Library Kit (Clontech) and sequenced using either an Illumina HiSeq3000 

genome analyzer to obtain paired-end, 75-bp reads, or Illumina NovaSeq6000 to get paired-end, 100-bp reads. 

RNA samples were sequenced to an average depth of ~5.0 x 107 reads.  

Bioinformatic analysis of RNA-Seq. FastQ files were routinely processed then sanitized (e.g., removing 

adapter contamination and trimming low-quality nucleotides) using FastQC 

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and TrimGalore 

(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), respectively. Individual reads were aligned to 

the mouse genome (mm-10) using Spliced Transcripts Alignment to a Reference (STAR) software (Dobin et al., 

2013). Pairwise differential gene expression analyses were performed using HTSeq (Anders et al., 2015) to obtain 
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read counts, and DESeq2 was used (Love et al., 2014) to quantify and display the differences. Only genes that 

exceeded an adjusted p-value Ò 0.05 were included in the analysis. Gene ontology (GO) analyses were performed 

using the online Database for Annotation, Visualization, and Integrated Discovery (DAVID v6.8) (Huang da et al., 

2009a, b). Neurog3GFP/+ and Neurog3GFP/GFP samples were separately analyzed as described (Osipovich et al., 

2021). 

Bioinformatic analysis of ChIP-Seq. ChIP-Seq datasets for INSM1 and NEUROD1 binding sites were 

obtained from ArrayExpress (E-GEOD-54046). Both datasets were obtained using an insulinoma cell line 

propagated from RIP1-Tag2 transgenic mice (Jia et al., 2015). Snakemake (5.2.4), a workflow management system, 

was used to manage the data processing. FastQC (0.11.7) returned a quality score report on each sample's 

sequences before and after Trimgalore (0.6.5) discarded sequences with a read length shorter than 20 bp were 

discarded and trimmed read ends that do not meet the threshold of 20. Trimmed sequences were used by the RNA-

Seq aligner Bowtie2 (2.3.5) to align against the mouse genome (gencode 17; GRCm38). On average, 95% of reads 

were mapped to the reference per sample. Samtools (1.9) converted the SAM files into BAM files and filtered out 

alignments with a lower MAPQ value than 10, and sort alignments by leftmost coordinates and by read name. 

Macs2 (2.2.6) was used to perform peak calling on the samples using default parameters for bandwidth and 

effective genome size. The resulting BED files were modified by bedtools (2.26.0) for pile-up visualization via IGV. 

Unmodified BED files were reported as very high-quality data by phantompeakqualtools (1.2.2). 

 

RESULTS 

An integrated analysis of Insm1, Neurod1, and Pax6, three Neurog3-dependent pro-endocrine transcription 

factors. Comparison of the gene expression profiles of purified Neurog3GFP/+ and Neurog3GFP/GFP (Neurog3 KO) 

cells from E15.5 embryos by bulk RNA-Seq (Osipovich et al., 2021) revealed a marked reduction in the expression 

of pro-endocrine TFs Insm1, Neurod1, and Pax6 (Fig. 2.2 A). The marked dysregulation of these genes provides 

further evidence that each lies downstream of Neurog3 in a Neurog3-driven endocrine cell-specific gene regulatory 

network (Fig. 2.2B) essential for the formation and function of pancreatic endocrine cells (Gierl et al., 2006; Mellitzer 

et al., 2006; Naya et al., 1997; St-Onge et al., 1997).  
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To systematically assess and compare the independent effects of Insm1, Neurod1, and Pax6 in developing 

endocrine cells, I next intercrossed mice containing Insm1GFPCre, Neurod1LacZ, and Pax6flox alleles. From timed 

matings, I obtained embryos that were heterozygous for Insm1 (Insm1+/-) for use as controls, embryos that were 

globally deficient in Insm1 (Insm1 KO) or Neurod1 (Neurod1 KO), and embryos that lacked Pax6 specifically in 

Insm1-expressing cells (Pax6 KO) (Fig. 2.3). Our strategy utilized green fluorescence from the Insm1GFPCre allele 

to selectively purify endocrine cells by FACS at E15.5 for RNA-Seq analysis and to perform accurate quantification 

by immunohistochemistry in tissue samples from E18.5 embryos (Fig. 2.3). The findings were then comparatively 

analyzed. 
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Figure 2.2.  Neurog3 drives expression of Insm1, Neurod1, and Pax6. RNA-Sequencing of Neurog3+/- and 

Neurog3-/- endocrine cells at E15.5 shows the reduced expression of pro-endocrine TFs (A) indicating that 

Neurog3 is an upstream regulator of Insm1, Neurod1, and Pax6 (B). Error bars in (A) indicate the standard error 

of the mean, * p-value < 0.05, Studentôs unpaired t-test. 

Figure 2.3. An integrated approach for analyzing the roles of Insm1, Neurod1, and Pax6 in pancreatic 
endocrine cell development. 

Control and KO embryos were collected at either E15.5 or E18.5. GFP-positive cells from E15.5 pancreata were 

FACS sorted and collected for RNA-Seq, followed by differential expression, Metascape, and differential splicing 

analyses. Pancreata from E18.5 embryos were fixed in PFA, sections stained for nuclear GFP signal, endocrine 

hormones, Ki67 and TUNEL reporter, and marked cells were subsequently quantified. Schematic was generated 

with BioRender.com. 
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Mice lacking Insm1, Neurod1, or Pax6 exhibit defects in endocrine cell differentiation, proliferation, and 

apoptosis. Immunofluorescence staining and morphometric analysis of pancreatic tissues from Insm1+/- (control) 

and Insm1 KO, Neurod1 KO, and Pax6 KO embryos at E18.5 was done by co-staining and quantifying the 

percentage of pancreatic hormone-positive cells, cell proliferation marker Ki67-positive, or apoptotic TUNEL-

positive cells per total number of Insm1-driven GFP-positive endocrine cells.  

Similar to prior reports, embryos that lack Insm1 exhibit both a disruption in endocrine cell organization and 

a reduced number of endocrine cells (Gierl et al., 2006; Osipovich et al., 2014). Insm1 KO pancreata have a lower 

number of insulin-, glucagon-, and somatostatin-expressing endocrine cells and an increase in pancreatic 

polypeptide-expressing cells, indicating profound defects in endocrine differentiation and lineage specification 

(Figs. 2.4B, 2.4F and 2.4I-L). Immunostaining with Ki67 revealed reduced proliferation of the Insm1 KO endocrine 

cells (3.6% vs. 15% of control cells) (Figs. 2.5B, 2.5F and 2.5I-J), whereas the number of apoptotic cells between 

the control and KO cells was unchanged.  

As in previous studies, Neurod1 KO embryos also exhibited a lower overall number of endocrine cells, 

disrupted islet organization, and increased percentage of pancreatic polypeptide-expressing endocrine cells 

increased (Figs. 2.4C, 2.4G and 2.4I-L). The Neurod1 KO embryos had fewer Ki67-positive endocrine cells (2.8% 

vs. 15% in the controls) and a marked increase in TUNEL-positive cells (4.5% vs. 0.6% in control animals) (Figs. 

