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CHAPTER |

INTRODUCTION

The Stem-Cell Niche Concept and its application in understanding Organ Development

Stem-cells have a theoretically unlimited capacity for self-renewal, and because of their broad
lineage potency (multipotency) are able to give rise to all cell types of a particular organism or
organ [1]. In a historical sense, the phrase “stem-cell niche” is used to refer to the specific
location of a stem-cell, the cellular components of the microenvironment surrounding the
stem-cell, and the regulatory signals emanating from ‘support’ cells [1]. Studies on the stem-cell
niche in diverse systems have shown that stem-cell function is controlled by extracellular cues
that are deployed within spatially constrained ‘niche’ environments, and that activate intrinsic
genetic programs within the stem-cell. A widely held belief is that the biological form of a niche
is tightly integrated with niche function, and vice versa. Thus, the proper construction and
maintenance of a niche is thought to depend on a precise regulation of cell and tissue
architecture, which is coupled to the regulated progression of differentiating cell types from the
stem-cell pool, and to the maintenance of reserve stem-cells that will remain within the niche.
While concepts on stem-cell niche structure and function are remarkably well developed in
relatively simple systems such as the Drosophila ovary and testis [2,3,4,5,6], or in homeostatic
mammalian systems such as the bone marrow [7,8], skin/hair follicle [9,10], and the intestinal
crypt [11] very little is known about whether and how organ-specific progenitor populations are

assembled, maintained, and regulated within niche environments to control organ formation.

It can be argued that the stem-cell niches that have been best characterized represent
relatively stable, and stereotypically organized biological entities. The major gaps in our
knowledge with respect to if and how niche environments guide organ formation can largely be
attributed to the fact that organogenesis represents a relatively rapid, highly complex, and
spatially dynamic process. During organ development, it is often more appropriate to refer to
multipotent populations as organ-specific progenitor cells, rather than bona fide stem-cells.

While it is still debated as to whether there is a strict distinction between stem and progenitor



cells, an organ-specific progenitor can be defined as a cell that, unlike a stem cell, has a more
limited tendency to self-replicate, and also has a greater tendency to differentiate toward a
“target” cell type, or a rather limited number of cell types [12] (Fig. 1.1A). Multipotentiality in
progenitors is thus often confined to windows of time that exist only transiently during
embryonic development, making investigations into the niches within which they reside
technically and conceptually difficult. These collective points are especially important, because
it is now thought that many organ systems, in their mature and functional final states, do not
harbor a reserve pool of stem-like cells that drive appreciable self-renewing or regenerative
capacity under normal or even injury-induced conditions. Therefore, understanding the
mechanisms through which organ-specific progenitor cells become expanded in number versus
lineage-committed during development, and whether these processes are controlled within
discrete niche environments, will be critical in our ability to gain control over the cell-biological

mechanisms that regulate tissue formation as a means toward therapeutic applications.
The ‘Niche Framework Model’ as a basis to understand complex organ formation

When | first began my research in the Wright Lab, we were trying to think in new ways about
the question “how must organs form?” In trying to envision a solution, we conceived the
process of organ formation as essentially an engineering problem. During organ formation
there must be enough growth in the progenitor pool to ensure that the organ obtains the
correct size, the right cell types must be formed to meet the functional requirements of the
organ, and cells must be placed with respect to each other at the right place at the right time. In
meeting these three requirements, an organ formation ‘program’ can accomplish the proper
size, composition, and spatial arrangement of properly differentiated cell types necessary for
mature organ function. The blueprints of a particular organogenesis process can thus
conceivably be reduced to three principle programs that must be precisely coordinated during
development: these are cell differentiation, progenitor maintenance, and tissue
morphogenesis. But how might these programs be coordinated, or even mechanistically
coupled? We proposed a model wherein there must be a highly integrated system of feedback-

based controls, which are organized and deployed within structured units or cell groupings,



which links these individual developmental programs together to guide the formation of a
complex multi-cellular organ. We called this model the “niche framework” (personal

communication, Christopher V.E. Wright 2009) (Fig. 1.1B).
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Figure 1.1. The Niche Framework Model for the study of complex organ formation. (A) Schematic showing a typical
hierarchy of lineage potency in stem and progenitor cells during development. The earliest embryonic stem-cells,
and stem-cells reserved in homeostatic and regenerative systems, are assembled, maintained and regulated within
discrete niche environments. As organs form during development, it is unclear whether similar niche environments
regulate the functions of lineage-restricted progenitor types. (B) Our proposed “Niche Framework” model has three
main features. First, there are three obligate developmental programs (morphogenesis, progenitor growth, and
differentiation), which must be coordinated during organ formation. Second, there are feedback mechanisms in
place that link each of the obligate developmental programs together in a closed circuit. Last, the feedback
mechanisms linking morphogenesis, differentiation, and progenitor growth are organized and deployed within
discrete ‘unit’ of cells. Altogether, these three features we propose represent the minimum requirements necessary

to comprise a functional organ-specific niche. This figure was adapted from [12].



Arguably, a niche-framework model, as a basis to understand how large and complex multi-
cellular tissues arise, makes sense from a variety of perspectives. From the perspective of organ
self-assembly, it is reasonable to presume that in order for organogenesis to proceed so
precisely and reproducibly there must exist physiologically limited microenvironments wherein
intracellular communication links individually wide-ranging cell behaviors (the inputs) together
to ensure a stable and predictable large-scale outcome (the output). From the perspective of
the acquisition of disease states, it follows that any detrimental perturbation to a
morphogenetic, differentiation, or progenitor maintenance program has the potential to
dismantle the coordinated organogenesis process, resulting in harmful consequences to the
organism as a whole. Our niche-framework makes sense from the perspective of evolution, as it
provides a limited set of ‘principal components’ that can be modified and elaborated upon over
time to generate increasing complexity. Finally, by virtue of its non-linearity, our niche-
framework model accommodates a structure-function tissue-building system that can be used
reiteratively, in cycles that are tuned at some physiologically established rate, during organ
formation. A major theme of this dissertation focuses on how we have built new and potentially
and, potentially, increasingly unifying models for how organs are assembled during
development using the “niche framework” as a guide, and the developing mouse pancreas as a

model.
Pancreas development as a model to study organ-specific progenitor niches

The developing mouse pancreas provides a tractable model for beginning to ask questions
about whether discrete niche environments coordinate progenitor growth, differentiation, and
morphogenesis during organ formation. The pancreas is arguably one of the most thoroughly
studied developing organ systems in mammals, and the lineage potency, marker-defined
identity, and in some cases locations of various pancreatic progenitor pools have been
described. Major themes have emerged over time regarding how various pancreatic progenitor
populations behave as they contribute to differentiated lineages. In brief, these include, but are

not limited to, the following:



e There are periods of development characterized by preferential replication and growth
in an undifferentiated progenitor state, versus periods of preferential lineage-allocation
from the progenitor pool [13].

e There is a gradual decrease in lineage potency over time, with early progenitors being
multipotent, and later progenitors being bi-potent or even unipotent [14,15,16].

e Progenitor “domains” with specific lineage potencies become spatially segregated as the
pancreas undergoes epithelial budding, tubulogenesis, and arborization [14,15].

e The size of the initial multipotent progenitor pool determines the ultimate size of the
organ [17].

e There is little-to-no homeostatic regeneration of pancreatic lineages from “reserve”

stem or progenitor pools in the adult organ [13,15,23].

While these themes will not necessarily apply to every developing organ system, they provide a
framework to ask questions about the form and function of niche-microenvironments
regulating organ-specific progenitor cells during development. The studies in this dissertation
focus on whether and how a distinct niche regulates a relatively late-arising bipotent progenitor
population wherein the final decision to become a pancreatic duct or hormone-secreting

endocrine cell is made.

Early Specification and Growth of Multipotent Pancreatic Progenitors

The pancreas is an endodermally derived glandular organ consisting of two morphologically and
functionally distinct exocrine and endocrine cell populations. The exocrine pancreas, which is
comprised of the acinar and ductal lineages, represents the majority of the mature pancreatic
cell mass. Acinar cells are arranged in numerous clusters that cap the terminal ends of the
ductal tubes. Acinar cells secrete digestive enzymes into the ducts, which then empty these and
other secretions into the duodenum to aid in digestion [18]. The endocrine pancreas, on the
other hand, functions primarily in regulating nutrient metabolism and glucose homeostasis

through the secretion and action of multiple hormones. Endocrine hormone-secreting cells



consist of five types: glucagon-secreting a-cells, insulin-secreting -cells, somatostatin-secreting
O-cells, grehlin-secreting &-cells, and pancreatic polypeptide-secreting PP-cells [13]. In the
mature organ, endocrine cells are arranged in spheroid-like aggregates known as islets of
Langerhans, which are intimately linked to the vascular, neuronal, and mesenchymal organ

constituents that altogether regulate glucose homeostasis throughout the body [20].
The Primary Transition of Pancreas Organogenesis

The beginning stages in pancreas organogenesis occur around embryonic day 9.0 (E9.0) as
discrete dorsal and then ventral epithelial buds evaginate and begin to grow from a pre-
patterned and pancreas-specified region of the foregut endoderm. This region of the foregut is
located at the rostral end of the developing intestine and just caudal to the liver bud, and is
marked by expression of the pancreatic transcriptional master regulator Ptfla [21,22]. The
pancreatic buds initially expand and grow substantially in a state that appears to be relatively
devoid of branches or tubes. Around E10.5, however, groups of cells begin to become more
structured and seem to form a pseudo-stratified epithelial bud [24] (Fig. 1.2A). Within the
pseudo-stratified epithelial buds, cells begin to specify and establish apical and basal cell
surfaces. This process is first evident with the formation of apically targeted vesicles within
single cells, visible as puncta within the cell marked by the tight junctional marker Zona
Occludens-1 (Z01), and the apical lumen marker Mucinl (Mucl). Around E10.5-11, these
relatively isolated groups of polarized cells become oriented to form Mucl® apical microlumens
[24,25,26]. These microlumens expand by recruiting more cells that develop an apical (future
luminal) surface, coalesce with each other to form interconnected epithelial tubes, and grow
rapidly and substantially in size, to generate a relatively continuous and interconnected
network of polarized epithelial tubes by E12.5. The period that collectively spans these budding,
growth, cell-polarization, and tubulogenesis processes is referred to as the “primary transition”

[18] (Fig. 1.2A-D).



Figure 1.2. Early specification and growth of the pancreatic anlagen during the primary transition. (A) schematic
showing the initial transitions in pancreas formation comprised by budding outgrowth from the foregut endoderm,
replicative expansion and microlumen formation, and progressive tubulogenesis and compartmentalization into
‘tip’ and ‘trunk’ domains. (B-D) Tubulogenesis (the apical surface of epithelial cells marked by Mucl) progresses
from initial formation of microlumens in the bud, coalescence of microlumens into continuous tubes, resulting in
the establishment of a web-like network, or plexus, of epithelial tubes. (E-F) Progression of the early bud into tip-
trunk compartmentalization phases as marked by Ptfla in the tip, and Sox9 in the trunk. This figure was adapted
from [13, 23,24].

Formation of Tip and Trunk Domains

During the primary transition, the pancreatic epithelium becomes increasingly segregated into
morphologically and functionally distinct “tip” and “trunk” epithelial domains [14] (Fig. 1.2A).
Discrete patterns of gene expression in the tip and trunk have been documented [13,14,23],
and these have allowed for studies on the functional characteristics of cells therein using Cre-
LoxP-based technologies [202]. Relatively early on in development (E9.5), pancreatic
progenitors are thought to represent a relatively homogenous population in terms of both

potency and gene expression, but there is evidence that spatial as well as transcriptional
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heterogeneity is becoming established at this early stage. While there appears to be an
appreciable degree of cell intermixing (i.e. there are no apparently abrupt boundaries between
cell populations), gene expression pattern characterizations have shown that there are
populations of CpalPtfla’Sox9" cells located near the perimeter of the pancreatic bud, and
populations of CpalPtflaSox9" cells located interiorly [23] (Fig. 1.2E-G). Genetic lineage-
tracing studies using Cpal®® and Ptf1a“*® mouse strains showed that Cpal*Ptfla’ cells of the
primary transition are multipotent as a population, and able to give rise to all exocrine and
endocrine lineages [14,23] (Fig. 1.3A). These cells were named primary multipotent progenitor
cells (MPC), and close inspections on their localization showed that they are maintained within
the tip domains throughout the primary transition. Moreover, pulse-chase lineage tracing
analyses using low doses of tamoxifen to activate fluorescent tracer in only small numbers of
Cpal-expressiong MPC showed that early-labeled Cpal® cells in the tip give rise to cells of the
trunk domain, and eventually to differentiating endocrine cells [14]. The labeled cells that
remain in the tip eventually differentiate into acinar cells. Finally, it was demonstrated that the
multi-lineage allocation behavior of cells in the tip domain decrease dramatically over time,
with essentially all cells being strongly biased toward a unipotent pro-acinar state by the end of
the primary transition (Fig. 1.3B). Collectively, these experiments were repeated, independently
confirmed, and quantified in detail in studies using the Ptf1a“**® knock-in mouse line [23]. A
model was proposed in which the so-called multipotent progenitor domain in the “tip” guides
pancreas growth and lineage differentiation, at least during the early primary transition of

development [14] (Fig. 1.3C).
Genetic Regulation of Pancreatic MPC

Studies in pancreas developmental biology have focused largely on identifying the
transcriptional and signaling mechanisms that regulate endoderm specification into pancreas
(rather than other nearby organ fates), MPC maintenance and survival, and commitment
toward specific cell lineages. The proper coordination of each of these individual
developmental processes is vital, because the initial numbers of MPC specified during the

primary transition determines the final size of the pancreas. Comparing the developing mouse
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Figure 1.3. Lineage potency becomes progressively restricted in the tip domain. (A) Results from a typical lineage
tracing experiment following the progeny of tip populations via CreER-based methods. Early Ptfla-expressing tip
cells readily give rise to all lineages of the pancreas, whereas Ptfla-expressing cells later become strongly biased
toward a unipotent pro-acinar fate. (C) Proposed model for how the tip domain guides early pancreas formation.
MPC in the tip replicate and grow while being maintained in the tip location. Progeny from these cells maintain the
tip, but also give rise to trunk cells as the organ undergoes a proposed mechanism of branching outgrowth. This
figure was adapted from [14,23].

pancreas and liver as model systems, Stanger et al. [17] were able to manipulate, using
inducible cell-death and blastocyst complementation experiments, the size of the initial
pancreas or liver-specified progenitor pools. They could then ask whether the final size of each
organ was pre-determined by the initial numbers of organ-specified progenitors, or whether
there were compensatory growth mechanisms in place to ensure that a final “set point” in
organ size could be achieved independent of the initial numbers of progenitors. The authors
found that in the pancreas, but not the liver, final organ size was limited by the size of the initial
progenitor pool, which suggested that at least in some organs, size is constrained by an intrinsic

growth program established early in development. Therefore, in the pancreas there must be a



tightly coordinated regulation of the transcriptional and signaling events that drive specification
of the appropriate number of initial MPC, and that control the balance between progenitor
maintenance and cell differentiation throughout organogenesis. The introduction following will
focus on selected transcriptional and signaling factors (as they relate to our studies on later
developmental stages) that regulate pancreas specification, progenitor maintenance, and cell

differentiation during primary transition.