2.5C, 2.5G and 2.5I-J), which is also like prior reports (Naya et al., 1997; Romer et al., 2019). 

Similarly, analysis of the Pax6 KO embryos revealed disorganized endocrine islets and a reduced overall 

number of endocrine cells. However, in these mice, there was a marked decrease in the number of glucagon-

positive cells (Figs. 2.4D and 2.4J), although the numbers of other hormone-expressing GFP-positive cells were 

not significantly affected (Figs. 2.4H, 2.4K and 2.4L). There was also a considerable reduction in the number of 

Ki67-positive cells in the Pax6 KO animals (4% vs. 15% in the controls) (Figs. 2.5D and 2.5I) and an increase in 

the number of TUNEL-positive endocrine cells (Figs. 2.5H and 2.5J). Notably, I had difficulty obtaining 

Insm1GFPCre/+, Pax6 KO embryos at E18.5 and only succeeded in obtaining two embryos of the sought-after 

genotype out of 62 embryos genotyped (p = 4.77E-05 by chi-squared test), suggesting that the haplo-insufficiency 

of Insm1 may compound the effects of the Pax6 KO alone (Fig. 2.5K). 
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Together, these analyses indicate that mice lacking Insm1, Neurod1, or Pax6 have abnormal islet 

morphologies, a reduced number of endocrine cells, and varying defects in differentiation towards hormone-

expressing cells. Moreover, all three KOs exhibited decreased endocrine cell proliferation rates, with both the 

Neurod1 and Pax6 KOs also showing increased apoptosis. 
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Figure 2.4.  Impaired differentiation of pancreatic endocrine cells in Insm1, Neurod1, and Pax6 KO 

embryos.  (A-D) Immunofluorescence labeling of pancreata from E18.5 Insm1GFP-expressing embryos using 

antibodies against GFP (green) that marks pre-endocrine cells, and pancreatic hormones insulin (Ins, blue), and 

glucagon (Gcg, red). Compared with Insm1+/ī mice (A), mice lacking Insm1 (B), Neurod1 (C), and Pax6 (D) 

exhibit a decrease in total number of endocrine cells, altered endocrine cell morphology and numbers of hormone 

expressing cells. (E-H) Immunofluorescence labeling of pancreata from E18.5 embryos using antibodies against 

GFP (green), pancreatic polypeptide (Ppy, red), and somatostatin (Sst, blue) shows altered numbers of hormone 

expressing cells in Insm1 (F), Neurod1 (G), and Pax6 (H) KO mice. (I-L) Quantification of a percentage of 

hormone-positive cells among GFP-positive endocrine cells demonstrates defects in differentiation of cells 

positive for hormones: insulin (Ins) (I), glucagon (Gcg) (J), somatostatin (Sst) (K), and pancreatic polypeptide 

(Ppy) (L) in Insm1, Neurod1, and Pax6 KO embryonic pancreata in comparison with Insm1+/-. Error bars indicate 

SEM (n=3); P-values were determined by one-way ANOVA test. Asterisks indicate p-values of *<0.05, **<0.01, 

***<0.001. Scale bars: 50 ɛm. 
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Figure 2.5.  Decreased proliferation of endocrine cells in Insm1, Neurod1, and Pax6 KOs, and increased 

apoptosis in Neurod1 and Pax6 KO embryos. (A-D) Immunofluorescence labeling of pancreatic tissues from 

E18.5 Insm1GFP-expressing embryos using antibodies against GFP (green) that marks all pre-endocrine cells, and 

antibodies against cell proliferation marker Ki67 (red). Compared to controls (A), mice lacking Insm1 (B), Neurod1 

(C), and Pax6 (D) exhibit a decrease in the number of Ki67-positive endocrine cells. Arrows indicate cells co-

expressing GFP and Ki67. (E-H) Immunofluorescence labeling of pancreatic tissues from E18.5 embryos with 

antibodies against GFP (green) and TUNEL assay (red) marking positive apoptotic events. Compared with 

Insm1+/ī mice (E), mice lacking Insm1 (F), Neurod1 (G), and Pax6 (H) exhibit an increase in the number of 

endocrine cells positive for both TUNEL and GFP. Arrows indicate TUNEL positive cells co-expressing GFP. (I) 

Quantification of a percentage of Ki67-positive cells among GFP-positive cells demonstrates a proliferation defect 

in endocrine cells from Insm1, Neurod1 and Pax6 KO pancreata at E18.5. (J) Quantification of a percentage of 

TUNEL-positive cells among GFP-positive cells demonstrates increased apoptosis in endocrine cells in Neurod1 

and Pax6 KO pancreata at E18.5. Error bars indicate SEM (n=3); P-values were determined by one-way ANOVA 

test. Asterisks indicate p-values of *<0.05, **<0.01, ***<0.001. Scale bars: 50 ɛm. 
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Pancreatic pre-endocrine cells lacking Insm1, Neurod1, and Pax6 have distinct transcriptional profiles. 

Next, to better understand how each factor contributes to the pro-endocrine cell transcriptome, I performed bulk 

RNA-Seq on FACS-purified cell populations isolated from E15.5 embryos. Cells were isolated at this earlier time 

point to minimize variance in gene expression that may be brought on by maturation towards specific endocrine 

subtypes. Hierarchical clustering and principal component analysis (PCA) of the 12 RNA-Seq samples revealed 

tight clustering by genotype, indicating the low variance between samples and that each condition analyzed has a 

unique transcriptional profile (Figs. 2.6A and 2.6B). 

Dysregulated expression of genes involved in hormone secretion, RNA metabolism and processing, and 

cell development in Insm1 KO endocrine cells. We previously reported the gene expression profile of both Insm1+/- 

and Insm1 KO mice at E15.5 using a legacy RNA amplification and sequencing method (Osipovich et al., 2014). 

To accurately compare the transcriptomes of the three TF KOs in this study, I collected new Insm1 KO datasets 

using the methods, reagents, and instrumentation described herein. A comparison of the two different Insm1+/- and 

Insm1 KO datasets indicated that they clustered first by amplification method (Nugen vs. Clontech) and secondarily 

by genotype (Insm1+/- control vs. Insm1 KO), indicating a batch effect. However, a linear regression analysis of the 

log2-fold changes of differentially expressed genes from the old and new datasets showed a strong correlation 

(R2=0.85) (Figs. 2.7A-C).   
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Figure 2.6. RNA-Seq Quality control analyses and comparison of Insm1+/-, Insm1-, Neurod1-, and Pax6-KO 

datasets reveal low sample variance within each of the RNA-Seq conditions. (A) Hierarchical sample 

clustering of all RNA-Seq datasets shows that replicates for each of the sequenced condition cluster together. The 

color key indicates the distance of similarity between samples. (B) Principal component analysis (PCA). The 

variance between all 12 samples is plotted across PC1 (y-axis) and PC2 (x-axis) which account for 43% and 28% 

of variability, respectively. (C-E) MA plots of Insm1, Neurod1, and Pax6 KO datasets compared to Insm1+/- controls. 