Two of the most well studied transcriptional determinants of pancreatic fate are Pdx1 and
Ptfla. Both Pdx1 and Ptfla are required for pancreas formation. Endodermal progenitors in the
foregut that lack these transcription factors fail to become productively specified to the
pancreatic lineage, and become incorporated early into adjacent tissues such as the bile duct
and intestine [205, 206,207,208]. Ptfla-expressing cells become localized within the ‘tip’
domain at early stages of primary transition where it marks and plays important functions in
regulating, along with Pdx1, multipotent progenitor cell functions [13,14]. Later, Ptfla becomes
greatly upregulated in expression level as it becomes restricted to the pro-acinar lineage, where
it functions as an important regulator in establishing acinar cell identity and function [209].
Pdx1 remains broadly expressed in essentially all undifferentiated cells of the pancreas during
the primary transition [207,208] (Fig. 1.3C). Thus, Pdx1 and Ptfla are used as functionally

relevant markers of primary MPC in the early pancreatic bud and in the tip domain.

Sox9 is a member of the SRY/HMG box (Sox) family of transcription factors [19]. Sox9 functions
in multiple respects to regulate the proliferation, survival and maintenance of progenitor cells
in many systems including the neural crest, hair bulge, and intestinal epithelium [27, 28, 29]. A
number of recent reports indicate similar roles in pancreatic MPC. High levels of Sox9
expression are first evident in the pancreatic buds at ~E10.5, and conditional lineage-tracing
studies confirm that much like Pdx1 and Ptfla-expressing cells, Sox9 marks cell populations
capable of giving rise to all three lineages of the pancreas [30]. Pancreas specific inactivation of
Sox9 results in a hypoplastic phenotype in both ventral and dorsal buds, and this effect can be
attributed largely to increased cell death, decreased replication, precocious differentiation, and

eventual depletion of the MPC pool [31]. Moreover, it was found that Sox9 expression regulates
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the transcriptional repressor Hesl, which represents a critical downstream effector of the
Notch signaling pathway (introduced below). It is now thought that a potential genetic link
between Sox9 and Notch plays a key role in blocking the activation of lineage-commitment

factors to maintain MPC in an undifferentiated state [31, 32].
Notch pathway activity balances differentiation and progenitor maintenance

The Notch signaling pathway is well known as an important regulator of stem and progenitor
cell maintenance, and binary fate decisions, in developing and homeostatic systems [33,34].
Canonical Notch signaling controls fate choice when a signal-sending cell upregulates
membrane-bound Notch ligands (Delta/Serrate/Jagged) and engages Notch receptors in
juxtaposed cells. This event transmits Notch signals to signal-receiving cells, resulting in the
inhibition or induction of cell fate from within an otherwise “equivalent” group of progenitors
[33]. Notch ligands including Delta-like 1 (DII1), DII3, Jagged1/2, and Serratel/2 are expressed in
the early pancreatic bud, as are Notch receptors Notch 1-4 [35,36,37], and transcriptional
effectors of Notch such as RBPJ [44] and Hesl [45, 46]. Although the exact locations and cell
types involved in sending or receiving Notch signals remain ill defined, genetic lineage-tracing
studies have shown that cells expressing Hes1 during the primary transition represent MPC
[46]. Early studies on Notch pathway function in the pancreas focused on genetic deletions of
Notch ligands and receptors, the transcriptional mediator RBP-J, or the Notch effector Hesl.
Mice genetically deficient for RBPJ, DIl1, and Hes1 all display hypoplastic phenotypes in the
early pancreatic bud, as well as a precocious differentiation of cells toward the endocrine
lineage [36,37,38]. Conversely, overexpression of the Notch intracellular domain (NICD) in
Pdx1-expressing MPC, which results in constitutive activation of the Notch pathway in these
cells, blocks both endocrine and exocrine differentiation, and “traps” MPC in an
undifferentiated state [39,40]. Thus, in the pancreas it appears that Notch maintains progenitor
cells in an undifferentiated state, in part by blocking activation of lineage differentiation factors

(Fig. 1.4A,B).
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Figure 1.4. Roles for Notch and Notch pathway components in pancreas development. (A) List of genetic
manipulations and phenotypes from studies on Notch pathway function in foregut or pancreatic progenitors. (B)
Proposed mode of Notch mediated repression of endocrine differentiation. In early pancreatogenesis, cells are
broadly sending and receiving Notch signals. The net effect is that within the cellular environment, cells are held in
a differentiation-suppressed and replicating state. At later stages, cells become differentiated into signal receiving
and signal sending cells 9it is not known how this occurs). Signal receiving cells remain undifferentiated through
Notch/Hes1-midated repression of Neurog3, while signal sending cells progress through Neurog3 activation and
upregulation to commit to the endocrine lineage. The mechanism through which Neurog3-expressing cells suppress
differentiation in surrounding epithelial progenitors through Notch is called lateral inhibition. This figure was
adapted from [181].

More recent advances in understanding the precise mechanisms through which Notch
functions during pancreas organogenesis suggest that different levels of Notch may be involved

in diversifying progenitor cell behaviors and/or fates [34]. Studies in the zebrafish pancreas
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used Notch-reporter alleles, as well as genetic and pharmacological interference tests targeting
Notch, to show that stepwise decreases in Notch activity regulate states of mitotic quiescence,
replication in an MPC condition, or endocrine cell-fate allocation, respectively [41]. In addition,
conditionally controlled and mosaic overexpression of a dominant-negative form of
Mastermind, which functions as an obligatory transcriptional co-activator of NICD and RBPJ,
resulted in “tip” versus “trunk” patterning defects in MPC prior to their terminal differentiation
[42]. Here, Notch-suppressed MPC preferentially adopt a “tip” cell fate, and eventually
differentiated into acinar cells. Conversely, wild-type cells in these same organs predominantly
adopted a “trunk” fate, and thus differentiated into duct and endocrine cells. These data
suggest that, in addition to primary functions in blocking individual terminal differentiation

Ill

events, a tight spatiotemporal “tuning” of Notch levels within the progenitor pool may be
important for regulating the progression of MPC toward different lineage-restricted
populations. Lastly, recent studies are beginning to link Notch pathway components to the
regulation of the expression or biochemical activity of transcription factors important for
lineage specification [44,42]. Of particular relevance is a proposed transcriptional antagonism
between Ptfla and Nkx6.1 that is important for controlling the patterning of tip (Ptfla’) versus
trunk (Nkx6.1%) domains during primary transition [43]. This effect on progenitor domain
compartmentalization was suggested to be regulated by Notch via direct RBPJ binding sites on
the Nkx6.1 promoter [43], consistent with the idea that Notch in part directs the early
specification of trunk progenitors at the expense of pro-acinar cells in the tip. In sum, the
implications of these collective studies are that a precise and likely highly context-dependent
regulation of the timing and levels of Notch pathway activity are important for diversifying
lineage potential within the progenitor pool, for delaying precocious differentiation toward
lineage-committed states, and for coordinating the balance between epithelial growth and cell-
fate allocation in a manner that permits the developing pancreas to attain its predetermined

size and cellular composition [13].
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Figure 1.5. Secondary transition epithelial remodeling and cell differentiation from the tip and trunk domains. The
secondary transition comprises a period of roughly E12.5 to E18.5, where the pre-established pancreatic epithelium
remodels from a branched web-like plexus into a hierarchically organized epithelial arbor. By birth, the pancreatic
ductal epithelium is comprised of a relatively mature population of uni-potent duct cells, and new endocrine cells
are no longer generated from the epithelium. (B,C) Ptfla expression localizes to the pro-acinar tip domain, while

R _pased lineage tracing at different

high levels of Sox9 and Hnflb expression mark the trunk domain. (D,E) Sox9
time points of secondary transition shows a progressive restriction in lineage potency to favor duct and endocrine
cells. (F,G) PtflaC'eER-based lineage tracing at different time points of secondary transition shows a progressive

restriction in lineage potency in the tip to favor pro-acinar cells. This figure was adapted from [13,23,30].
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Duct and Endocrine Lineage Development from the Trunk Domain

It is now currently believed that the final binary fate decision to become a pancreatic duct cell
versus a hormone-secreting endocrine cell is made within the confines of the trunk epithelial
domain. The earliest entry points into the development of this model stem from studies
describing the segregation of discrete transcription factor expression patterns into epithelial
“tip” versus “trunk” domains at the end of the primary transition [14]. Initially, as described
above, it was found that the potency of the Ptfla/Cpal expressing tip domain becomes
progressively and then completely restricted to the pro-acinar lineage by around E13.5 [14,23].
This dynamic process of pro-acinar segregation from the duct/endocrine pool suggested that
the trunk domain must be responsible for the further allocation of non-acinar pancreatic
lineages from mid-to-late gestation. The implications of this are highlighted by the idea that the
most significant contribution to formation of newly born endocrine cells is made during the
mid-to-late gestation period [13], after the tip and trunk domains have separated, and during
what has been categorized as a major wave of cellular differentiation termed the pancreatic
secondary transition (E13.5-E17.5). Thus, a number of important studies were initiated to try to
gain a better understanding of how duct versus endocrine lineage specification is regulated in

the specific context of the trunk domain (Fig. 1.5A).

Two representative and functionally relevant transcription factors distinguishing tip and trunk
domains are Ptfla and Sox9, respectively. Early studies focusing on the expression patterns of
these two transcription factors, among others, laid the groundwork for developing a model in
which the trunk domain represents the embryonic tissue from which the bulk of the duct and
endocrine lineages are derived. Concomitant with the end of the primary transition, Ptfla and
Sox9 expression are near completely exclusive, with the trunk being marked by Sox9" cells that
are devoid of Ptfla® cells [14,15,23] (Fig. 1.5B,C). Conditional lineage-tracing studies using a
Sox9“® transgenic mouse line showed that Sox9-expressing cells in the trunk were bipotent,
and capable of giving rise to both duct and endocrine lineages throughout the secondary
transition [15] (Fig. 1.5D,E). Further investigations found that in addition to Sox9, the trunk

domain was selectively marked by the transcription factors Nkx6.1 [43], Hnflb [47], and Hes1
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[46]. Conditional lineage-tracing studies were performed using mouse lines where CreER
recombinase was expressed under control of the regulatory elements of Hnflb and Hes1, and
were in essentially in complete agreement with the results obtained from studies using the
Sox9“"*® line [46,47]. Interestingly, a feature of all of these genetic lineage-tracing studies was
that, as the secondary transition progressed into late gestational stages, the trunk epithelium
appeared to gradually restrict its lineage potential to favor the duct lineage over the endocrine
lineage. These results implied that there was a time-dependent depletion of endocrine lineage
competence within the trunk-resident population (i.e. the lineage bipotency of the trunk
domain was not equivalent at all stages), reflecting a stage-limited and transient potential to

derive endocrine cells from within an increasingly duct-lineage-biased epithelial pool.

The transcription factor Neurogenin3 regulates endocrine differentiation

+

The genetic program that leads to the production of an endocrine cell from bipotent Sox9
trunk progenitors is initiated upon expression of the basic helix-loop-helix (bHLH) transcription
factor and endocrine lineage determinant Neurogenin3 (Neurog3). Neurog3 induces the
downstream expression of a cascade of pro-endocrine transcription and maturation factors
including, but not limited to, NeuroD1, Pax4, Arx, Rfx6, Nkx2.2, Mytl and Insml
[48,49,50,51,52,53,54]. Genetic inactivation of Neurog3 in mice results in an almost complete
blockade in the development of all of the cell types of the pancreatic endocrine lineage, and
causes a severe diabetic phenotype in postnatal animals and eventual death [55]. Conversely,
ectopic expression of Neurog3 can induce the differentiation of endocrine cells, both in the
avian endoderm [56] and in an experimental mouse model where Neurog3 nuclear
translocation (and thus function) is controlled via fusion to a tamoxifen-inducible estrogen
receptor ligand-binding domain [57]. These studies have thus shown that Neurog3 is both

necessary and sufficient for the production of pancreatic endocrine cells.

Several studies suggest that the vast majority of Neurog3-expressing cells become post-mitotic
as they undergo endocrine commitment [62,64,83]. Direct evidence to support this model
comes from analyses of thymidine analog incorporation, clonal lineage tracing, and

transcriptomic analyses of Neurog3® populations. Neurog3 protein-positive cells that

16



incorporate BrdU during a three-hour pulse represent only a minor fraction (less than 5%) of
the Neurog3-producing population as a whole, indicating that cells stop replicating their DNA
shortly after Neurog3 becomes transcriptionally activated (this will be discussed in more detail
below) [83]. Analyses of the expression of cell-cycle regulators in FACS-isolated Neurog3-
expressing populations have shown that these cells express elevated levels (relative to non-
Neurog3-expressing cells) of cell-cycle inhibitors such as Cdknla, Cdknlb, Trp53, Rb1 and Rbl1,
suggesting that cell-cycle progression is blocked as cells undergo endocrine commitment [83].
Evidence showing that Neurog3 binds to the regulatory regions of the Cdknla gene, moreover,
suggested a direct role for Neurog3 in facilitating exit from the cell cycle. Consistent with this
idea, exit from the cell cycle was shown to be Neurog3-dependent, because changes in the
expression of cell-cycle regulators observed in normal Neurog3-expressing cells did not occur in
these populations when Neurog3 protein was absent [83]. Finally, extensive and carefully
guantified clonal analyses of the proliferation and differentiation properties of single Neurog3-
expressing cells using Mosaic Analyses with Double Markers (MADM) showed that the vast
majority of Neurog3-expressing cells represent the unipotent precursors of single hormone-
producing endocrine cells [16]. Taken together, these collective studies suggest that Neurog3
expression represents a triggering event in the production of an endocrine cell from within the
pool of trunk epithelial progenitors, and that production of Neurog3 is associated with a rapid

exit from the cell cycle upon endocrine commitment.
Cellular mechanisms underlying endocrine lineage allocation

While still a subject of much investigation and debate, the process whereby post-mitotic
endocrine precursors become committed from the trunk appears to occur in association with a
morphogenetic process of cell delamination from the epithelium [56,16,62,63,64]. The process
of delamination is proposed to involve the Neurog3-dependent induction of an epithelial-to-
mesenchymal transition (EMT) [65]. However, in order to classify endocrine birth as proceeding
through a true EMT (as opposed to simply and epithelial-to-epithelial delamination process) we
still need strong evidence supporting that each process in the EMT sequence actually occurs.