The log2 fold change (y-axis) is plotted against the mean normalized counts (x-axis). The provided number of genes 

changed is based on a p-value Ò 0.05. 
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Figure 2.7. Comparative analysis of newly generated Insm1 KO RNA-Seq datasets and previously published 

Insm1 KO data. (A) Hierarchical clustering analysis of normalized expression data from Insm1+/- and Insm1-/- 

samples prepared using either the Ovation RNAȤSeq system (NuGEN, CA) as in the previous study (Osipovich et 

al., 2014) or with the SMART-Seq® v4 Ultra® Low Input RNA Kit for Sequencing (Clontech/Takara), used in the 

present study. (B) Correlation analysis of original data vs. data presented in this study. Regression line representing 

the log2 fold change of the original datasets (x-axis) against the log2 fold change of the new datasets (y-axis) from 

independent DE analyses. Residual genes are highlighted and labeled. (C) Correlation residuals from the linear 

regression analysis. The resulting residual genes are plotted against the log2 fold change in expression value. 

Residual outliers are highlighted and labeled. The size of the individual gene nodes corresponds to the adjusted p-

value for that gene from p < 0.01 through p < 0.05. 
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Analysis of the new Insm1+/- and Insm1 KO datasets by DESeq revealed a total of 4,694 differentially 

expressed genes, 2,265 were categorized as downregulated genes (DRGs) and 2,429 upregulated genes (URGs) 

in the KO compared to control embryos (p-value Ò 0.05) (Figs. 2.6C and 2.8A-B). Among the top DRGs were 

numerous TFs known to control endocrine cell development, including both Sox9 (McDonald et al., 2012) and Mnx1, 

which is necessary for endocrine cell fate allocation and in later stages for maintaining the ɓ-cell fate (Pan et al., 

2015; Sund et al., 2001; Wang et al., 2002). Also, among the DRGs were the TF Bhlhe23, the histone modifiers 

Hist1h2bf and Histh2bb, and genes involved in the trafficking and secretion of insulin (Avp, Chgb) (Fig. 2.8C). Gene 

ontology (GO) and pathway enrichment analysis results from DRGs revealed enrichment of many genes, including 

those involved in cell projection morphogenesis (Bdnf, Brsk2, Camk2b, Etv4), cellular response to hormone stimulus 

(Adra2a, Gcgr, Insr, Kcnc2), hormone secretion (StxbKp5l, Stx1a, Cacna1d), and mRNA metabolic process (Srsf2, 

Hnrnpc, Celf4, Celf6) (Figs. 2.8D and 2.8F).  

Among the top URGs, there were many genes necessary for the key functions of mature islet cells. 

Examples include Kcnc4 (Kv3.4), a voltage-gated potassium channel expressed in ɓ- and ŭ-cells; and Gpr17, an 

orphan G protein-coupled receptor known to inhibit neural cell maturation (Chen et al., 2009; Gopel et al., 2000; 

Jacobson and Philipson, 2007). GO and pathway enrichment analyses identified an enrichment in genes involved 

in the regulation of cellular component organization (Adck1, Arap1), Notch and Wnt signaling pathways (Dll1, 

Notch1/2, Wnt7b, Frzb, Frz8), and the negative regulation of cellular development (Aatk, Dlx1, Rest, Kctd11) (Figs. 

2.8E and 2.8F). These results indicate that Insm1 stimulates many genes involved in hormone secretion and the 

function of mature endocrine cells while repressing genes associated with Notch and Wnt signaling. 
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Figure 2.8. Transcriptional profiling of Insm1 KO pancreatic endocrine cells at E15.5. (A) Heat map 

representation of the top 100 variant genes (based on p-value) dysregulated in Insm1 KO relative to 

Insm1+/-. (B) Volcano plot of differentially expressed genes (DEGs) between control and KO samples 

plotting the log2 fold change (x-axis) against the ïlog10 FDR-adjusted p-value (y-axis). Top differentially 

expressed genes (based on log2 fold change) are indicated by names. (C) Top 15 up and downregulated 

genes by log2 fold change. (D) Select enriched terms identified by Gene Ontology (GO) and pathway 

analyses of downregulated genes (DRGs) and (E) upregulated genes (URGs) in Insm1 KO samples. The 

tables display enriched biological and molecular processes terms, the number of genes represented in that 

term, and their log2 p-value. Only genes with an adjusted p-value Ò 0.05 were analyzed. The analyses were 

performed using Metascape. (F) Bar graph of the log2 fold change of select example genes from enriched 

functional categories. 
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Figure 2.9. Transcriptional profiling of Neurod1 KO pancreatic endocrine cells at E15.5. (A) Heat map 

representation of the top 100 variant genes (based on p-value) dysregulated in Neurod1 KO relative to 

Insm1+/-. (B) Volcano plot of differentially expressed genes (DEGs) between control and KO samples 

plotting the log2 fold change (x-axis) against the ïlog10 FDR-adjusted p-value (y-axis). Top differentially 

expressed genes (based on log2 fold change) are indicated by names. (C) Top 15 up and downregulated 

genes by log2 fold change. (D) Select enriched terms identified by Gene Ontology (GO) and pathway 

analyses of downregulated genes (DRGs) and (E) upregulated genes (URGs) in Neurod1-null samples. 

The tables display enriched biological and molecular processes terms, the number of genes represented in 

that term, and their log2 p-value. Only genes with an adjusted p-value Ò 0.05 were analyzed. The analyses 

were performed using Metascape. (F) Bar graph of the log2 fold change of select example genes from 

enriched functional categories. 
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Dysregulated expression of genes involved in chromatin organization, cell proliferation and mitochondrial 

function in Neurod1 KO endocrine cells. Comparing the Neurod1 KO and control datasets revealed a different set 

of 4,613 dysregulated genes (2,131 DRGs and 2,482 URGs) (p-value Ò 0.05) (Figs. 2.6D and 2.9A-B). The top 

DRGs included many factors known to impact islet cell function, including Prlr, G6pc2, Hspa1a, and Hspa1b (Fig. 

2.9C). Transcriptional co-regulators (Runx1t1, Myt1l), cell cycle regulation (Cdkn1a, Cdc14b), and chromatin 

organization (Ctcf, Kat2b) were enriched in DRGs in Neurod1 KO (Fig. 2.9D). 

The top URGs in this dataset included the NF-əB signaling regulators (Tifab, Ccdc3), extracellular matrix 

factors (Emilin2, Col19a1), and the TRAIL receptor Tnfsrf26 (Fig. 2.9C). URGs were enriched in such functional 

categories as cellular respiration (Coq10a, Uqcc3), mitochondrial organization (Mfn2, Meif1, Meif2, Plekhf1), and 

autophagy (Atg7, Atg13, Tbc1d17, Vps11) (Fig. 2.9D). Moreover, genes involved in the regulation of cell death 

were also upregulated (P2rx1, P2rx7, C6). Identification of these enriched GO terms and pathways for the Neurod1 

KO mice parallels the changes we and others have observed in islet morphology, including reduced endocrine cell 

proliferation and increased cell death (Naya et al., 1997; Romer et al., 2019). These findings indicate that the loss 

of Neurod1 causes a transcriptional response marked by the upregulation of genes involved in NF-kB signaling and 

energy metabolism and the downregulation of other pancreatic TFs and genes associated with cell cycle regulation. 

Dysregulated expression of genes involved in cell cycle regulation, developmental growth and apoptosis in 

Pax6 KO endocrine cells. Comparison of the Pax6 KO embryos and controls revealed a set of 5,770 genes (2,756 

DRGs and 3,014 URGs) that were Pax6 dependent (p-value Ò 0.05) (Figs. 2.6E and 2.10A-B). Among the top 

URGs were Prlr, G6pc2, Gcg, Ptgdr, and Ccdc3 (Fig. 2.10C). Inspection of the enriched GO terms and pathways 

for Pax6-dependent DRGs and URGs suggests a critical role for Pax6 in stimulating cell growth and cell cycle and 

regulating ER stress and apoptosis in developing endocrine cells (Figs. 2.10D-E). Specifically, many genes involved 

in chromatin organization (Ash1l, p300, Mettl4), cell cycle regulation (Ccnd1, Cdc27, Cdkn1b, Chek1), and 

developmental cell growth (Fgf9, Igf1r, Tgfb2) were downregulated in Pax6 KO animals (Figs. 2.10D and 2.10F). 

Consistent with the diminished number of alpha cells observed at E18.5, there was a marked reduction in Gcg 

expression, as well as dysregulation of other Ŭ-cell specific genes Brn4 and Pcsk2. GO terms and pathways 

enriched in URGs include the cellular component organization (Elmo1/2, Lima1, Myo7a), response to ER stress 

(Atf6b, Traf2), and the apoptotic signaling pathway (Casp2, Casp9, Madd) (Figs. 2.10E-F). Analysis of dysregulated 
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genes in Pax6 KO animals shows the downregulation of other TFs, cell cycle regulators, and genes important for 

cellular growth, and the upregulation of apoptotic signaling and genes involved in response to ER stress.  
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Figure 2.10. Transcriptional profiling of Pax6 KO pancreatic endocrine cells at E15.5. (A) Heat map 

representation of the top 100 variant genes (based on p-value) dysregulated in Pax6 KO relative to Insm1+/-

. (B) Volcano plot of differentially expressed genes (DEGs) between control and KO samples plotting the 

log2 fold change (x-axis) against the ïlog10 FDR-adjusted p-value (y-axis). Top differentially expressed 

genes (based on log2 fold change) are indicated by names. (C) Top 15 up and downregulated genes by 

log2 fold change. (D) Select enriched terms identified by Gene Ontology (GO) and pathway analyses of 

downregulated genes (DRGs) and (E) upregulated genes (URGs) in Pax6-null samples. The tables display 

enriched biological and molecular processes terms, the number of genes represented in that term, and 

their log2 p-value. Only genes with an adjusted p-value Ò 0.05 were analyzed. The analyses were 

performed using Metascape. (F) Bar graph of the log2 fold change of select example genes from enriched 

functional categories. 
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Figure 2.11. Enriched GO terms and pathways common for genes downregulated in Insm1, Neurod1, and 

Pax6 KO pancreatic endocrine cells. (A) Venn diagram shows overlap between downregulated genes (DRGs) 

(p-value < 0.05 cut off) in each of the pairwise comparisons: Insm1 KO, Neurod1 KO, and Pax6- KO versus Insm1+/- 

datasets. A subset of commonly downregulated genes is highlighted within a boxed insert. (B) Circos plot 

representing genes (purple curves) and GO terms/pathways (blue curves) that are shared between DRGs from the 

three comparisons. (C) Network depiction of the enriched gene ontology terms shared between DRGs from the 

three comparisons. Node size is proportional to the number of genes in GO or pathway category, with pie charts 

indicating a proportion of genes from each comparison in that GO term. Metascape analyses were run using default 

parameters. 
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Figure 2.12. Enriched GO terms and pathways common for genes upregulated in Insm1, Neurod1 and Pax6 

KO pancreatic endocrine cells. (A) Venn diagram shows overlap between upregulated genes (URGs) (p-value < 

0.05 cuttoff) in each of the pairwise comparisons: Insm1 KO, Neurod1 KO, and Pax6 KO versus Insm1+/- datasets. 

A subset of commonly downregulated genes is highlighted within a boxed insert. (B) Circos plot representing genes 

(purple curves) and GO terms/pathways (blue curves) that are shared between URGs from the three comparisons. 

(C) Network depiction of the enriched gene ontology terms shared between URGs from the three comparisons. 

Node size is proportional to the number of genes in GO or pathway category, with pie charts indicating a proportion 

of genes from each comparison in that GO term. Metascape analyses were run using default parameters. 
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Comparison of the gene sets dysregulated in the Insm1, Neurod1, and Pax6 KO endocrine cells. To further 

assess the similarities and differences in the genes affected by each gene KO, I started by comparing the gene 

lists. I found that of the 8,729 total dysregulated genes (based on adj. p-value Ò 0.05) across all three KOs, 4,719 

(54%) were affected by more than one TF (Figs. 2.11A and 2.12A). Additionally, 578 (6.6%) of genes were inversely 

regulated across TFs. For example, Mnx1 is upregulated in Pax6- and Neurod1 KO datasets and downregulated in 

Insm1 KO samples. Conversely, Rest is downregulated in Pax6- and Neurod1 KO samples and upregulated in 

Insm1 KO data. Similarly, Fev is upregulated in the absence of Pax6, unchanged in Neurod1 KO, and 

downregulated in Insm1 KO datasets. This finding indicates that while Insm1, Neurod1, and Pax6 commonly 

regulate a sizeable fraction of genes, each TF has unique effects on the transcriptome. To quantify these findings 

and reflect the similarity of the different groups, I determined the percentage of shared genes relative to the total 

number of dysregulated genes. This analysis revealed a range of 2.6 ï 22.6% similarity between different groups, 

with the highest similarity between Neurod1 and Pax6 DRGs (22.6%). 

Next, to identify commonalities in the functional annotations of genes dysregulated in each gene set, I 

performed Metascape analyses for both the DRGs and URGs. These analyses revealed many genes, and functional 

GO terms and pathways shared between dysregulated genes from each gene set (Figs. 2.11B and 2.12B). Of the 

620 commonly regulated DRGs (14.07% shared), the enriched GO term and signaling pathway network includes 

such categories as regulation of mRNA metabolic processes and translation (Akap17b, Clk1, Srsf3, Srsf6), cell 

cycle regulation (Bbx, Cdk6, Cdc14b), and chromatin organization (Kmt2a, Setd5, Kdm7a) (Fig. 2.11C). Other 

common DRGs included regulators of insulin secretion and signaling (Ins1, Nnat, Ucn3, Insr), transcriptional 

regulators (St18, Neurod1, Rfx3, Myt1l, Runx1t1, Onecut2), and kinases (Akt3, Mapk8, Taok1, Prkcb). While it is 

not surprising that these TFs regulate other TFs that are known to be involved in pancreas development and 

function, it is important to note their role in affecting the expression of cell cycle regulators and chromatin 

organization. Tight regulation of these processes has long been linked to cellular development, expansion, and 

differentiation, and their dysregulation likely contributes to the observed developmental delays and perturbed ratios 

of islet cell types (Boward et al., 2016; Dalton, 2015; Kim et al., 2015; Krentz et al., 2017; Soufi and Dalton, 2016).  