These include: 1) breaking tight-junctional linkage with cell neighbors, 2) reduction in cell-cell
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adherence, 3) acquisition of migratory characteristics, 4) breakdown of the basal lamina upon
epithelial exit, and 5) reformation of tight junctions between adjacent cells to seal the
epithelium across the region representing the previous location of the departed cell [66].
Nevertheless, several features of the EMT process, such as loss of cell-cell adherence via the
downregulation of E-cadherin [56], and the acquisition of migratory characteristics prior to
epithelial exit [65], have been relatively well described. Thus, it is widely held that concomitant
with Neurog3 activation, cells adopting the endocrine lineage physically delaminate from and
exit the trunk epithelium. One additional model for endocrine cell birth, which is not mutually
exclusive with a delamination or EMT-centric model, posits that endocrine cells are specified
and committed via a process of asymmetric cell division (ACD). The common model for ACD
depicts a process whereby there is an orthogonal-type division with respect to the plane of the
epithelium to generate an apically localized daughter cell that retains progenitor characteristics,
and a basally displaced daughter cell that exits the cell cycle to begin differentiation. Some
evidence for this mechanism has indeed been described in the literature. Reporter-based
single-cell live-imaging experiments indicate that a significant proportion of dividing trunk cells
(approx 10% of Pdxl-reporting epithelial cells) acquire Neurog3 expression and immune-
reactivity shortly after a division event [67]. Retrospectively following the outcomes of these
division events revealed that roughly half of all events result in the production of one Neurog3-
expressing cell and one daughter retained in the epithelium, while the other half result in the
production of two Neurog3-expressing daughters. Thus, it is possible that endocrine cells are
allocated through various cellular mechanisms, some of which may depend on the processes of
cell division and/or delamination themselves. Nonetheless, a working model derived from these
collective studies posits that a general feature of endocrine birth and commitment from the
trunk involves the generation of one or two quiescent, delaminating endocrine precursors,

which will then exit the epithelium to populate the forming islets of Langerhans.
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Endocrine-cell birth as a regulated progression through distinct Neurog3-expressing states

More recent studies suggest that endocrine-cell birth from the trunk epithelium does not occur
via a simple Neurog3 “ON-OFF” switch. Rather, it appears that there is likely to be a carefully
regulated and step-wise progression of cells through different “states” of Neurog3 activation on
the way to generating a fully committed, mitotically quiescent, and delaminated hormone-
producing endocrine cell. There is experimental evidence suggesting that cell populations in the
trunk epithelium progress from a Sox9+Neurog3OFF undifferentiated progenitor state, through
to an initially endocrine-specified but perhaps reversible Neurog3' state, and finally into a fully
endocrine-committed Neurog3HI state, before finally down-regulating Neurog3 and acquiring a
differentiated and hormone-producing status. The implication here is that the Neurog3'° state
could represent a mitotic, stable, and endocrine-biased progenitor intermediate that
represents a major and expandable source for the production of Neurog3"™ endocrine
committed cells. The idea that there could be a continuum of distinct, stable, and lineage-
biased progenitor states existing during the development of the pancreas is of great relevance
to understanding the regulatory mechanisms that both specify and commit endocrine cells
from within the trunk epithelium. We focus this introductory section on laying out three major
lines of indirect evidence that are consistent with the existence of a Neurog3'® endocrine

progenitor intermediate.

There is a growing body of evidence suggesting that Neurog3 protein production does not mark
all Neurog3-expressing cells existing within the trunk epithelium. In situ hybridization studies on
the pattern of Neurog3 transcripts within the trunk epithelium show a much more broad
expression pattern of Neurog3 expression when compared to directly detected Neurog3
protein [78]. At E15.5, Neurog3 protein is detected in what has been often described as a salt-
and-pepper pattern, with the dominant state being characteristic of the nascent Neurog?;HI cells
that are undergoing delamination and commitment. Neurog3 transcripts, on the other hand,
are much more widely expressed in ostensibly non-endocrine-committed epithelial cells that
appear to lie definitively within the trunk epithelium. Under experimental conditions where

Neurog3 has been genetically inactivated (i.e. Neurog3 protein is absent), and where Neurog3
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transcriptional activity can be monitored via a Neurog3 ™ knock in allele, there is a broadening
of low-level Neurog3 reporter expression in the trunk domain. This suggests that the signals
that move cells into a Neurog3L° condition are localized broadly within the epithelium, and that
in the absence of Neurog3 protein-dependent Notch inhibition for instance, the ‘default’ state
for many, if not all, epithelial cells is to adopt a Neurog3' condition [58,80]. Finally, preliminary
studies in our lab have used immunolabeling and signal-amplification techniques to show that,
in addition to the predominant Neurog3HI state, there are in fact, under normal conditions, an
appreciable number of readily detectable Neurog3LO cells within the epithelium at mid
gestation (unpublished observations, Matt Bechard, Wright Lab). While the quantitative overlap

between NeurogS’OFF

epithelial states, Neurog3 transcriptionally active states, and Neurog3
protein LO and HI states remain to be fully established, these observations provide evidence
that there are likely to be a diversity of functionally and transcriptionally distinct progenitor

states existing in the trunk epithelium.

Recent genetic lineage tracing studies using BAC-transgenic Neurog3 Cre and CreER mouse lines
to indelibly label cell types derived from Neurog3-expressing populations have provided
additional evidence for a Neurog3 transcriptionally active and pre-endocrine committed state.
In the Wright lab, we have utilized a highly sensitive BAC-transgenic Neurog3“" line, where Cre
recombinase is controlled by a large portion of flanking upstream (~82 kb) and downstream
(~102 kb) cis-regulatory elements [68] to achieve indelible and high-fidelity lineage tracing
capability. With this tool we have preliminary analyses on the dynamic lineage allocation
behaviors of Neurog3-expressing populations during pancreas organogenesis [Matt Bechard,
Wright Lab, unpublished data]. Briefly, using this tool we have observed that many lineage-
labeled cells are found in the pancreatic epithelium, even at late stages of development, which
do not express detectable levels of Neurog3 protein, and do not exhibit the delaminating
phenotype typical of cells undergoing endocrine lineage commitment. These results suggest
that there exists an intermediate population of pre-endocrine-committed and Neurog3™ cells
that are long-lived within the trunk domain. Moreover, by postnatal time points the vast
majority of lineage-labeled cells are found in the differentiated islets, suggesting that the

Neurog3Lo population observed at earlier stages is only transiently maintained within the
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epithelium, and that the overwhelming majority of these cells will eventually give rise to

endocrine cells.

Additional experimental evidence for the Neurog3LO endocrine-biasing model comes from
studies where Neurog3 levels have been manipulated through the generation of a hypomorphic
Neurog3 allele [69,70]. Reducing Neurog3 dosage results in an increase in the proportion of
low-level Neurog3 expressing progenitors in the epithelium, and a reduction in the Neurog3""
endocrine committed population. There is also a reduction in the mass of the endocrine
pancreas at postnatal time points, consistent with the notion that acquisition of a high
threshold of Neurog3 protein is required for full commitment toward the endocrine lineage.
Finally, lineage tracing experiments carried out in these animals showed that Neurog3'
progenitors were much more likely to adopt non-endocrine acinar and ductal lineages [69].
These results suggest that the transition from a Neurog3'° to Neurog3"' condition represents a
distinct step in the progression through endocrine specification and commitment, and that if
this transition is blocked, Neurog3-expressing populations can productively differentiate into
non-endocrine lineages. While it can be argued that a genetic hypomorph for Neurog3 (this
animal only makes ~25% of the normal amount of protein) is an artificial representation of what
might or might not be a ‘normally’ physiological distinct cell state, the behavior of cells in this
condition, combined with the lineage tracing and Neurog3 transcript localization studies,
suggests that Neurog3'© cells in the trunk epithelium could represent a transient, stable, and
functionally distinct progenitor intermediate that acts as a ‘source pool’ for the generation of

endocrine committed cells.

Notch Pathway Regulation of Cell Fate during Secondary Transition

There is an increasing body of evidence suggesting that the Notch pathway functions during the
secondary transition, much as it does during the primary transition, to inhibit cell
differentiation and to maintain undifferentiated progenitors. Similar to the difficulties
encountered in working out the exact details of the proposed-context specific roles for various
Notch ligands and effector molecules in regulating diverse processes at earlier stages of
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development, however, a simple model for Notch-mediated control of cell fate during the
secondary transition has also proved to be elusive. As a result, the genetic programs regulating
Neurog3 activation, and whether these are distinct from the mechanisms that activate Neurog3
upregulation to high levels, remain poorly understood. This section on Notch pathway function
during the secondary transition will focus on introducing results and conclusions from
experimental manipulations that have been relatively simply designed and conservatively
interpreted, shown to be reproducible, or that make specific connection(s) to regulatory

influences that are relatively firmly established as essential in earlier stages of organogenesis.

To date, there has been no focused cell/tissue-specific manipulation to target Notch pathway
activity within the secondary transition bipotent duct/endocrine progenitor population.
Perhaps some of the most convincing evidence that Notch may suppress Neurog3 induction at
this stage comes from biochemical evidence showing that Hesl, the expression of which
appears to be largely Notch-dependent in the trunk [79], plays an important role in repressing
Neurog3 transcription [59]. Conditional Hes1 lineage-tracing experiments following the lineage
potency of Hesl-expressing epithelial cells during the secondary transition window of
pancreatogenesis indicates that epithelial cells that maintain Notch pathway activity do not
become endocrine cells, but rather are destined to contribute to the ductal lineage [46]. Hes1-
expressing lineage-traced cells are capable of giving rise to endocrine cells and duct cells during
the early stages of secondary transition (E12-E14.5), but their progeny become progressively
duct-lineage-directed as development progresses (E15.5 and onward). Similar to models
developed from studies during the primary transition, it is becoming apparent that specific
levels of Notch pathway activity may be responsible for diversifying bipotent versus unipotent
fates at later stages of pancreas formation. One study used titrated doses of a pharmacological
inhibitor of Notch signal processing, DAPT, to build an argument that intermediate levels of
Notch pathway activity cell-autonomously activate Sox9, which is in turn important for
maintaining epithelial progenitors in an undifferentiated state [80]. Cells experiencing the
highest levels of Notch will maintain both Hesl and Sox9, eventually to give rise to the
differentiated duct-cell lineage. Conversely, cells that receive the lowest dose of Notch pathway

activity will rapidly adopt the endocrine lineage, via escape from Hesl-mediated repression of
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Neurog3. While these studies collectively build upon the importance of Notch in diversifying

lineage potency, or in executing binary fate decisions within an otherwise bipotent pool of
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Figure 1.6. Models for duct/endocrine progenitor dynamics during secondary transition. The duct and endocrine
lineages are born from the trunk domain. Within the trunk, it is not known (A) how cells become committed to the
endocrine lineage (Neurog3H’), (B) whether there are stable, mitotic and pre-endocrine committed endocrine-biased
progenitors (Neurog3'°), (C) how and when cells become committed to the duct cell lineage, (D) whether cell fate is
chosen during asymmetric division or otherwise, and (E) how Notch is deployed to regulate the balance between
progenitor maintenance and cell fate allocation.

epithelial progenitors, there remain major gaps in our understanding of when and how cells
receive various Notch-pathway cues. Moreover, while numerous studies have shown important
direct or indirect contributions of transcription factor activities such as Sox9, Hnflb, Hnf6,
Hnf3b, Foxa2 and Pdx1 [58,59,60,61] in regulating Neurog3, the event(s) that cause the initial
activation of Neurog3 in a given progenitor cell remain(s) obscure, and still not definitively
linked to the mechanism of ‘escape’ from Notch. A large contingent of researchers in this field
are working specifically toward developing a much deeper understanding of the cell biological

and biochemical details of how extrinsic signaling pathways such as Notch act together with
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transcription factors, or other currently unconnected factors, to orchestrate cell-fate allocation

during pancreas development [81] (Fig. 1.6).

Integration of Epithelial Morphogenesis and Cell Fate in the Pancreas

When | started my graduate studies in 2009, there were a multitude of open questions
remaining with regards to what are the developmental properties of cells within the trunk
epithelium, how do they vary between cells within the population, and how do they change
over time? We knew, for instance, that trunk cells as a population were capable of giving rise to
both duct and endocrine lineages, but were there separate pools of duct progenitors and
endocrine progenitors? How might their identities and functions be defined? Is the potency of
each epithelial cell relatively equivalent over space and time? If there is appreciable
heterogeneity among cell states, how is this heterogeneity developed, and how do cells of
different types become patterned with respect to one another? Is patterning even important?
It is worth taking a moment to reflect on these questions, because they were part of the
beginnings of my thought process into trying to find ways to dissect the developmental
complexity of the trunk domain to better understand how it ‘works’ to generate duct and
endocrine tissues. Interestingly, a paper was published the same year | joined the lab, which
showed that trunk domain morphogenesis, unlike the branching morphogenesis observed for
example in the lung [175] and salivary gland [26] (and in the current depictions of the
developing pancreas [14]), proceeds through asynchronous branching and remodeling of an
irregular, web-like plexus intermediate, before yielding a typical arborized ductal system [24].
While the processes through which an epithelial plexus might become remodeled into a
hierarchically organized ductal system were not understood, it was clear that the major wave of
endocrine differentiation in the pancreas overlapped with this process of epithelial
morphogenesis in a plexus state. This was interesting to us, and it forced us to begin to think
about how different patterns of cell differentiation and growth might be driving, or perhaps

even be driven by, patterns of epithelial morphogenesis. As my research studies evolved over
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time, the concept that morphogenesis and cell fate could be integrated though precise

mechanisms, regulated at both tissue and cellular scales, were to become a central themes.

One major unexplored territory in organ development regards if and how the cell-biological
processes that regulate cell and tissue morphogenesis are linked to the activation of
transcriptional determinants of cell fate. A central assumption of our “Niche Framework” model
is that this must in fact be the case. The notion that morphogenesis and cell fate are linked in
some fashion is supported by experimental evidence from numerous systems. For instance, a
common phenotypic consequence of blocking cellular differentiation during organ formation,
regardless of the type of experimental perturbation, is that tissue or organ morphology, at the

micro and macro scale, becomes drastically altered. In the pancreas, blocking endocrine
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Figure 1.7. Neurog3 regulates cell fate and epithelial morphogenesis. (A,B) Neurog3+/ “and Neurog3'/ " pancreatic
epithelium labeled with Mucl in whole mount. In the Neurog3'/ ", epithelia become fattened (yellow arrows) and
branching is attenuated. (C,D) Neurog3-/+ or Neurog3-/- pancreatic explants treated with DMSO (vehicle) or DAPT
(Notch inhibitor). (E,F) In the DAPT-treated condition, where endocrine differentiation is attenuated, epithelial
lumens become more thin (yellow arrows). This effect of DAPT requires Neurog3. This figure was adapted from [72].
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differentiation by genetically ablating Neurog3, or accelerating endocrine differentiation by
inhibiting Notch, causes opposite phenotypes with regards to epithelial morphology. In a
Neurog3-deficient condition where there is no cell allocation toward the endocrine
differentiation, the trunk epithelium becomes fattened (and probably ‘over-stuffed’ with cells),
whereas in Notch-inhibited conditions in which endocrine differentiation is accelerated, the

opposite happens - the epithelium becomes underpopulated or ‘thinner’ [72] (Fig. 1.7A-E).
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MUC1/B-Cat

HNF1b

Sox9-CreER;Hnf1bVlacZ

Figure 1.8. Concurrent alterations to cell fate and epithelial morphogenesis. (A,B) Immunodetection of Neurog3
(newly born endocrine cells) and amylase (acinar cells) in control pancreas at E16.5, or in pancreas where HNF1b is
deleted by Sox9“eER (TAM injected at E12.5). (C,D) Immunodetection of insulin and glucagon in control or
Sox9“ - HNF1b""°? pancreas at E16.5 (TAM injected at E12.5). (E,F) Mucl and beta-catenin detection at E18.5 in
control and Sox9"**:HNF16""°“ pancreas. Epithelial polarity is lost in the mutant condition, and epithelial lumens
become dilated and cystic. (G,H) Immunodetection of Nkx6.1 (trunk marker) and Ecad in Prox1”" and Prox1”
pancreata at E15.5. Note the increase in diameter of the epithelial lumens in the mutant. (H,K) Ptfla (p48; acinar
cells) and Islet1 (differentiating endocrine cells) immunodetection in Prox1 " and Prox1”" pancreata at E15.5. Note
the increase in acinar cells and decreased endocrine cells. (1,L) Ecad detection in Prox1 " and Prox1”" pancreata at

E15.5. Note the increase in lumen diameter and alterations to cell shape in the Prox1”". This figure was adapted
from [74,75].
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Observations such as these are consistent with the idea that the progression of cells into
differentiated states is important for shaping the morphological architecture of the tissues from
which these cells arise. Moreover, tissue-specific inactivation of transcription factors expressed
in the bipotent trunk domain, such as HNF6 [73], HNF1b [74], and Prox1 [75,76], result in
malformed epithelia with concurrent defects in endocrine-lineage development (Fig. 1.8A-L).
While these outcomes have traditionally been attributed to defects in transcriptional activation
of Neurog3 (some of the aforementioned factors bind to and activate the Neurog3 promoter
[74,77]), a number of them have roles in regulating epithelial morphology directly [256,257].
Thus, it is equally possible that mis-regulation of epithelial morphology in these mutants
precludes, at least in part, efficient engagement of an endocrine differentiation program. In
sum, while these phenomena show that mis-regulation of cell-fate allocation has consequences
on epithelial morphogenesis, and possibly vice versa, they do not establish, nor rule out, that
the two processes are mechanistically linked. Studies in the pancreas are beginning to shed
light on an emerging paradigm that during organ formation, progenitor populations receive
important inputs from morphogenetic determinants that are critical for mediating, or perhaps

even initiating, cell fate determination.

As introduced previously, the transition from the early budding and progenitor growth phase
(from E9-12.5) into the major cellular differentiation phase (from E12.5-birth) is marked by a
complex reorganization of cells into polarized epithelial tubes. By mid-gestation, these tubes
are thought to represent essentially a monolayered epithelium. Studies using Ecad (to mark
cell-cell contacts), Mucl (marking the apical surface), and laminin or collagen-IV (components
of the basal ECM) have described how a seemingly unorganized mass of un-polarized epithelial
cells (representing the founding MPC of the pancreatic buds) becomes remodeled at around
E12-E13.5 until essentially every cell within the epithelium contacts both an apical and a basal
surface [24,26]. Cells within the polarized monolayer maintain continuous contacts via Ecad”
adherens junctions localized along the basolateral cell surface, and via subapical tight junctions
as marked by ZO1. The apical domain of the epithelium is also marked, as expected for fully
polarized cells, by the apical polarity determinants aPKC and Par3 [24,25]. The polarized

architecture of the pancreatic epithelium is maintained, from the completion of tubulogenesis
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and plexus formation, and into the later stages of cell differentiation, epithelial arborization,

maturation, postnatal development, and adulthood [82].

If and how the morphological properties of cells within the developing pancreatic epithelium
contribute to the regulation of endocrine cell-fate allocation has not been explored during the
secondary transition. A seminal report carried out during the primary transition, however, has
reported on the effect of genetic ablation of the RhoGTPase Cdc42 on the allocation of
endocrine and exocrine lineages, and established the new concept that molecular regulators of
cell morphology do indeed affect cell fate in the developing pancreas [71]. Cdc42 is a master
regulator of cell polarity, and Cre-recombinase-mediated inactivation in pancreatic MPC causes
mis-regulated apicobasal polarization. This defect in cell polarity causes an inability of MPC to
initiate and expand an apical surface, and coordinate the process to form microlumens, which
leads to a massive deficiency in the formation of polarized epithelial tubes. Coincident with this
defect in tubulogenesis, there is a penetrant misallocation of progenitors toward the pro-acinar
tip-domain fate, at the expense of the bipotent trunk domain fate, and a resultant deficiency in
producing cells of the endocrine lineage (Fig. 1.9A-F). Surprisingly, experiments where the
pancreatic mesenchyme was denuded from cultured Cdc42-deficient epithelia showed a
substantial degree of restoration of endocrine differentiation competence, suggesting that
Cdc42 is not cell-autonomously required for endocrine cell-fate allocation per se, but rather
that Cdc42 normally functions cell non-autonomously to position and orient progenitor cells
within micro-environments that are conducive for endocrine differentiation (that is, in this case,
away from repressive mesenchymal components) (Fig. 1.9G-N). Thus, there appears to be a
functional relationship between a cell’s ability to incorporate into a properly polarized epithelial
tube, and its ability to efficiently engage an endocrine differentiation program. Consistent with
this notion, genetic interference with regulators of other morphogenetic pathways, such as
planar cell polarity, causes reductions in the number of Neurog3-expressing cells that are born
from the epithelium (specific effects on Neurog3™ and Neurog3'® states were not described)
[85]. Together, these studies suggest that progenitor growth and differentiation programs do
depend strongly upon, at least in part, the activity of regulators of tissue and cell polarity and

morphogenesis. While the detailed mechanistic underpinnings that cause, for instance,
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defective endocrine-lineage development in these cases remain unclear, the picture emerging
is that insights into how endocrine progenitors and committed endocrine precursors are
efficiently generated and maintained may be gleaned from characterizing, with increased
spatiotemporal resolution, how cytoskeletal dynamics, cell polarity, actomyosin contractility,

and/or the trafficking and distribution of receptors such as Notch, all are interconnected to
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Figure 1.9. Cell polarization and tubulogenesis mediate endocrine differentiation competence. (A-F) Genetic
inactivation of the Rho-GTPase Cdc42 results in a failure in epithelial cell polarization and tubulogenesis, a loss of
endocrine cells, Neurog3-expressing cells, Sox9" trunk cells, and an increase in acinar differentiation (Cpal® cells).
(A-D’) Control and Cdc42-deficient pancreata were explanted at E11.5 and cultured on filters for 7 days in the
presence or absence of mesenchyme, and harvested and labeled with Ecad, insulin, and glucagon. (A,B) In control
explants with mesenchyme, endocrine cells are generated in normal numbers. In Cdc42-deficeint explants with
mesenchyme (A’,B’), endocrine cell generation is reduced. In the absence of mesenchyme (C,C’,D,D’), both control
and Cdc42-deficeint explants readily generate large numbers of endocrine cells. This figure was adapted from [25].

provide functional links between cell and tissue morphogenesis processes and cell-fate

determination [211].

29



Epithelial Morphogenesis during Development

Across metazoans, epithelial morphogenesis is a fundamental component of organ formation
and function [87,88]. Sheets of embryonic epithelial cells undergo complex and coordinated
movements during development to create diverse multicellular structures such as tubes,
capsules, clefted branches, ingressions or egressions, and folds. There are many types of cell
behaviors, both individualized and collective, that lead to the formation of such structures.
These include, but are not limited to, directed cell movements and rearrangements, cell
delamination and extrusion, proliferation, cell contractility, differential cell adhesion, and
programmed cell death [87,88]. Over the past few decades the molecular mechanisms driving
cell behaviors such as these have been intensively researched and in many respects have
become quite well understood, especially for those mechanisms that are well conserved across
species. The purpose of this brief introductory section on epithelial morphogenesis is to delve
deeper into specific aspects of: 1) the morphological structure and cytoarchitectural
organization of epithelia and 2) the molecular mechanisms controlling epithelial cell and tissue
morphogenesis. With respect to the latter, we focus this introduction on actomyosin
contractility and RhoGTPase signaling, which are most relevant to the themes of research

reported in this dissertation.
Architectural properties of epithelial cells

An epithelium is defined as ‘a laterally coherent sheet of cells with distinct apical-basal polarity’
[88]. The apical surface of internal epithelia, such as those observed in tubular organs, faces the
luminal space of an epithelial tube. The basolateral domain is subdivided into a basal surface
that contacts, and mediates adhesion to, the extracellular matrix or basement membrane, and
a lateral domain involved in cell-cell adhesion. Epithelial cells within an epithelial sheet are
connected by adherens junctions and tight junctions that link them together. Adherens
junctions are composed of cadherin proteins, such as E-cadherin (Ecad), that initiate and

maintain intercellular contacts through trans-interactions with cadherins on opposing
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basolateral cell surfaces [89,90]. Adherens junctions also involve catenin proteins, such as a
[91,92] and B [93] and p120-catenin [94,95], which together play important roles in stabilizing
adherens junctions and in linking them to the actin cytoskeleton [89,90]. Adherens junctions
are localized circumferentially on the basolateral surface of epithelial cells, where they function
in initializing and stabilizing cell-cell adhesions, regulating actin cytoskeletal dynamics, and
mediating intracellular signaling and transcriptional regulation. Tight junctions are comprised
primarily of claudin and occluden proteins, which are important in preventing the passage of
membrane constituents between apical and basolateral membrane compartments, and in
sealing the epithelium to gate the paracellular passage of ions and solutes across the apical and
basal axis [89,96]. They are localized sub-apically (that is, just above the apical domain proper),
and below the basolateral adherens junctions. Tight junction complexes, like adherens
junctions, are connected to the filamentous actin (F-actin) cytoskeleton via various scaffold-like
proteins. One of the most well studied families of such scaffold constituents represents the ZO
(Zona Occludens) proteins. ZO-1, ZO-2 and Z0-3 are proposed to have both overlapping and
non-redundant functions, and are found in close association with tight junction complexes and
the juxtaposed circumferential bundles of cortical F-actin

[89,97,98,99,100,101,102,103,104,105].

A core multi-protein complex component that is critical for the establishment and regulation of
epithelial cell and tissue architecture is the F-actin cytoskeleton. The dynamic regulation of the
F-actin cytoskeleton plays many important roles in numerous cell and tissue morphogenesis
processes including, but not limited to, cell adhesion, cell migration, and cell division [106].
There are numerous actin-binding proteins that function to regulate F-actin assembly and
organization in diverse cellular contexts. Typical configurations of the F-actin network structure
are found in different regions of the cell, and individual F-actin based substrates are temporally
regulated to mediate various cellular behaviors [107,108]. For each process, the F-actin
cytoskeleton utilizes a distinct molecular composition and structure, which reflects that specific
properties of these networks can be tuned towards mediating particular types of cell
morphological transitions [106]. Widely documented examples include cellular protrusions

important for directed cell migration and epithelial delamination, cortical F-actin bundles that
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mediate the segregation of daughter cells during cytokinesis, and sub-apical bundles of F-actin

that regulate epithelial cell shape change through processes such as apical constriction.
Rho-ROCK-myosin regulation of epithelial cell shape

Morphogenetic movements (such as the ones described above) in epithelia involve alterations
in the relative sizes and shapes of apical, basolateral, and basal cell surfaces [109]. The shape
and size of the polarized surfaces of epithelial cells are established and maintained, in large
part, by Rho-GTPases that control the organization and dynamics of the actin cytoskeleton. The
cell-shape changes that drive morphogenesis depend on, and can also in turn feed back on, the
activity of Rho-GTPases. The net effect(s) of Rho-GTPase signaling in a given cell depends on a
variety of complex and context-dependent factors, but the idea is that the relative sizes,
shapes, and adhesive properties of the compartmentalized apical and basal domains of a cell
can be modified to drive transient switches between relatively stable ‘states’ of epithelial cell
morphology. In this manner, epithelial cells can be configured into columnar shapes (cells taller
than they are wide), cuboidal shapes (cells as tall as they are wide), and squamous shapes (cells
wider than they are tall) [89]. At the level of a multicellular tissue, localized or collective
alterations to cell shape result in various types of tissue deformations. For instance, constriction
of a cell’s apical domain and a concomitant expansion of the basal domain will produce wedge
or bottle-like shapes, which can be coordinated broadly across a field of epithelial cells to effect
tissue folding or invagination [109,110]. These types of dynamic cellular deformations are
associated with, and proposed to be driven by, Rho-pathway mediated regulation of force-

generating actomyosin networks within the cell [109,111,112].
Myosin and actomyosin contractility

Contractile forces in cells results in large part from interactions between the F-actin
cytoskeleton and the force generating molecular motor myosin Il. Myosin is a large multi-
subunit complex comprising a pair of heavy-chain motor domains, and two pairs of light chains.
Myosin proteins oligomerize to form minifilaments in association with F-actin, and when such F-
actin filaments are oriented in an anti-parallel manner with respect to each other, the
molecular motor activity of myosin can move them in opposite directions, generating force.
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This process is called actomyosin contraction [112]. Actomyosin contraction at the apical
surface of epithelial cells represents a major effector of cell-shape change, and just as the actin
cytoskeleton itself is arranged in specific ways to influence a wide variety of cell behaviors, the
actomyosin network can be arranged and regulated in various ways to effect specific alterations
in cell and tissue morphology [112]. In apical constriction, for instance, contractile forces
generated by the actin-myosin cytoskeleton are exerted on the apical circumference of the cell,
and these forces are in turn transmitted though sites of cell-cell adhesion. In the vertebrate
neural tube, apical constriction is associated with a contraction of circumferential ‘belts’ of
subapical cortical actomyosin [113,114], which results in the folding of the neural epithelium
(Fig. 1.10A-C). Here, effectors of actomyosin contractility such as Shroom3 bind to subapical F-
actin bundles, and recruit modulators of actomyosin contractility such as Rho-associated coiled-
coil kinase (ROCK), to increase circumferential tension and constrict the apical domain of cells
within the epithelial sheet [112,115, 116,117,118,119,120]. Apical constriction is also
associated with extrusion of apoptotic cells from epithelia, epithelial cell delamination/EMT
[121,122,123,124,125], and wound healing [126,127], indicating that apical constriction is a

widely utilized mechanism that molds epithelial cells and tissues in various ways (Fig. 1.10C-E).