The shared functional network for 863 URGs (17.7% shared) in all three KOs contains GO terms and 

pathways for ncRNA processing (Aars, Ctu1, Lsm6, Tsen2), apoptotic signaling pathway (Casp9, Tradd, Tnfrsf21, 
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Ddx47), protein localization (Ipo4, Ipo9, Timm29), and response to oxidative stress (Pink1, Selenon, Fancc) (Fig. 

2.12C). Genes involved in Wnt-signaling pathways (Frzb, Lzts2) and other TFs (Sox10, Tbx2, Foxa2) were also 

upregulated. The upregulation of genes associated with apoptosis and oxidative stress response directly correlate 

with the increases in apoptosis in Neurod1 and Pax6 KO pancreata. Likewise, increases in the expression of 

members of the Wnt signaling pathway and early endocrine TFs are reminiscent of morphological, developmental 

delays (Sharon et al., 2019). This is particularly true of those observed in Insm1 KO embryos which can generate 

endocrine cells, but many of those are unable to properly differentiate and mature into hormone expressing 

endocrine cells (Mellitzer et al., 2006; Osipovich et al., 2014).     
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 Figure 2.13. Metascape PPI MCODE analysis of DRGs in Insm1 KO, Neurod1 KO, and Pax6 KO RNA-Seq 

datasets reveal an enrichment for transcriptional, cohesin, and histone acetylation complexes. Subset 

networks of the most enriched (based on p-value) modules of genes that form protein-protein interactions (PPI) 

specific for (A) transcriptional, (C) cohesin, and (E) histone acetylation complexes. (B, D, F) Bar graphs of the 

change in expression (as log2 fold change) from our knock-out datasets of the genes included in each complex. 

Error bars indicate the SEM. Nodes are represented as pies in which the colored sectors correspond to their gene 

list. 
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Figure 2.14. Metascape PPI MCODE analysis of URGs reveals enrichment for complexes involved in NF-əB 

signaling and histone acetylation. Subset networks of the most enriched (based on p-value) modules of genes 

that form PPIs specific for (A) NF-əB signaling and (C) histone acetylation complexes. (B, D) Bar graphs of the 

change in expression (as log2 fold change) from our knock-out datasets of the genes included in each complex. 

Error bars indicate the std. error. Nodes are represented as pies in which the colored sectors correspond to their 

gene list. The color scheme is consistent with the previous figures. 
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Metascape analysis also identified protein-protein interaction (PPI) enrichments common to all three gene 

sets. Enriched subnetworks of DRGs known to form PPIs included members of the ATF2- (Atf2, Pou2f1, Nf1, Brca1), 

cohesin- (Smca1, Smc3, Atrx, Mecp2), and histone acetylation-complexes (Kat2b, Crebbp, Clock). (Figs. 2.13A, 

2.13C and 2.13E). The PPI subnetworks of URGs involved in NF-əB signaling (Ikbkb, Ikbkg, Rnf31, Rbck1) and 

histone modification (Tuba1a, Hdac6, Kat5b) (Figs. 2.14A and 2.14C). Interestingly, NF-kB signaling has been 

recently shown to regulate ɓ-cell proliferation and apoptosis, and in turn, ɓ-cell mass, during development (Sever 

et al., 2021). Together, these analyses indicate that while there are differences in the genes dysregulated by Insm1, 

Neurod1, and Pax6, there are many shared functionalities, both from a gene ontology and PPI subnetwork 

perspective.  

Prediction of direct targets of Insm1 and Neurod1 critical for endocrine cell development. To predict direct 

targets of Insm1 and Neurod1 in developing endocrine cells, I utilized previously reported ChIP-Seq datasets (Jia 

et al., 2015). Consistent with published data, our analysis showed that Insm1 and Neurod1 share a large proportion 

of binding sites (11,409 sites across the genome, 81.9% of total binding sites) (Fig. 2.15A). Integration of ChIP-Seq 

data with our RNA-Seq data on dysregulated genes suggests that 4,180 and 3,789 genes, respectively, may be 

direct targets of Insm1 and Neurod1 in endocrine progenitor cells (Figs. 2.15B-C). I further compared the lists of 

direct target genes and found 1,719 (27.5% shared) genes bound and dysregulated by both Insm1 and Neurod1. 

These included genes involved in peptide hormone response and secretion (G6pc2, Glp1r, Sytl4, Stxbp5l), zinc 

finger proteins (Zfp326, Zbtb33, Zbdf2), rhythmic processes (Clock, Dhx9, Kcnd2), and mRNA processing (Celf4, 

Tra2a, Akap17b, Zfp871, Luc7l2, Ddx17) (Figs. 2.15D and 2.16A-D). These findings indicate that of the genes 

dysregulated in our Insm1 and Neurod1 KO endocrine progenitor cells, 89% and 82% are predicted to be direct 

targets, respectively, based on the presence of binding sites within 5 kb of the transcriptional start site.  
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Figure 2.15. Synergistic gene regulation by Insm1 and Neurod1. Venn diagrams representing the overlap 

between (A) Insm1 KO DEGs (p-value < 0.05 cutoff) and Insm1 bound genes, (B) Neurod1 KO DEGs (p-value < 

0.05 cutoff) and Neurod1 bound genes, and (C) genes bound by Insm1 and/or Neurod1. (D) Venn diagram showing 

the overlap of genes that are both bound and dysregulated by Insm1 and Neurod1, respectively. A subset of 

common direct target genes is highlighted within a boxed insert. 
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Figure 2.16. Example ChIP-Seq binding profiles of Insm1 and Neurod1 at dysregulated gene loci. Depicted 

are the ChIP-Seq coverage profiles for Insm1 and Neurod1 at (A) Rest, (B) Cdkn3, (C) Runx1t1, and (D) G6pc2. 

Strong TF binding by both Insm1 and Neurod1 can be detected around the transcriptional start sites and some 

internal regions of each of the genes. Insm1 binding profiles are in red, Neurod1 binding in blue. Regions with major 

peaks for both TFs are highlighted in purple and indicated by an arrow marker. 
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DISCUSSION 

 

Insm1, Neurod1, and Pax6 both independently and coordinately govern pre-endocrine cell gene 

expression. Insm1, Neurod1, and Pax6 are individually essential for the formation of functional pancreatic endocrine 

cells (Gu et al., 2010a; Jia et al., 2015; Mitchell et al., 2017; Naya et al., 1997; Osipovich et al., 2014; St-Onge et 

al., 1997). By systematically comparing the effects of deleting Insm1, Neurod1, and Pax6 on the morphology, and 

gene expression of nascent pancreatic endocrine cells, we have obtained new insights into the complex and 

particularly important roles that each of these factors has in the development of pancreatic endocrine cells.  

Role of Insm1. Consistent with previously published results, I showed that Insm1 KOs have defects in 

endocrine cell differentiation that were manifested in decreased numbers of Ins- and Gcg-positive and increased 

number of Ppy-positive endocrine cells. This was accompanied by decreased endocrine cell proliferation, as well 

as changes in the expression of genes that affect these processes (Gierl et al., 2006; Osipovich et al., 2014). In 

these studies, all analyzed mice carried a heterozygous Insm1GFPCre allele which was also used as a control for all 

comparisons.  

Our comparative transcriptional analysis revealed both similarities and differences in the genes regulated 

by Insm1 and Neurod1 and Pax6. For example, Insm1, but not Neurod1 or Pax6, activates the expression of Fev 

and Mnx1 in endocrine cells, TFs that are known to influence the numbers and types of endocrine cells, as well as 

islet morphology. Moreover, Insm1 is specifically important for the expression of many genes involved in the 

inducible secretory function of endocrine cells, including protein secretion and Ca2+ regulated vesicle exocytosis. 

Our new data, together with a re-analysis of previously reported ChIP-Seq data, suggests that 89% of genes 

dysregulated in endocrine progenitor cells of Insm1 KO mice contain binding sites for Insm1 with 5 kb of the 

transcriptional start site.  

Role of Neurod1. Like Insm1 knockouts, mice that lack Neurod1 exhibit an increased number of Ppy-

expressing endocrine cells, but the proportion of other hormoneïexpressing Insm1GFP-positive cells did not change 

significantly. While proportions of most of the differentiated endocrine cell types did not change, I saw a drastic 

decrease in proliferation and a relatively strong increase in apoptosis of endocrine cells that resulted in a marked 
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reduction in the overall number of endocrine cells. These findings are consistent with previous studies, supporting 

the hypothesis that a lack of proliferative cells and an increase in apoptosis are primary causes for the reduced total 

number of endocrine cells observed (Naya et al., 1997; Romer et al., 2019). Likewise, Romer et al., 2019 recently 

reported a decrease in Ŭ- and ɓ- cell numbers only after the time ~P0 stage. Their quantifications at E17 show no 

differences in the cell numbers or ratios of Ins- or Gcg-expressing cells, indicating that the specific reduction in Ŭ- 

and ɓ-cells occurs during late embryonic to early postnatal stages after islet differentiation has roughly concluded, 

which is consistent with our findings (Romer et al., 2019).  

Our transcriptional profiling results also suggest that Neurod1 promotes proliferation and maturation 

through the stimulation of genes important for cell cycle regulation and chromatin modifications, processes that are 

important for cell differentiation (Chen and Dent, 2014; Dowen et al., 2014; Krentz et al., 2017; Pauklin and Vallier, 

2013). Simultaneously, the observed upregulation of apoptotic and autophagy genes likely contributes to an 

increase in cell death, further decreasing the total number of endocrine cells. Additionally, ChIP-Seq data suggest 

that Neurod1 directly targets 82% of the genes dysregulated in this analysis, highlighting that it is likely the primary 

effector of those changes. Together these findings indicate the critical role of Neurod1 in propagating enough fully 

functional islet cells during development via the promotion of cellular proliferation and activation of key TFs.  

Role of Pax6. A role for Pax6 in driving the specification of Ŭ-cells is well established, so the marked 

reduction of Gcg-positive cells (3.3% vs. 15% in controls) in the Pax6 KO animals is not a surprise (Gosmain et al., 

2010). Our data indicate that endocrine cells lacking Pax6 not only have a decrease in the expression of Gcg, but 

also dysregulation in other genes important for Ŭ-cell development and function, such as Pou3f4 (or Brn4), Pcsk2, 

Slc30a8, Irx2, and Smarca1. Besides its function in Ŭ-cells, Pax6 is important for the development and function of 

adult ɓ-cells, which is supported by our findings of decreased expression of Ins1, Ins2, and Insr in Pax6 KOs 

(Gosmain et al., 2010; Mitchell et al., 2017; Swisa et al., 2017). While the morphological phenotypes of the islets I 

observed are in line with previously published results, I am aware that I cannot exclude the possibility of a 

combinatorial effect caused by potentially suboptimal levels of Insm1 in our GFP reporter model (Gosmain et al., 

2010; Sander et al., 1997; St-Onge et al., 1997).  

Additionally, it was previously shown that Pax6 is alternatively spliced and that Ŭ- and ɓ-cells preferably 

express alternate isoforms (Singer et al., 2019). I found that both Insm1, and Pax6 itself, regulate Pax6 mRNAs 
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splicing, both potentially contributing to its cell-type-specific diversity. The downregulation of genes involved in 

chromatin organization, cell cycle regulation, and cell growth in Pax6 KOs, similarly to Neurod1 KOs, likely 

contribute to the reduction in endocrine cell expansion, while an increase in apoptotic genes correlates to the 

increase in cell death.  

Regulatory overlap of Insm1, Neurod1, and Pax6. Recently we have shown that Insm1 and Neurod1 exhibit 

a high degree of co-expression during endocrine differentiation and that Pax6 is similar except that it continues to 

be expressed in adult Ŭ-cells (Osipovich et al., 2021). These co-expression relationships are consistent with Insm1, 

Neurod1, and Pax6 being important components of the gene regulatory network in nascent pancreatic endocrine 

cells. The genes regulated by these three factors also share many functional assignments, such as mRNA 

processing and alternative splicing, and cell cycle regulation. These similarities likely underpin the broadly similar 

morphological phenotypes when each is knocked out, which includes a reduced overall number of pro-endocrine 

cells, reduced endocrine cell proliferation, and increased apoptosis, as well as defects in differentiation towards 

different kinds of hormone-expressing cells.  

Our findings also suggest epistasis between Insm1 and Pax6. Specifically, I had difficulty obtaining 

Insm1GFP.Cre/+; Pax6fl/fl animals at E18.5. This suggests an Insm1 gene dosage effect that becomes more 

pronounced in the absence of Pax6. A recent report showed that mice with only a single functional Insm1 allele 

(Insm1+/-) have impaired ɓ-cell proliferation that results in impaired glucose tolerance in adult animals (Tao et al., 

2018). However, the authors observed no impairments in ɓ-cell mass at birth and suggested that Insm1 haplo-

insufficiency has little to no effect on embryonic endocrine development (Tao et al., 2018). Previous Pax6 KO 

studies have also not reported any unexpected difficulties in obtaining Pax6 null embryos, and animals died just 

after birth (Ashery-Padan et al., 2004; Heller et al., 2004; Sander et al., 1997; St-Onge et al., 1997). Therefore, the 

reduced number of Pax6 KO embryos I observed at E18.5 may be due to a detrimental synergistic effect, or negative 

epistasis, between Insm1 and Pax6 that impairs embryo survival. 