Actomyosin contractility is, along with many other aspects of epithelial morphogenesis potently
influenced by regulators of cell polarity. One such regulator is the small GTPase RhoA, which
functions as an important upstream regulator of a number of molecules in a signaling pathway
that converges both on actomyosin contractility and actin remodeling dynamics [112,128]. For
instance, RhoA signaling is shown in Drosophila to be required for efficient apical constriction
[132,133], actin stress fiber formation in cultured cells [136], and contractile ring formation
during cell division [137,138]. RhoA modulates myosin activity in large part through regulating
its phosphorylation state [129,130]. RhoA activates ROCK, which stimulates myosin activity and
actomyosin contractility through two mechanisms. ROCK inhibits dephosphorylation of myosin
regulatory light chain, and also directly phosphorylates myosin regulatory light chain [131].
Activation of ROCK by RhoA in this manner has been shown to mediate apical constriction in
several vertebrate and invertebrate systems [112]. Moreover, RhoA also regulates the activity

of actin-filament nucleators such as the Diaphanous (Dia)-related formin proteins, which
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facilitate the formation of new actin filaments [134]. It is though that a close cooperation
between Dia and ROCK activities downstream of Rho provides for a major level of control over

the form and function of the actin cytoskeleton and actomyosin machine. While there are many
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Figure 1.10. The RhoA-ROCK-Myosin pathway regulates apical constriction and cell migration. (A) Contractile
networks involved in apical constriction are comprised of F-actin (red) and myosin (orange), and can be organized
into subapical contractile bundles and/or a two dimensional network underlying the apical membrane cortex. (B)
Narrowing of the apical cell surface is driven by actomyosin contractions (green arrows). Cell-cell contacts at
adherens junctions allow actomyosin contractions to shape tissues by folding (C), cell extrusion/delamination (D),
or intercalation (E) [112], in addition to others. (F) High levels of Rho can block cell migration by enhancing
actomyosin contractility and stress fiber formation through ROCK. (G) Lower levels of Rho permit migration by
promoting the activity of the formin protein mDia, leading edge protrusivity, and upregulation of Rac (which is
normally inhibited by high Rho activity). Note that Rac feeds back to inhibit ROCK, consistent with a mutual
antagonism between Rho and Rac activities. (H,l) ROCK limits leading edge protrusivity in migrating cells
(depending on the cell type, white arrowheads), and is required for cell rear retraction during directional
movements (white arrows). This figure was adapted from [112,140,151].

other known roles for RhoA in regulating processes such as endosome trafficking, adhesion, and
migration [135], the power of RhoA-ROCK in stimulating, and responding to, actomyosin
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contractility and actin filament assembly, clearly places the RhoA-ROCK-myosin pathway as a

predominant mediator of cell-shape change.
Rho-ROCK-myosin control of cell migration

Cells migrate by polarizing in the direction of cell migration, extending protrusions at the
leading edge of the cell, making adhesions to the ECM to stabilize protrusions and allow
forward movement, and by finally dissembling adhesions and retracting the rear of the cell
from the substrate surface [139]. Actin nucleation and polymerization drive membrane
protrusion at the leading edge, and in association with integrin-mediated cell adhesion and
actomyosin contractility, the cell body generates tension to pull the cell forward [140]. This
sequence of events is controlled by a myriad of signaling molecules, but it has become
increasingly appreciated that the Rho-GTPases Cdc42, Rac, and Rho play important roles in
directing different and context-dependent aspects of the cell migration process [141,142].
Briefly, Cdc42 functions to establish and orient cell polarity through the Par6/aPKC pathway
[143,144], Rac regulates membrane protrusion in the front of the cell by stimulating activation
of the WAVE-Arp2/3 pathway [145], and Rho appears to be important for cell adhesion, cell
contraction, and stress fiber formation through regulating ROCK-myosin [141]. Rho and Rac
activities are known to antagonize one another in the cell, and the relative activities of these
molecular regulators have been proposed to effect ‘switch-like’ transitions to drive or inhibit
cell migration [140]. While the factors controlling upstream the activation of Rho-GTPases, and
the molecular signaling cascades that lie downstream of Rho-GTPases, are miscellaneous and
complex, the coordinated activities of Cdc42, Rac and Rho play a central role in cell motility,
from neurite extension, to filopodia and lamellipodia formation, to cancer cell invasion
[146,147]. For the purposes of this introductory section, | will focus primarily on those aspects
of cell migration that are controlled by ROCK-myosin pathway activity, because it is most

related to the studies that | will present in Chapter V.

Cell motility can be determined by the balance between the relative activities of the actin-
nucleator mDia and the kinase ROCK [140]. mDia and ROCK act downstream of Rho to mediate

remodeling of the actin cytoskeleton: mDia stimulates actin-filament nucleation and
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polymerization, whereas ROCK activates myosin to induce cross-linking with the F-actin
cytoskeleton, regulate actomyosin contractility, and modulate cell adhesion (Fig. 1.10E,F). ROCK
also functions in remodeling of the actin cytoskeleton by indirectly inhibiting, through LIM
kinases, the function of the actin-severing protein cofilin [146]. Many of ROCK’s downstream
target substrates are proposed to be involved in cell migration, and the specific role(s) for ROCK
depends on the relative contributions of numerous pathway activities operating within a given
cell type or during a given cellular process. For instance, ROCK activity can influence cell
migration by limiting membrane protrusion at the leading edge of the cell, presumably through
a function for ROCK in inhibiting Rac pathway activity [148,149] (Fig. 1.10E-H). A negative
modulatory role for ROCK in cell migration was indeed shown to be important during
delamination of neural crest cells [150], cell migration during wound healing [141,151], and the
migration of fibroblasts [152]. ROCK activity is also vital for retraction of the rear of the cell
during migration. Studies on trans-endothelial migration in monocytes and neutrophils have
shown that Rho-ROCK is dispensable for cell attachment, spreading and crawling, but is
essential for rear-surface retraction [153,154]. The effect of ROCK inhibition on perturbing rear
retraction leads to highly abnormal elongation of the cell body along the axis of migration.
Interestingly, defective rear retraction in ROCK-inhibited cells is not the result of reduced
actomyosin contractility, but relates to the function of ROCK in disassembling integrin-mediated
adhesions at the cell rear [153]. Finally, studies in tumor cells have shown that different types
of cell migration can be influenced by ROCK, in coordination with other regulators of cell
migration such as Rac. Tumor cells in 3D matrix show two types of movement: Rac-dependent
mesenchymal movement and Rho/Rho-kinase-dependent amoeboid movement [154].
Inhibition of ROCK converts amoeboid morphology to mesenchymal morphology in a Rac-
dependent manner, and silencing of Rac converts mesenchymal morphology back to an
amoeboid state in a ROCK-dependent manner [147,154]. Together, these studies outline a
number of typical functions for the ROCK-myosin pathway in regulating several critical aspects
of cell migration, and highlight the notion that any effect of inhibiting or activating these
molecules depends greatly on the cellular context. Notably, most studies on ROCK-myosin

pathway activity have been performed in motile cells, with much less being known about how
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these morphogenetic determinants influence, for example, cell delamination from an
epithelium. This latter concept is a central focus of my research into the regulation of
endocrine-cell specification and commitment. It relates directly to the delamination of nascent
endocrine cells from the epithelium, and also to how the cell-biological processes that drive
delamination are connected in turn to the deployment of Neurog3-dependent feedback
mechanisms that non-autonomously regulate the growth, differentiation, and morphogenesis

of epithelium progenitors from which new endocrine cells are born.

Dissertation Overview

If and how organ-specific progenitor populations are assembled, maintained, and regulated
within niche environments to coordinate cell differentiation, growth, and morphogenesis
processes during organ formation remains a largely unexplored yet central question in
developmental biology. The challenges in addressing this question can largely be attributed to
the fact that organ-specific progenitor populations exist, in many cases, only transiently during
embryogenesis, and because they are regulated within extremely dynamic multicellular
environments. Here, we use our proposed “Niche Framework” as a model to elucidate the
biological form and mechanistic function of the niche that guides the genesis of the duct and
endocrine pancreas from a pool of bipotent epithelial progenitors during development. These
studies should greatly increase our understanding of how the therapeutically relevant
hormone-secreting endocrine cells of the pancreas are formed. More importantly, however,
insofar as any stem or progenitor cell niche, as a biological entity, represents a fundamental
‘unit’ of development, evolution, and regeneration [12], our studies should improve our
understanding of how large and complex organs form and how they evolve. In addition, these
studies should provide novel insight into how we might gain control over the cell biological
processes that direct cell fate or progenitor maintenance programs, for use toward the artificial
manufacture of organ-specific cell types, or even multi-cell-type tissues, to study and treat
human disease. Our overarching hypothesis is that the signals controlling progenitor

maintenance and cell fate allocation during pancreas development are both deployed within a
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discrete and likely highly organized epithelium, and linked with the epithelial morphogenesis

program.

In Chapter Il, | present my parameterization of endocrine-progenitor growth and differentiation
dynamics during the pancreatic secondary transition as a necessary step in establishing a new
descriptive foundation for how progenitor maintenance is balanced quantitatively with
endocrine cell differentiation. We characterize the relative distributions of Sox9 and Neurog3
producing cell states as a function of developmental time, and perform a series of EdU pulse-
chase analyses to build a model that accounts for the developmental dynamics of the stage-
specific flux of cells from the epithelial progenitor pool into the Neurog3-positive endocrine-
committed state. We establish a new metric termed “endocrine yield”, which can be used to
define in spatiotemporal terms the relative magnitudes of endocrine flux that are occurring
from the progenitor epithelium at any given stage. Finally, we use acute clonal-lineage tracing
experiments to infer the cellular mechanisms, such as ACD or direct delamination, through

which individual progenitors give rise to the endocrine lineage.

In Chapter lll, | present how my studies led to experimental models that address the conditional
control of progression of Sox9" progenitor cells into the endocrine lineage, as a basis to study
how the process of endocrine differentiation non-cell-autonomously feeds back onto the trunk
epithelium to regulate endocrine progenitor growth, differentiation, and morphogenesis during
pancreatogenesis. We hypothesize that the obligate transcriptional co-regulator of Notch
signaling, RBPJ, functions to regulate the balance between progenitor-cell maintenance and
endocrine-cell differentiation during the secondary transition. A conditional genetic system

comprised of a Sox9“"

transgene [30] and a floxed allele for RBPJ [86] was used to test this
hypothesis. | then discuss our observations and interpretations of the experiments, their
limitations, and the justification behind my proposal to discontinue these investigations. | also
present an alternative experimental model for the conditional control of endocrine

BAC-CreER

differentiation via the ectopic expression of Neurog3, and a Neurog3 model designed to

interrogate even more deeply our newly proposed Neurog3™ condition. | discuss the potential
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utility of these tools related to both the aims of this dissertation as well as the future goals that

have emerged.

In Chapter IV, | address the hypothesis that endocrine-progenitor population growth,
differentiation, and morphogenesis programs are coordinated by a discrete niche that guides
the formation of the duct and endocrine pancreas. A three-dimensional (3D), spatiotemporally
defined map of pancreas epithelium-remodeling patterns is developed, from which | discerned
those characteristics of the pancreatic epithelium that are associated with its being the source
of differentiating endocrine cells throughout secondary transition. | present the genetic and
pharmacological interference tests that were designed to target Neurog3 and Notch,
respectively, to lead to a model for how the formation of the duct and endocrine lineages are
coordinated by feedback-control mechanisms operating within an ‘epithelial plexus state’
wherein endocrine progenitors are continually assembled and maintained, and their
differentiation toward the endocrine lineage is regulated. These studies are the first to identify
and begin to functionally characterize the pancreatic plexus-state epithelium as a candidate

endocrine-progenitor niche.

Chapter V addresses the hypothesis that the signals controlling progenitor maintenance and
cell fate allocation during pancreas development are deployed within a highly organized plexus
epithelium, and are linked with the epithelial morphogenesis program of the plexus itself. We
define the morphological and cyto-architectural properties of the plexus, and correlate changes
in cell shape with cell-fate transitions. My findings suggest strongly that the morphogenetic
program of the plexus instructs the earliest known step in the commitment of an endocrine cell
from within the pancreatic epithelium. | build a model for how ROCK-nmMyoll pathway activity,
Notch, and Neurog3 gene dosage are interconnected to link epithelial morphogenesis with cell-

fate acquisition in the plexus niche.
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CHAPTER Il

ENDOCRINE PROGENITOR DYNAMICS DURING THE PANCREATIC SECONDARY TRANSITION

Introduction

Organogenesis relies on the proper spatiotemporal regulation and balance of cellular
differentiation and replicative expansion of tissue-specific progenitors. In the developing mouse
pancreas, numerous lineage tracing studies have shown that multipotent progenitors of the
initial organ anlagen (E9.5-E12.5) give rise to all acinar, duct, and endocrine lineages. By E13.5,
however, acinar potential becomes restricted to epithelial “tip” domains, while duct and
endocrine lineages become diversified from Sox9-expressing bipotent progenitors residing in an
epithelial “trunk” domain. While much is known about the transcription factors (such as
Neurog3) and signaling pathways that maintain progenitors or direct cells toward different
fates, the quantitative parameters that underlie and define a normal rate of cellular flux
through various developmental processes, both at the tissue and cellular levels, are not well
understood. Using gene expression pattern analyses, EdU pulse-chase, and acute mosaic
lineage tracing, we describe and parameterize the lineage-allocation dynamics of Neurog3" cells

as they are born from replicating progenitors in the trunk.

Materials and Methods

Mice and Genotyping. Sox9“"=R

mice were obtained from Maike Sander (UCSD). Primers used
for genotyping were (5’"HRsFr-ccttctcttccagagacttc and 5’"HRsH-ctctggtcagagatacctgg; 780 bp) or

(5’"HRseqC- gcgatggatttccgtctctggtgtag and 5'HRseqD-gggtgctggacagaaatgtgtacact; 1080 bp).

Parts of this chapter have been published as Bankaitis ED, Bechard ME, and Wright CV. 2015. Feedback control of
growth, differentiation, and morphogenesis of pancreatic endocrine progenitors in an epithelial plexus niche.

Genes and Development 29, 2203-2216 [211].
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Immunodetection. Embryonic pancreas was paraformaldehyde-fixed (4%; 4°C, 4-6 hours). For
cryosectioning, samples were sucrose-equilibrated (30%; 4°C overnight) and OCT-embedded
(Tissue-Tek). Antibodies used include hamster anti-Mucl (NeoMarkers, 1:1000), rabbit anti-
Sox9 (Millipore, 1:5000), goat anti-Neurog3 (Gu Lab, 1:40,000), guinea pig anti-Neurog3 (Sander
Lab, 1:2000), guinea pig anti-Pdx1 (Wright Lab, 1:1000), rat anti-Ecad (AbCam, 1:1000).

DBZ and EdU administration and quantification. DBZ (Cayman Chemical) was resuspended
finely in ME4AM slow-delivery vehicle (Methocell™) using a motorized pestle, and injected I.P.
EdU (Life Technologies) was given I.P. (10 mg/kg). EdU was detected by the Click-iT Plus EdU
Imaging Kit (Molecular Probes). S-phase indices and percent EdU incorporation were counted

manually.

Mosaic lineage tracing. Pregnant dams were injected with a low dose of tamoxifen (0.03 mg)
re-suspended in corn oil with a final injection volume of 0.1 mL. Embryonic pancreas was
harvested 36 or 48 hours after injection, and samples were prepared for whole-mount
immunolabeling as described [166]. Classification of different types of lineage allocation events
were determined from regions of the pancreas where individual or paired cells were observed
in relative isolation from other groups of cells (>30 um) and were in direct contact with one
another. All non-classifiable differentiation events were ignored, as is the cases where cells

were found in clustered groups with other lineage labeled cells.

Image Acquisition. Confocal images were from a Zeiss LSM 510 META. Three-Dimensional

reconstructions were rendered using Imaris Software.

Quantification and statistical analyses. All sectional analyses covered approximately 30% of the
dorsal pancreas. For endocrine-yield measurements Sox9* and Neurog3® cells were counted

manually. Statistical analyses were performed using GraphPad software.
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Results
Patterns of Neurog3-expression vary during early stages of secondary transition

To understand how Sox9" progenitor cells progress through states of Neurog3 positivity during
the process of endocrine cell birth and during various developmental stages, we analyzed the
relative numbers and epithelial distribution patterns of Sox9*Neurog3’, Sox9*Neurog3®, and
Sox9 Neurog3" cell states by immunodetection. We initially targeted stages E12.5 and E14.5, as
E12.5 represents the initial stages of secondary transition, and E14.5 is a time point
representative of the major wave of cellular differentiation at mid-gestation. At E12.5, there
were abundant Sox9" cells distributed continuously throughout the epithelium. Within the
Sox9" population, there were numerous instances of Neurog3 co-expression. The vast majority
of the Sox9*Neurog3” cells expressed relatively low levels of Neurog3 protein, as compared to
the Sox9” Neurog3"' cells undergoing delamination from the Sox9" epithelium. Visual inspection
of typical sections at this stage indicated that the Sox9"Neurog3 cell state was clearly the most
abundant cell state in the epithelium. The numbers of Sox9*Neurog3* and Sox9'Neurog3* cells
were fewer, but roughly equivalent with respect to one another (Fig. 2.1A-C). At E14.5, the
Sox9'Neurog3 cell state remained the most prevalent. There was, however, an apparent shift
in the relative numbers of Sox9'Neurog3® and Sox9 Nuerog3® cell states to favor of the Sox9"
Nuerog3® cell state (Fig. 2.1D-F). Quantifications by manual cell counting confirmed a shift from
E12.5 to E14.5 in the distribution of Sox9" and Sox9” Neurog3-producing cell states (41.33 + 4.93
% Sox9'Neurog3” at E12.5 versus 14.67 *+ 4.59 % at E14.5), suggesting that Sox9'Neurog3” cells
are relatively abundant at early secondary transition, but become progressively eliminated from
the epithelium as development proceeds. Consistent with this notion, the proportional
representation of Neurog3® cells in the Sox9" epithelium was measurably reduced between
E12.5 and E14.5 (10.1 *+ 2.46 % Sox9'Neurog3” at E12.5 versus 3.77 + 1.07 % at E14.5) (Fig.
2.11,J). These results suggest that, as the developing pancreas enters the major wave of
differentiation during secondary transition, fewer Neurog3® cells are found in the Sox9"

epithelium (Fig. 2.1K).
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Figure 2.1. Dynamic patterns of Neurog3 expression in the trunk domain. (A-F) Split channels from confocal images
of immunodetection of Neurog3 protein in Sox9" trunk epithelial cells at E12.5 and E14.5.Yellow arrowheads
indicate Sox9'Neurog3” cells, green arrowheads indicate Sox9 Neurog3® cells (G,H) Quantification of the total
Neurog3’ population that is also Sox9" (41.33 + 4.93 %; N = 1,034, n = 3 at E12.5, 14.67 + 4.59 %; N = 5,101; n = 3 at
E14.5). (1)) Quantification of the total Sox9" population that is Neurog3® (10.1 * 2.46 %; N + 2,400; n = 3 at E12.5;
3.77 + 1.07 %; N = 19,057; n = 3 at E14.5). (K) Graphical representation of the proportional distribution of
Sox9'Neurog3™ (green), Sox9'Neurog3® (yellow), and Sox9 Neurog3® (red) cells states at E12.5 and E14.5, as
calculated from G-J, when all cell states are summed. Scale bars are 40 um. Error is S.E.M.
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Cells producing low levels of Neurog3 in the Sox9" epithelium replicate

To understand whether or not there could be functionally relevant distinctions between
Sox9*Neurog3’, Sox9'Neurog3®, and Sox9'Neurog3™ cell states, we analyzed and compared
replication behaviors in each state using thymidine analog incorporation (EdU) and phospho-
histone H3 (pHH3) detection. Timed wild-type matings were set up, and pregnant dams bearing
E12.5 or E14.5 embryos were pulse injected with EdU, and sacked after one hour. Embryos
were immediately harvested, the pancreata isolated, fixed, sectioned, and labeled for Sox9,
Neurog3, and EdU. Analysis of confocal section from these samples showed frequent EdU
incorporation in the Sox9" epithelium (Fig. 2.2A). Quantification of the one-hour EdU
incorporation index in the total Sox9" populations at each stage indicated that Sox9" epithelial
cells are highly replicative at E12.5 (29.3 + 1.03 %), and at E14.5, although the EdU
incorporation index was significantly reduced at E14.5 (22 + 2.7 %) (Fig. 2.2B). Analyses of the
EdU incorporation index in Sox9'Neurog3” cells showed a reduction in the number of cells
incorporating EdU relative to the Sox9*Neurog3’ state at each stage (18 + 0.0, n =1 at E12.5; 7.9
+ 2.5 % at E14.5) (Fig. 2.2C), suggesting that Sox9"Neurog3* cells can synthesize DNA, but do so
less frequently than Sox9*Neurog3™ cells. By E14.5, out of all Neurog3® observed only 1.63 +
0.45 % exhibit EdU positivity, indicating that only a small fraction of all cells producing Neurog3
replicate DNA. Quantification of the distribution of EdU positive cells as a function of all
Neurog3® cells exhibiting EdU positivity showed that the vast majority (85.3 + 1.37 %) of
Neurog3® cells replicating DNA are expressing Sox9 (Fig. 2.2D). These patterns of EdU
incorporation, which reflect the relative mitotic behaviors between Sox9 and Neurog3® cell
states, were confirmed by co-labeling analyses with the mitosis marker pHH3. At E12.5 and
14.5, we could readily detect, albeit relatively rarely as compared to the Neurog3 epithelial
populations, instances where Neurog3® cells were co-labeled with pHH3. These cells were
consistently closely apposed to the Mucl® lumen surface, and expressed the epithelial marker
Ecad, confirming their localization within the epithelium proper (Fig. 2.2E-F, Matt Bechard,
Wright Lab). Similar to the replication patterns shown by EdU, the numbers of Neurog3™ cells
positive for pHH3 were reduced from E12.5 to E14.5. Consistent with the notion that it is

predominantly the Sox9"Neurog3® population that exhibits proliferative behavior, there was an
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Figure 2.2. Neurog3'Sox9" epithelial populations express low levels of Neurog3 and exhibit proliferative behavior.
(A) Immunodetection of Sox9, Neurog3, and EdU at 100x magnification (0.6 um optical slice) at E14.5 after 1 hour
of EdU incorporation. Insets show split channels for a typical EdU*Sox9 Neurog3® cell state. (B) One hour S-phase
index in the total Sox9" population at E12.5 and E14.5. (C) One hour S-phase index in the Sox9 Neurog3" population
at E12.5 and E14.5. (D) Proportion of Neurog3 EdU" cells that are Sox9" at E14.5. (E,F) Immunodetection of Mucl,
Neurog3, and pHH3 at E12.5 and E14.5. Insets show split channels with pHH3 removed. (G,H) Immunodetection of
ECad, Neurog3, and pHH3 at E12.5 and E14.5. (l)Quantification of pHH3 positivity in total Neurog3w versus
Neurog3H/ populations. (J) Analysis of mean Neurog3 fluorescence intensities in Neurog3’pHH3 Mucl® versus
Neurog3'pHH3 Mucl populations. Scale bars are 10 um. Error bars are S.E.M, (*) P=0.0010, (**) P=0.0175.
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8-fold difference between pHH3-positivity in the epithelium-resident (defined by Mucl
positivity) Neurog3'® population, and the Neurog3™ population that is undergoing epithelial
delamination (Fig. 2.21-J, Matt Bechard, Wright Lab). These results are consistent with previous
work showing that Neurog3® cells represent a largely post-mitotic and endocrine committed
population of cells. However, these results also indicate a previously unappreciated mitotic
potential in the Sox9+Neurog3L° condition, which is most readily apparent at early stages of

secondary transition.

These preliminary analyses on the expression patterns and mitotic properties of the
Sox9'Neurog3’, Sox9"Neurog3®, and Sox9'Neurog3” led us to conclude that there are likely to be
a diversity of cell states existing within the trunk domain during secondary transition.
Moreover, these cell states appear to have different replicative properties. We provided novel
and direct evidence that cells expressing low levels of Neurog3 in the Sox9" epithelium can
replicate their DNA under normal developmental conditions. We also provided evidence that
these cycling Neurog3™ cells are enriched at early stages of secondary transition, suggesting
that a staging period of endocrine-biased progenitor amplification might presage the major
lineage commitment stages observed later in gestation. While the behaviors observed within
the Sox9'Neurog3® cell state were highly suggestive of a mitotic, possibly stable, and endocrine-
biased progenitor intermediate, due to the relatively rare nature of these cells, especially as
secondary transition progressed, we concluded that new tools and approaches were needed to
study this prospectively novel progenitor population. Studies in this direction were carried
forward in detail by Dr. Matt Bechard in the lab. The subsequent analyses of endocrine
progenitor dynamics presented here will now shift focus toward understanding the dynamics of
the endocrine commitment step in endocrine birth during the major mid-gestational wave of
differentiation, and how endocrine commitment is balanced with growth and maintenance of

the Sox9" progenitor pool during secondary transition.
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In vivo endocrine-progenitor dynamics and establishment of the Neurog3 to Sox9 ratio

In order to quantify and parameterize the balance between progenitor maintenance and
endocrine differentiation during secondary transition, we devised a method, based on the ratio
of [differentiating Neurog3™ cells]:[Sox9" epithelial cells], to quantify the relative flux from the
Sox9" trunk towards the Neurog3* endocrine lineage. Sox9 expression is lost upon upregulation

of Neurog3 [30,31]. The transient upregulation of Neurog3, in turn, indicates commitment to a
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Figure 2.3. The ratio of Neurog3® to Sox9" cells reflects the balance between endocrine differentiation and
progenitor growth. (A) Lineage diagram showing the progression, from replicating Sox9" progenitor status, through
sequential Neurog3® states during endocrine-lineage commitment. Neurog3 and Sox9 co-expression in the
epithelium (Sox9°Neurog3’) defines the initial Neurog3® state, followed by high levels of Neurog3 during
delamination (Sox9 Neurog3™), and finally Neurog3 down-regulation (Sox9'Neurog3LO) in committed endocrine
cells. (B-D) Derivation of endocrine yield, a quantitative descriptor of endocrine-lineage flux from the epithelium,
based on a measured ratio of Neurog3” and Sox9" cell states. (B) Theoretical segment of the trunk-epithelium with
a representative distribution of Sox9" and Neurog3® cell states. (C) The Neurog3:Sox9 ratio observed at a given
sampling time is determined by the temporal relationship between the Sox9" cell-cycle period (growth parameter)
and the duration of the Neurog3-positive period of endocrine commitment (differentiation parameter). (D) Provided
comparable time-frames for these two parameters, endocrine yield can be determined by converting the
Neurog3:Sox9 ratio into a fractional representation reflecting the number of cells maintaining replicative Sox9" cell
status, versus differentiating Neurog3® status, in a defined epithelial segment at a given time. This figure was
adapted from [211].
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post-mitotic endocrine-precursor state [16,83] (Fig. 2.3A). The Neurog3:Sox9 observed at a
given time, therefore, is largely determined by the temporal relationship between 1) the
average cell-cycle period of the Sox9" population (epithelial growth/maintenance), and 2) the
average duration of the Neurog3® period of endocrine commitment (differentiation) (Fig.
2.3B,C). Provided the time frames for these parameters are comparable, the Neurog3:Sox9
ratio reflects the magnitude of endocrine differentiation (endocrine flux) from the trunk. To
validate the Neurog3:Sox9 ratio, we adapted EdU pulse-chase methods [155] to measure and

relate progenitor-replication and endocrine-differentiation parameters in vivo (Fig. 2.3D).
Dividing Sox9" populations progress continuously through an estimated 12-hour cell-cycle period

When Sox9" cells enter mitosis, we invariably observe sub-cellular segregation of Sox9
immunoreactivity away from condensed, DAPI"* DNA. These Sox9" mitotic figures (MF) are EdU”
in cells that have recently undergone S-phase (Fig. 2.4A-C). To quantify the average cell-cycle
period, we timed the appearance and disappearance of pulse-administered EdU within the
DAPI" DNA of Sox9" progenitors as they passed though rounds of mitosis (Fig. 2.4G) [156].
Because EdU bioavailability after single-pulse administration is short (distribution half-life 1.4 +
1.7 min., elimination half-life 24 + 2.9 min. at 100 mg/kg, [157]), and because the MF state
represents a short, transient event during the cell-cycle, this method estimates cell-cycle

periods at a population level.

In the Sox9" epithelium, S-phase indices determined after one-hour EdU-pulse are similar at
E14.5, E16.5, and E18.5 (22 + 2.7%, 16 *+ 3.2%, and 16 + 1.8%, respectively) (Fig. 2.4D-F). We
chose stage E14.5 for a 24-hour EdU pulse-chase analysis of the Sox9" cell-cycle period. All
Sox9" MF were EdU™ one hour after EdU pulse, (Fig. 2.4H), indicating that cells incorporating
EdU at S-phase had not yet entered M-phase. At 2 hours, the percentage of Sox9'EdU* MF
remained unchanged, as did the S-phase index in the Sox9" population, consistent with a < 1
hour bioavailability of EdU under these conditions. Between 2-3 hours after EAU pulse,
essentially all of the detected Sox9" MF became EdU" (75.3 + 2.7% at 2 hrs, 98.3 + 2.5% at 3
hrs), consistent with an asynchronously cycling Sox9" population incorporating EdU at different

periods along the duration of S-phase, then proceeding over time into mitosis. EdU saturation
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in the Sox9" MF was maintained for approximately 5 hours, before decreasing essentially to 0%
between the 8-13 hour period (6.3 + 2.5% at 8 hrs, 0 £+ 0% at 12 hrs, 1.7 + 2.6% at 13 hrs),
consistent with the EdU*Sox9" population completing M-phase of the cell cycle. Subsequent
time points (13-15 hrs) showed rapid and saturating re-entry of EAU* DNA in Sox9" MF. After
this population passed through mitosis (indicated by a second reduction in EdU-positivity in
Sox9" MF), a third M-phase was detected at 24 hours. At late time points, EdU saturation of the
Sox9" MF population was shorter in duration, reflecting an expected DNA replication-
dependent dilution of EdU-signal. These results demonstrate that EdU pulse-chase reproducibly
detects a labeled portion of the Sox9" population moving through three consecutive and largely

coherent cell-cycle periods with average ~11.3 £ 0.68 hr time intervals.