In addition to the early lethality of Pax6 KO embryos, our data show an increase in both apoptotic events 

at E18.5 and an increase in the expression of pro-apoptotic genes at E15.5. Previous studies of global Pax6 KO 

mice have all observed a marked decrease in hormone-positive endocrine cells, but none quantified apoptosis 

events (Ashery-Padan et al., 2004; Heller et al., 2004; Sander et al., 1997; St-Onge et al., 1997). Moreover, Ashery-



 

85 

 

Padan et al., who utilized a Cre-Lox-based lineage tracing strategy to quantify the proportion of Pax6 expressing 

cells relative to total pancreatic tissue at E18.5, reported the loss of hormone expression but no difference in total 

cell number (Ashery-Padan et al., 2004). While apoptosis was not specifically quantified, their study suggests that 

pro-endocrine cells form and expand but then fail only to express islet hormones (Ashery-Padan et al., 2004). If so, 

then our observations suggest that Insm1 and Pax6 may have redundant functions, perhaps in the suppression of 

pro-apoptotic genes. 

In conclusion, the present study provides additional insights into the roles of Insm1, Neurod1, and Pax6 in 

driving endocrine development and differentiation. While each of these TFs has its own unique regulatory functions, 

there is also functional overlap between these factors based on the large number of commonly dysregulated genes 

represented in our data. Finally, our data demonstrate the broad impact of eliminating each TF, further illustrating 

their individual roles and importance in establishing the GRN within pancreatic endocrine cells. 
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CHAPTER III - NOVEL ROLES OF INSM1, NEUROD1, AND PAX6 IN REGULATION OF 

ALTERNATIVE SPLICING DURING ENDOCRINE CELL DEVELOPMENT 

 

INTRODUCTION 

 

Mechanisms and functions of alternative splicing. 

The tight regulation of gene and protein expression necessary for establishing or maintaining gene 

regulatory networks goes beyond transcriptional activation and repression. While there are actually many different 

layers of regulation, the process of alternative splicing of mRNA is of note. Following transcription, nascent pre-

mRNA must undergo splicing, which is the process of removing introns and the subsequent joining of exons to 

create a mature mRNA molecule (Dlamini et al., 2017).  Alternative splicing (AS) occurs when varying combinations 

of exons, or introns, are included and excluded then spliced together to form multiple isoforms from the same gene 

transcript (Fig. 3.1) (Feero et al., 2010). AS leads to a significant enhancement of transcriptome diversity and the 

accompanied expansion of the protein repertoire, providing another mechanism for regulating gene expression 

(Dlamini et al., 2017). To illustrate this point, there are a predicted ~22,000 protein-coding genes in the human 

genome, but there are over 215,000 observed isoforms (Lee and Rio, 2015). This vast difference between gene 

and gene isoform numbers is due to the fact that as many as ~95% of genes are alternatively spliced. In comparison, 

the process of AS is evolutionarily old (Irimia et al., 2007; Kelemen et al., 2013), the relative frequency of AS events 

increase with organismal complexity (Kim et al., 2007a; Merkin et al., 2012). Species such as mice, flies, or worms 

have a similar number of genes relative to humans, but they all have a lower percentage of alternatively spliced 

genes relative to humans (~65%, 45%, and 25%, respectively) (Lee and Rio, 2015). Additionally, comparative 

analysis of gene expression and AS profiles in different organs across different vertebrates revealed that overall 

organ-specific AS patterns evolved much more rapidly than organ-specific gene expression patterns (Barbosa-

Morais et al., 2012). Having played such a crucial part in evolution, AS must have significant roles in organ 

development and/or function.  
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Figure 3.1.  Pre-mRNA splicing products. Splicing of pre-mRNA generally involves the excision of 

introns, followed by the ligation of exons. Differential inclusion or exclusion of exons and introns from a 

single gene product results in multiple mRNA isoforms, and upon translation, multiple protein products. This 

figure shows the alternative inclusion and exclusion of exons 3 and 4. The first mRNA product is marked 

by the ligation of ex. 1, ex. 2, and ex. 3. The second mRNA product skips exon 3, and includes instead ex. 

1, ex. 2, and ex. 4. For each, a unique protein structure is formed, labeled here as Protein A and Protein B. 

Figure modified and reprinted with permission from The National Institute of Health (NIH), NIH Publication 

No. 10-662, 2010. 
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In general, mRNA splicing is primarily mediated by the spliceosome. The spliceosome is a machinery 

complex made up of hundreds of individual components, including the NineTeen Complex (NTC), small nuclear 

ribonucleoprotein complexes (snRNPs) (U1, U2, U4, U5, U6), associated small nuclear RNAs (snRNA), along with 

other factors (Dvinge, 2018). The exon-introns boundaries of splice sites are marked by short sequence motifs at 

the upstream exon (5ô splice site), the intronic branch point, and the downstream exon (3ô splice site) (Dvinge, 2018). 

The spliceosome binds and assembles at these defined sites, and through a series of highly dynamic interactions, 

it forges the intron into a lariat-type loop and then catalytically cleaves the intron at the splice sites allowing the 

exons to be joined together (Gehring and Roignant, 2021).  

In addition to acting as recognition sequences for the spliceosome, cis-acting sequences within the pre-

mRNA are also important for the recruitment of splicing enhancers or repressors (Dvinge, 2018). The interaction of 

these sequences with RNA-binding protein (RBP) splicing factors constitutes a mechanism for the regulation of 

alternative splicing patterns (Lee and Rio, 2015). There are hundreds of RBPs that regulate binding sites and 

spliceosome activity which fall into three categorical groups. Namely, RBPs can be of the heterogeneous nuclear 

ribonucleoprotein (hnRNP) type, serine and arginine-rich (SR) proteins, or tissue-specific RBPs (Fig. 3.2) (Lee and 

Rio, 2015; Licatalosi and Darnell, 2010). SR proteins have a C-terminal domain enriched with the Arginine and 

Serine amino acid sequences and an N-terminal RNA recognition domain (Jeong, 2017; Zhou and Fu, 2013). SR 

proteins are typically considered to function as splicing activators, promoting the splicing at binding sites (Anko, 

2014). Conversely, hnRNP particles often function as repressors of alternative splicing (Fig. 3.2). The third class of 

proteins consists of tissue-specific RBPs. These include factors such as Nova1, Tra2A/B, PTB, Msi1/2, and 

members of the Rbfox family (Biamonti et al., 2019; Lee and Rio, 2015; Witten and Ule, 2011).   
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Figure 3.2.  Alternative splicing events promotes transcriptome and proteome diversity through key 

regulatory mechanisms. There are five main types of alternative splicing events. The most common is 

exon cassettes that lead to an exon being excluded from mature mRNA. Inclusion of an intron in the mRNA 

transcript is defined as intron retention (red box) and subsequently undergoes nonsense-mediated decay. 

Alternative 5ǋ or 3ǋ splice site leads to inclusion of a part of an intron or exclusion of segment of an exon. 

Mutually exclusive exons are characterized by one exon that is spliced out while the other one is retained. 

The grey, purple, and green boxes represent different exons. The black and red lines represent different 

splicing events. Alternative splicing is regulated by cis-elements and RNA binding protein splicing factors. 

Location of cisȤacting splicing enhancer or silencer motifs, and a simplified schematic of the transȤacting 

splicing regulators that bind them: exonic splicing enhancers (ESE), exonic splicing silencers (ESS), intronic 

splicing enhancers (ISE), and intronic splicing silencers (ISS). SR proteins and hnRNPs are illustrated as 

being splicing enhancers and repressors, although their regulatory role is highly complex and depends on 

multiple factors, such as the location of their binding site and expression of other splicing factors. They are 

likewise not restricted to binding motifs within either exons or introns specifically. This figure was modified 

and reprinted with permission from Dvinge, 2018; and Wang & Aifantis, 2020. 
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Figure 3.3.  RNA binding proteins can function to both enhance and silence alternative splicing 

sites. (A) Positions in silenced exons with the enriched binding of different RBPs. Shown above the 

transcript diagram, RBP (blue ellipse) binding to a single site close to 3ǋ SS silences exon inclusion (blue 

line). Even though not shown in this diagram, such a site can also lie within the exon or close to the 5ǋ SS. 

Shown below the transcript diagram, some RBPs bind at intronic positions close to 3ǋ and 5ǋ splice sites of 

the exon to efficiently silence exon inclusion. The arrows indicate that binding at the different positions is 

achieved by the different RBPs or a hnRNP C. (B) Positions of enhanced exons with the enriched binding 

of different RBPs. Shown above the transcript diagram, RBP (red ellipse) binding downstream of the 5ǋ 

splice site of a cassette exon promotes its inclusion (red line). Shown below the transcript diagram, RBP 

binding at multiple positions at both ends of the downstream intron enhances exon inclusion. The arrows 

indicate that interaction between the RBPs bound at both sides of the intron might be required for the 

enhancing effect. In contrast to the RBPs studied so far, SR proteins enhance inclusion when bound within 

exons. Upstream and downstream exons (grey boxes) and potential branch points (yellow boxes) are also 

indicated for positional reference. (C) A Nova RNA splicing map for cassette exons generated by integrating 

the HITS-CLIP experimental identification of Nova-binding sites and splice-junction microarray data. This 

figure was modified and reprinted with permission from Witten and Ule, 2011, Lee and Rio, 2015, and 

Licatalosi, 2008.  
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Interestingly, RBPs are not the only factors that can promote activation or repression of splicing activity at 

a given pre-mRNA splice site. Other cis-acting sequences are known as splicing regulatory elements (SREs), which 

can be located within exons or introns, enhance or inhibit splicing through the recruitment of trans-acting RBP 

factors (Wang and Wang, 2014). These regulatory elements are known as exonic and intronic splicing silencers 

(ESS and ISS), and exonic and intronic splicing enhancers (ESE and ISE), respectively (Lee and Rio, 2015). As 

their names suggest, ESS and ISS motifs silence splicing activity, while ESE and ISE motifs promote splicing 

activity. Consistent with the general activating or repressive functions of the previously mentioned RBP types, SR 

proteins often bind ESE and ISE sites, and ESS and ISS motifs are generally bound by hnRNPs (Fig. 3.2) (Anko, 

2014; Long and Caceres, 2009; Martinez-Contreras et al., 2007). While specific classes of RBPs tend to have 

enhancing or silencing functions, most can function in both manners depending on the motifs to which they are 

bound (Fig. 3.3A-B). These context-dependent interactions are often depicted as RNA splicing maps, in which the 

binding locations and resulting isoform are represented (Fig. 3.3C).   

 

Alternative splicing in development. 

It is well established that as cells transition from a pluripotent state into more differentiated cell types during 

development, key switches in the gene expression programs are necessary. The progressive shift in transcriptional 

patterns is driven by the activity of lineage-specific TFs, which narrow the cellsô lineage potential and push them 

towards a defined cell type (Fiszbein and Kornblihtt, 2017). However, there is emerging evidence that, in addition 

to transcriptional regulation, mRNA processing is also important for developmental programming. Research has 

shown that splicing is critical for establishing gene regulatory networks, as switches in AS patterns closely correlate 

with cellular differentiation (Fiszbein and Kornblihtt, 2017).  

Many examples outlining the importance of alternative splicing events can be found in the development of 

various tissue types, such as during neurogenesis, adipogenesis, and immune cell differentiation. One study 

demonstrated that during neuronal development, neural-specific Ser/Arg repeat-related protein of 100 kDa 

(nSR100/SRRM4) governs the alternative splicing of the RE1 Silencing Transcription Factor (Rest), which 

represses the expression of genes involved in neurogenesis (Norris and Calarco, 2012; Raj et al., 2011). They 

found that nSR100 promotes the splicing of the Rest4 isoform, a shorter version of the gene that has impaired 
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repressive functions, allowing for the upregulation of necessary pro-neural genes in neural cells. These factors form 

a feedback loop, where in non-neuronal cell types, the full isoform of Rest represses expression of nSR100 and is 

able to fully repress neural-specific genes (Raj et al., 2011).  

Until recently, the highly conserved RBP splicing factor Nova1 has been considered a brain-specific factor, 

playing an important part in neuronal development and function, and has even been shown to be critical in the 

evolution of brain development in humans from Neanderthals (Trujillo et al., 2021). However, Eizirik et al. 

demonstrated that it is also preferentially expressed in human and rodent islets (Eizirik et al., 2012). ɓ-cell-specific 

knockdown of Nova1 resulted in alternative splicing of ~5k isoforms, of which only 154 were shared with transcripts 

found in the brain. Alternatively spliced genes included those involved in calcium signaling, exocytosis, insulin 

signaling, apoptosis, and splicing and transcription. Importantly, Nova1 knockdown resulted in differential splicing 

of Insr, Foxo1, Foxo3a, Pax6, Snap25, and Sf1 (Fig. 3.4A) (Eizirik et al., 2012). Furthermore, Singer et al. recently 

reported that the alternative splicing of Pax6, which requires recruitment of RBPs by the lncRNA Paupar, alters both 

its transcriptional activity and DNA binding specificity (Singer et al., 2019). Paupar knockout experiments indicated 

that Paupar promotes splicing of the alpha-cell specific isoform of Pax6, modulating its transcriptional activity. The 

Ŭ-cell-specific Pax6 isoform is necessary for the proper expression of Ŭ-cell-specific genes, thus influencing its 

developmental program and function (Fig. 3.4B) (Singer et al., 2019).  
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Figure 3.4. Alternative splicing of Pax6 disrupts its transcriptional activity in pancreatic alpha-cells. (A) 

Pauper regulates AS of Pax6. Mis-splicing of Pax6 disrupts is ability to activate expression of alpha-cell specific 

genes. (B) RNA binding protein Nova1 has been found to modulate alternative splicing of genes important for 

beta-cell function. This Fig. was modified and reprinted with permission from Singer et al., 2019 and Villate, et al., 

2014. 


































































































































