Endocrine-committing populations take an average of 12 hours to move through the Neurog3®

state

To determine the average duration of the Neurog3™ period of endocrine commitment, we used
EdU pulse-chase to monitor EdU" DNA, from initial incorporation in the replicating Neurog3~
Sox9" progenitors, through marker-defined, chronological stages of endocrine commitment
(Fig. 2.5A-A”) [56]. These include the initial trunk-resident Sox9'Neurog3® state, the post-
delamination Sox9'Neurog3HI state, and the late Sox9_Neurog3LO state [30,31,32]. The baseline
EdU" index in all Neurog3" states at one hour EdU pulse was ~1%, consistent with their largely
post-mitotic status. At two hours EdU pulse, the percentage of Sox9*'Neurog3'EdU" cells
remained unchanged (Fig. 2.5F), indicating that Sox9*Neurog3™~ cells incorporating EdU at S-
phase had not yet progressed into the initial Sox9"Neurog3" state. At three hours we observed
an accumulation of EdU" DNA in the Sox9*Neurog3” population. At 6 hours, the EdU" index in
Sox9'Neurog3” cells reached 22 + 2.7%; as expected, because this quantity reflects the baseline
EdU" index in Neurog3 Sox9" progenitors from which Neurog3” cells arise. Similar accumulation
of EdU in the Sox9 Neurog3" state reached 22% at 10 hours, followed by the late Sox9~
Neurog3'® state at 15 hrs (Fig. 2.5B,C). Finally, at 17 hours, EJU" DNA was detected in
Pdx1"'Neurog3~ cells, which represent a state (likely [-cell, the principle cell type produced at

this stage) arising after downregulation of Neurog3 [52,55] (Fig. 2.5D,E; Fig. 2.6A-F). By
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measuring the time difference (At) between the curves demarcating early and late Neurog3*
state (between Sox9*Neurog3* and Sox9 Neurog3'©), bounded within the range defining the

minimum and maximum baselines for EdU-incorporation in the Neurog3 Sox9" and
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Figure 2.4. EdU pulse-chase analysis measures average cell-cycle period in Sox9" cells. (A) Individual Sox9’EdU"
cells captured before and during mitosis (left to right; Sox9" cell not in mitosis, mitotic figures (MF) in prophase,
metaphase, anaphase, and cytokinesis). Scale bar 10 um. (B,C) MF observed in representative 20x field at E14.5, 3
hours post-EdU injection. Sox9'EdU" MF (yellow arrowheads), Sox9 EdU" MF (cyan arrowheads), MF after DNA
segregation into daughters (doublet arrowheads). Scale bars 50 um. (D-F) One hour S-phase indices are similar
from E14.5-E18.5. Scale bar 50 um. (G) Diagram of EdU pulse-chase in replicating Sox9" populations. Sox9" cells
undergoing S-phase are labeled by EdU. EdU"Sox9" populations (white) undergo and complete mitosis (t = 5 hrs),
before undergoing subsequent round of mitosis (t = 12-15 hrs). Rounds of mitosis can be tracked by monitoring
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waves of EdU-positivity in the Sox9" MF states (green and white bar over time). At’s are determined from intervals
between waves of EdU+ MF. (H) 24 hour EdU pulse-chase analysis of cell-cycle period in Sox9" populations, with
At’s represented in dashed light red line. (1) Calculation of avg. At from pulse-chase measurements in H. Error bars
are S.E.M. This figure was adapted from [211].
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Figure 2.5. EdU pulse-chase measures duration of the Nuerog3” period of endocrine commitment. (A-A”) Pulsed-
EdU is incorporated in Sox9" cells at S-phase, and chased (EdU® DNA in white) through marker-defined stages of
Neurog3-positivity. (B,C) EdU captured in cells of various Neurog3® states. Early Sox9 Neurog3® cells (yellow
arrowheads), Sox9_Neurog3H/ cells (red arrowheads), late Sox9_Neurog3L0 cells (white arrowheads). (D,E) EdU in
Neurog3 Pdx1™ cells (blue arrowheads). (F) Time-course for EdU pulse-chase analysis of the Neurog3® period.
Graph indicates percentage of EdU’ cells in Sox9 Neurog3® (yellow line), Sox9_Neurog3H’ (red line), or Sox9~
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Neurog3w (orange line) states at time points indicated. Blue dashed line shows one-hour EdU-incorporation
baseline for Sox9'Neurog3™ cells (22 + 2.7%). Black dashed line, one-hour EdU-incorporation baseline for
Sox9'Neurog3” cells (8.5 + 2.8%). Blue shading with arrows indicates the period when EdU® DNA becomes
increasingly observed Neurog3_de1H' populations (indicating end of Neurog3® period). Grey shaded area, the
domain and range of data points used to estimate the Neurog3® period. (G) Calculation of At (brown dashed lines in
F) from the lines demarcating Sox9°Neurog3® and Sox9_Neurog3LO cell states. Error bars, standard deviations (N=3
pancreata). (H-H”’) Derivation of endocrine yield as a quantitative measure of the relative magnitude of endocrine
differentiation from the trunk domain. This figure was adapted from [211].

Sox9+Neurog3L° cell states (Fig. 2.5F, grey shaded area, Sox9"Neurog3" <y > Neurog3 Sox9°),
these data indicate an average duration of ~12.3 +/- 1.03 hrs (Fig. 2.5G) for the Neurog3®

period of endocrine commitment (Fig. 2.7).

These analyses indicate that the Sox9" cell-cycle period and the duration of the Neurog3” period
of endocrine commitment are similar (11.3 + 0.68 hrs and 12.3 +/- 1.03 hrs, respectively).
Therefore, the Neurog3:Sox9 ratio estimates quantitatively the relative magnitude of endocrine
differentiation occurring from the trunk at a given sampling time. For simplicity, we convert
Neurog3:Sox9 hereafter to the fractional term “endocrine yield” (given as total Neurog3®

cells/total Sox9" cells) (Fig. 2.5H-H"").

E14.5

E17.5

Figure 2.6. Neuorg3 is down-regulated before acquisition of Pdx1" status. (A-F) Immuno-detection of Neurog3 and
Pdx1 in cryosections at indicated stages. The vast majority of Neurog3® cells co-express low levels of Pdx1 (white
arrowheads). Low levels of Pdx1 are also observed in the Neurog3™ epithelium (yellow arrowheads in C,F). Pdx1™
cells do not co-express Neurog3 (blue arrowheads). Scale bars are 20 um. This figure was adapted from [211].
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Figure 2.7. Absolute numbers of Sox9" mitotic figures and Neurog3® cell states evaluated during EdU pulse-chase
time-course analyses. “n” indicates the number of pancreata sampled for each time point. This figure was adapted
from [211].

Endocrine yield is robust throughout the secondary transition

Previous measurements from whole pancreas mRNA, or from limited quantifications of
Neurog3® cell numbers, suggest that endocrine birth peaks around E14.5-E15.5, and reduces
thereafter [55,78,158]. However, these measurements do not take into account the direct
relationship between cells undergoing endocrine-lineage commitment (Neurog3®) versus
maintenance and growth as Sox9" progenitors. To address this, we quantified endocrine yield in
sections representing ~33% of the dorsal pancreas, from E14.5-18.5 stages, as a bulk measure
of endocrine differentiation dynamics. We detected essentially a constant endocrine vyield
throughout E14.5-17.5 stages; this trend reversed, relatively sharply, only at E18.5 (Fig. 2.8A-1).
At all time points, we detected no significant change in the relative number of early
(Neurog3*Sox9*) versus late (Neurog3*Sox97) endocrine committing cell-states, indicating that
new endocrine cells are being generated at all stages (Fig. 2.8]). These results show that Sox9*
trunk populations continuously allocate a large fraction of their progeny toward the endocrine

lineage over essentially the entire mid-to-late gestational period.
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Figure 2.8. Endocrine yield is robust at all stages of the secondary transition. (A-H) Representative images (E14-
15.5) of Sox9" and Neurog3” populations at stages indicated. Later stage (E16-17.5) images focus on epithelium
where Neurog3® cells are being born in large numbers. Scale bars are 50 um. () Bulk endocrine yield determined by
sectional analysis of secondary transition stages. 33% of n = 3 dorsal pancreas analyzed at each stage. Error bars
are S.E.M, (*) p=0.1161, (**) p=0.0249. Student’s t-test. (J) Distribution of early (Sox9"Neurog3'°) and late (Sox9
Neurog3’) cell states among all Neurog3® cells at indicated stages. Error bars are S.E.M for n = 3 pancreata at each
stage, 30% of total pancreas analyzed. No statistical difference was detected at any stage (p = 0.5912, one-way
Anova). This figure was adapted from [211].

Evidence for asymmetric and terminal differentiation from individual trunk progenitors in vivo

Next, we wanted to understand how endocrine lineage allocation and progenitor maintenance
might be regulated at the level of individual differentiation events. Our EdU-pulse chase data
suggested that acquisition of the Neurog3® state occurs shortly (2-4 hrs) after EdU
incorporation in Sox9" progenitors, suggesting the endocrine commitment occurs in close
association with cell division. One interesting observation that we made was that, at 6 and 10
hour after EdU pulse-chase, we frequently observed EdU*Sox9'Neurog3® and EdU'Sox9
Neurog3® cells, respectively, differentiating as Neurog3" neighboring cell-pairs. This suggested

that one cellular mechanism for endocrine lineage allocation is to send both daughters, via
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symmetric terminal differentiation, into the endocrine lineage after division (Fig. 2.9A-F).
Consistent with this notion, we observed that the peak representation of EdU in the
Sox9'Neurog3* state at 10 hr, and the Sox9'Neurog3® state at 17 hr, post pulse-chase
approached double the baseline incorporation index observed in the Sox9"'Neurog3™ progenitor
population from which these cells arise (40% for Sox9'Neurog3® at 6 hours, and 35% for Sox9"
Neurog3® at 10 hours versus 22% of Sox9'Neurog3™ progenitors at 1 hour; Fig. 2.9G). This
quantitative relationship (% EdU in Neurog3® populations is ~2x > % baseline EdU in Sox9"
progenitors) provides additional evidence that a prevalent lineage allocation behavior for Sox9*

progenitor cells is to generate more than one Neurog3® daughter cell after division.

We next utilized an independent mosaic lineage tracing system to trace, in acute time frames,
individual Sox9" progenitors as they allocate Neurog3® progeny. Using this method, we could
provide evidence that neighboring pairs of Neurog3® cells were indeed being derived from
symmetric, terminal lineage allocation from a common Sox9" trunk progenitor. We crossed
Rosa26.RYFP mice [159] with mice bearing a Sox9CreER(12) BAC-transgene [15], administered low
doses of Tamoxifen (0.03 mg) to pregnant dams at E12.5 or E14.5, and harvested
Sox9crEER(T2);RosaZGRYFP/+ embryos 36-48 hours later. Samples were immuno-labeled for Sox9,
Neurog3 and YFP, and confocal Z-stack volumes were acquired in regions of highly mosaic
labeling patterns (Fig. 2.9H-I). Despite significant variations in the labeling frequency within and
between samples, we observed evidence for three prevalent behaviors in YFP-labeled cells.
The majority of YFP" cells were maintained in the Sox9" epithelium as dividing, Neurog3
populations (not shown). We also observed frequent Neurog3'YFP™ cells that were
differentiating in isolation from other YFP" cells, suggesting that Sox9" cells can give rise to
Neurog3-expressing progeny without undergoing a recent division event. We also frequently
observed Neurog3*YFP" cells differentiating next to individual Neurog3 YFP" cells, suggesting
that a cell had divided, and only one of the daughter cells had turned on Neurog3. Finally, we
also observed frequent YFP"Neurog3® cells differentiating as neighboring cell pairs. Analysis of
the percentage of total Neurog3'YFP" cells differentiating as neighboring cell-pairs suggests that
a substantial portion (~¥60%, N=26 at E14.5, N = 157 at E16.5) of endocrine cells are allocated

through symmetric terminal differentiation, while the remainder is allocated via direct
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Figure 2.9. Acute mosaic lineage tracing confirms prevalent asymmetric and terminal differentiation behavior in
replicating Neurog3® populations. (A-F) Detection of paired EdU’Neurog3” progeny during EdU pulse-chase time-
course. (G) Quantification of the peak EdU-labeling index attained in the Sox9'Neurog3® and Sox9 Neurog3® cell
states during EdU pulse-chase time-course. Green dashed line indicates the theoretical peak EdU-labeling index
expected for an “isolated and direct terminal differentiation” model. Blue dashed line indicates the theoretical peak
EdU-labeling index expected for a “paired terminal differentiation” model. (H) Genetic lineage tracing system and
tamoxifen administration strategy for acute analysis of “isolated” and “paired” terminal differentiation of Neurog3*
cells. (I) Diagrammatic representation of possible lineage tracing outcomes supporting direct terminal
differentiation, asymmetric terminal differentiation (ACD), and paired terminal differentiation models of endocrine
cell birth. (J-0) Typical acute mosaic lineage labeling patterns discerned in 3D volumes of pancreatic epithelium
labeled with Neurog3. YFP, and Sox9 (Sox9 not shown). (P) Quantification of the incidence of isolated and paired

differentiation events at time points representative of the secondary transition (E14.5 and E16.5, respectively).



differentiation or asymmetric cell division. While there are a number of important caveats to
these interpretations (namely, we do not know exactly when in reference to a cell division
event a given cell became reporter’), our collective observations suggest that while the
individual lineage allocation behaviors of Sox9" trunk progenitors appear to vary, two prevalent
modes of endocrine lineage allocation occur during endocrine cell birth. These include a
terminal, symmetric differentiation of both daughter cells, and asymmetric allocation of only

one daughter cell, toward the Neurog3” state, in close association with a cell division event.

Discussion

The genetic regulation of endocrine differentiation by the transcription factor Neurog3 and the
signaling mechanisms (such as Notch) that balance differentiation with pancreatic progenitor
maintenance have long been established. To date, however, there is little to know
understanding of the physiological parameters that underlie the regulated progression of
pancreatic progenitors into the endocrine lineage during the secondary transition. As a result,
there are major gaps in our understanding of the diversity of possibly functionally distinct
progenitor states existing in the epithelium, how cell-type heterogeneity and organization
develop over time, and how in quantitative terms the flux toward differentiated lineages is
balanced with an appropriate growth of the pancreatic progenitor pool. We describe a novel
replicating cell state that expresses low levels of the endocrine lineage determinant Neurog3,
that is enriched during early stages (E12.5) of trunk domain formation, and that represents a
candidate endocrine-biased and replicating progenitor pool. Subsequently (E14.5 and after),
endocrine lineage commitment is continually robust and surprisingly long-lived in the trunk,
with an estimated one-quarter to one-third fraction of progenitors being allocated to the
endocrine lineage (Neurog3™) every twelve hours. This endocrine lineage flux is balanced with
an estimated 12-13 hour cell cycle in the Sox9" cells that remain behind in the epithelium.
Finally, we provide evidence that individual Sox9" progenitors grow and differentiate through
various cellular mechanisms; these include symmetric renewing divisions, asymmetric divisions,

and symmetric terminal differentiation behaviors. These findings begin to parameterize the
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Figure 2.10. Model for in vivo endocrine progenitor dynamics during the pancreatic secondary transition. (A)
Lineage diagram on population averages of temporal parameters for progenitor replication and endocrine lineage
allocation. Red line indicates the period of time between a progenitor cell’s last division event and activation of
Neurog3. This period appears to be short (2-6 hrs) in the majority of cells traced in our analyses. However, the
appreciable mitotic index in Neurog3w cells (especially at E12.5) is suggestive of an inverse relationship between
cell cycle rate and likelihood for Neurog3 activation. (B) Model for endocrine progenitor dynamics as a function of
time. Various cell states analyzed and quantified are shown. Separate time-frames are indicated by black line and
labeled accordingly. Each time frame is an independent “snapshot” of the prevalent progenitor behaviors

representing prevalent progenitor behaviors occurring over a roughly ~12 hr time-frame.
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dynamic flux of endocrine cells from the trunk epithelium during the major wave of cellular

differentiation in the pancreas (Fig. 2.10).

Our observations that Neurog3* cells in the Sox9" epithelium incorporate thymidine analogues
at S-phase, and exhibit mitotic behavior as indicated pHH3 co-localization, puts forth several
possibilities with respect to how the process of endocrine lineage allocation may progress
during development. The observation that at E12.5 nearly half of the Neurog3® population is
found in the Sox9" epithelium in a Neurog3LO expressing state, suggests that at early stages of
secondary transition, there may be maintained within the epithelium a replicating and “pre-
endocrine-committed” Neurog3-expressing cell state. This idea is consistent with lineage

tracing experiments utilizing a Nueorg3®®

BAC transgene, which showed that a small but
significant number of Nuerog3-expressing can adopt non-endocrine lineages during normal
organogenesis [68]. Interestingly, this plasticity in the Neurog3-expressing lineage depends
greatly on a cell’s ability to upregulate Neurog3 to high levels [69], suggesting that there may
be intrinsic or extrinsic mechanisms that regulate the progression of cells through OFF-LO-HI
states of Neurog3 expression. The notion that the Neurog3'® state maintains replicative
potential suggests that they may represent a mitotic progenitor state that is amplifying an
endocrine biased progenitor pool during early stages of pancreas formation. It remains possible
that the analyses presented here, which focus on detection of Neurog3 protein in snapshot
time frames, might in fact under-represent the size of this proposed endocrine-biased
progenitor population. For instance, limitations in our ability to detect very low amounts of
protein by immunodetection, or the idea that Neurog3 protein levels may oscillate in this pre-
committed condition, might be addressed with the use of more sensitive lineage tracing tools
and transciptional reporter alleles. Indeed, oscillations in Notch pathway effectors such as Hes7
[160] and Hes1 [161] are known to be important for regulating differentiation and progenitor
maintenance in a number of biological systems, and in many respects act through repression of

differentiation factors such a Neurogenin [162].

Previous analyses on the dynamics of endocrine lineage allocation during secondary transition

have suggested that there exists a definitive peak in endocrine differentiation around E14.5-
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E15.5 [55,78,158]. The analyses that have been performed, however, were not rigorously
guantified, or have not been normalized in a way that allows for specific conclusions to be
made as to when the highest absolute numbers of cells are being born, or when the highest
period of flux from the epithelial progenitor pool occurs. We have established and validated a
simple metric that estimates the proportion of epithelial progenitors adopting the endocrine
committed state at a given sampling time. This metric, the Neurog3-to-Sox9 ratio, normalizes
the number of endocrine cell being born to the number being left behind in the Sox9*
epithelium, and in this manner can be used to quantify differentiation dynamics with increased
precision, both in spatial and temporal terms. Here we have found that the magnitude of
endocrine differentiation from the trunk domain is relatively constant over the course of
secondary transition, and does not become reduced until E18.5. The idea that the trunk domain
can stably and continually allocate a large fraction of its cellular mass toward the endocrine
lineage could reflect that there are mechanisms in place that maintain a precisely balanced
optimum flux of endocrine progenitors from the progenitor pool within this tissue. As such,
future investigations should attempt to elucidate the feedback and/or feed-forward regulatory
mechanisms that define this quantitative balance, and how they contribute to the regulation of

organ size and cellular composition.

Cell labeling and lineage tracing approaches represent powerful approaches in studying the
cellular mechanisms through which progenitor populations give rise to differentiated progeny,
yet each method comes with its own advantages and limitations. With regards to Cre and
CreER-based lineage tracing, for instance, the uncertainty regarding when an individual cell has
activated a lineage label makes it difficult to interpret how a given cell moves through a
process, which in the case of endocrine lineage allocation, appears to occur through various
means. The use of reporter based knock-in alleles has overcome these difficulties to some
extent, especially where a given developmental processes can be monitored in real-time in
vitro. Relating parameters measured via in vitro live imaging to those occurring in vivo,
however, remains a major limitation to this type of analysis. Finally, EAU pulse-chase analyses
have been used to monitor the replication and cell-cycle properties of progenitor populations,

both in vivo and in vitro, but are limited in their ability to quantify the timing and specific
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behaviors underlying cellular differentiation behaviors due to the non-specificity of thymidine
analog labeling (i.e. any replicating cell population will become labeled), and the requirement
that scoring of labeled populations be done in fixed tissues. Thus, in order to gain quantitative
insights into how progenitor growth and differentiation behaviors are balanced during organ
formation in vivo, it is necessary to utilize and cross-reference different cell-tracing approaches
in parallel. We have leveraged the high temporal resolution enabled by a short bioavailability of
EdU [157], a known injection time, and a set of directly detected and marker defined states that
arise during progenitor replication and endocrine commitment to carry out a population-based
analysis of endocrine differentiation and progenitor growth dynamics during secondary
transition. We estimate approximately 12 hours for both the cell-cycle period and Neurog3
expression period in vivo, and a time frame of roughly 17 hours for an average cell to undergo
its last S-phase in the epithelium and then to acquire differentiated endocrine cell status.
Consistent with recent reporter-based single-cell live-imaging analyses in explants [163], the
rapid EdU acquisition in Neurog3® populations indicates that a large portion of endocrine-
committing cells acquire Neurog3-immunoreactivity shortly after a division event. The single-
cell live-imaging experiments carried out previously in explants did, however, report an average
cycling time of 24 hours (instead of 12 hours in our case), which we would propose is likely due
to reduced replication rates for progenitor cells in explanted culture systems. Indeed, our
unpublished observations suggest that the increase in organ size observed in explants in culture
does not match that which is observed in the same time frame in vivo. Our estimate of the time
it takes to give rise to hormone producing endocrine cells are also in line, but perhaps more
precisely temporally resolved, with what has been shown using Neurog3 reporter and

CreER alleles in vivo [164,165]. Our mosaic lineage tracing analyses are well in line with

Neurog3
previous live imaging analyses in explants, which have shown that endocrine cells are born
through a prevalent symmetric terminal differentiation process, asymmetric differentiation
after division, and a less well characterized direct differentiation that does not appear to
involve a cell fate acquisition during, or in close association with, a cell division event. These

same studies also provided evidence for a rare population of Neurog3-expressing cells that are

capable of undergoing cell division [163]. Thus, a bigger picture is emerging from these various
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analyses that suggest that there are likely to be many complex mechanisms in place to guide
the progression of cells from an undifferentiated progenitor state through to a differentiated
endocrine cell. We propose that future studies on the genetic and signaling-based regulation of
endocrine differentiation should undertake a cautious consideration that the outcome of a
given experimental manipulation may reflect cell-type and context-specific effects depending

on the developmental state of a cell within the progenitor epithelium.
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CHAPTER I

EXPERIMENTAL MODELS FOR CONDTIONAL CONTROL OF ENDOCRINE DIFFERENTIATION

Introduction

While the genetic and signaling mechanisms that balance progenitor maintenance and cell fate
allocation during development are relatively well studied, how progenitor growth,
differentiation, and morphogenesis processes are coordinated during organ formation remain
obscure. This gap in our knowledge can be attributed to the challenges inherent in investigating
how cell autonomously controlled processes non-autonomously influence various cell behaviors
within a field of cells. Our goal is to develop experimental system(s) where the progression of
cells into the Neurog3-expressing endocrine lineage (a cell autonomous process) can be
conditionally and precisely manipulated, as a means to address larger questions about how the
process of endocrine differentiation itself influences (cell non-autonomously) morphogenesis,
cellular differentiation, and progenitor maintenance programs within the trunk. Here, we
interrogate the cell-autonomous and non-autonomous functions of RBPJ in limiting endocrine
differentiation from the trunk domain using conditional mosaic ablation of RBPJ with Sox9“"*k.
We report our findings and discuss technical limitations that preclude use of this genetic system
for our research aims. We design and test an alternative genetic strategy for mosaic and
inducible ectopic Neurog3 expression, and present data showing the utility of this model for
studying the nature and scale of Neurog3-dependent non cell-autonomous feedback within the

BAC-CreER onstruct

trunk domain. Finally, we present our design and manufacture of a Neurog3
for controlled manipulations on the previously proposed Neurog3'® endocrine-biased
intermediate progenitor state. In sum, we propose new approaches and generate new tools
that should be useful for studies on the molecular and genetic mechanisms controlling
progression through the cell autonomous process of endocrine cell birth, and also on the

underlying mechanisms linking this process to progenitor growth, differentiation, and

morphogenesis processes through non-autonomous feedback communication.
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Materials and Methods

eER mice were obtained from Maike Sander (UCSD). Primers used

Mice and Genotyping. Sox9
for genotyping were (5’"HRsFr-ccttctcttccagagacttc and 5’"HRsH-ctctggtcagagatacctgg; 780 bp) or
(5’HRseqC- gcgatggatttccgtctctggtgtag and 5’HRseqD-gggtgctggacagaaatgtgtacact; 1080 bp).
RBPJ floxed mice were a kind gift from Tasuko Honjo (Kyoto University). Primers used for
genotyping were RBPJNeo-gcaatccatctigttcaatggcc, RBPJF1-gcgtgcctccccgeatcta, RBPJwtl-
gttcttaacctgttggtcggaacc, RBPJwt2- gcttgaggcttgatgttctgtattge as described [191]. The
Rosa26.lox.STOP.lox.rtTA.ires.GFP line was a kind gift from Mark Magnuson (Vanderbilt).
Primers used for genotyping were (Rosa3-cgaggcggatacaagcaata, Rosa5-gagttctctgetgectcectg,
and RosaRTTA-aagaccgcgaagagtttgtc; Rosa3 & 5 = (wt) 322 bp, Rosa3 & RTTA = (knock-in) 215
bp). The Rosa26.Neurog3.CFP allele was also a kind gift from Mark Magnuson, and was
genotyped with (R0sa26.S1-AGACTTATCTACCTCATAGGTG and CFPF-CAGCACGACTTCTTCAAG;
1209bp).

Immunodetection. Embryonic pancreas was paraformaldehyde-fixed (4%, 4°C, 4-6 hours). For
cryosectioning, samples were sucrose-equilibrated (30%; 4°C overnight) and OCT-embedded
(Tissue-Tek). Thin (10 um) and thick (35 um) cryosections were obtained on a LEICA CM3050S
cryostat. Antibodies used include hamster anti-Mucl (NeoMarkers, 1:1000), rabbit anti-Sox9
(Millipore, 1:5000), goat anti-Neurog3 (Gu lab, 1:40,000), guinea pig anti-Neurog3 (1:2000),
goat anti-RBPJk D-19 (Santa Crugz, titrated), mouse anti-RBPJk E-7 (Santa Cruz, titrated), rabbit
anti-RBPJk (Protein Tech, titrated), DBA (Vector Labs, 1:500), guinea pig anti-PP (Linco, 1:500),
rabbit anti-glucagon (Linco, 1:500), guinea pig anti-insulin (Dako, 1:1000), chicken anti-GFP
(Aves, 1:2000).

Image Acquisition. Confocal images were from a Zeiss LSM 510 META. Images were also

acquired on a ZIESS Observer.Z1 apotome.

Tamoxifen and Doxycycline administration. Doxycycline was dissolved in water (5.0 mg/mL) and
administered intraperitoneally at 10.0 pg/g body weight. Embryos were harvested and fixed 12
hours after Dox injection. Tamoxifen was dissolved in pharmaceutical grade corn oil (Welch,

Holme & Clark Co. Inc.) at 30 mg/mL, and 3.0 mg administered at each time point.
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BAC transgene generation. pBACe3.6 RPCI-32-121F10 BAC bearing Neurog3 genomic sequence
was obtained from BAC-PAC resources. Plasmid PL451 [203] was modified by insertion of Puro®-
ATK upstream of Neo® using BamHI and Nhel sites to generate PL451.Puro®-ATK-em7-neo®. The
5’ homology region against the Neurog3 locus was a 40 bp region located immediately
upstream of the Neurog3 start codon (5'HR: 5’-
GCTGGCACACACACACCTTCCATTTTTTCCCAACCGCAGG-3’) [68]. This 5’HR was synthesized into
the forward primer used to amplify the CreER open reading frame (ORF) (Forward primer
5’HR1ay5: 5’—ctaaggggcccgetggeacacacacaccttccattttttcccaaccgcaggatgtccaatttactgaccgtacacce-
3’; Reverse primer 5’HR1brevy5: 5’-ctagagtcgaccagacatgataagatacattg-3’). This 5'HR was
digested with Apal and Sall, and ligated into PL451.Puro®-ATK-em7-neo® to generate
PL451.5’HR-CreER.Puro®-ATK-em7-neo®. A 3'HR targeting 436 bp of Neurog3 coding sequence,

starting from the ATG, was amplified:

(3’HR2a:GCGGCCGCATGGCGCCTCATCCCTTGGATGCGCTCACCATCCAAGTGTCCCCAGAGACACAAC
AACCTTTTCCCGGAGCCTCGGACCACGAAGTGCTCAGTTCCAATTCCACCCCACCTAGCCCCACTCTCATA
CCTAGGGACTGCTCCGAAGCAGAAGTGGGTGACTGCCGAGGGACCTCGAGGAAGCTCCGCGCCCGACG
CGGAGGGCGCAACAGGCCCAAGAGCGAGTTGGCACTCAGCAAACAGCGAAGAAGCCGGCGCAAGAAG
GCCAATGATCGGGAGCGCAATCGCATGCACAACCTCAACTCGGCGCTGGATGCGCTGCGCGGTGTCCTG
CCCACCTTCCCGGATGACGCCAAACTTACAAAGATCGAGACCCTGCGCTTCGCCCACAACTACATCTGGG
CACTGACTCAGACGCTGCGCATAGCGGA)

This 3’HR was ligated into PL451.5’"HR-CreER.Puro®-ATK-em7-neo® with Notl to yield
PL451.5'HR-CreER-3'HR.Puro"-ATK-em7-neo". PL451.5’"HR-CreER-3’HR.Puro"-ATK-em7-neo" was
then linearized with Apal and Sacll, gel purified, and electroporated into recombination
competent E. coli carrying the RPCI-32-121F10 BAC molecule. Recombinants were selected for
with amplicillin and kanamycin. This modified BAC (F10.5’HR-CreER-3’HR.Puro"-ATK-em7-neo")
contains a Lox2272 site 3’ of the NeoR cassette. To generate a BAC transgene capable of
undergoing RMCE, we placed a Lox71 site ~1.6 kb upstream of the original location of the

Neurog3 start codon. 5’ and 3’HRs were constructed:
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(5’"HRlox71:CAGGAAGGTCTACCCTTGCCTGCAGATTCAATTTCTCTGCAGTAGGGAAGGAATTCCCTCCT
CACTCTCGATCATTTTAGGGATAGTGTTATGCCCCCACCCAATCCTACCACCTCCCCTCCTGCTGAGTGCC
AAGCAAGCCATCCTCTGCCCAGGGGATTTTGTAGTGCTCCCTCCTCTTCCTTGCAGCCCAGGCGGCCAGT
GGTCATCATAGAGTCAAGTCACACACCTACCCCGACCCTGACTCTACGCCTTCAGCCTCCCAGCCAGGGT
ATGGTCCCTTCTACAATATCCAGGAGCTTCGGAGTTAGAGAACGTACTAGAAAGCTTAGAGTTACTGCC
AAGAATCTTTAACTCCCAGCCATAGCTTCCTCCCATGCACATCCTGACTAGAAAGCTGGGGGGGGGGGE
AGGGAGGGAGGGAGGGCAGGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGAGATCAGC
GGAAGCCACAACCCCTCACCCTGAG)

(3’'HRlox71:TGACCGGAAACAGAAGACCACGGGGTGTCAGGGACAAGAAGGGCGGGTCTGCAGGGAA

GAAAGGACAATGTCTTAAGGCTCACAGGAAAGATTTCCAGATAGCTTAAGATAACCTCTTAAGAGGGAC
AAACTAGAAGTCTCCCTGCCCTGGGCTCACCCACAGTTCAGGAGTGATGGGGAGGGAGGGGGCGGGA

AGGAGTAGGACTAGGTGAAGCTGCTAGTCCTCTCTGGTCTGTGATTGGACAGGGGCACTAAAGGGGGC
AGAAAGTAGATCTGCTTTTCTCCCAGGGCCTGCACACGGAGGCATTGAAAAGACAAAAAAGGCTAGCA

GAGAACAAGTCCCTCCTTGACCTTTCCCTATCACCTGCCTCTCGGGTCAGGCCTTCCCGATAGCATCCATA
GTGGGGCGGGGCGTGATGAGATGCCCCCTCTGCACTCTCTCTACAACCACCCTCGCCTCCGGAATAGAA
CCCAATGTCTCGGATGAGGACTATGGTGGG)

And each inserted 5’ (with Sall and EcoRV) and 3’ (with Spel and Notl) of the galk ORF in
pGALK. Homologous recombination into F10.5’HR-CreER-3’HR.Puro®-ATK-em7-neo® in E. coli
with galk selection was performed, and recombinants verified by PCR and sequencing to
generate  GK-F10.5’HR-CreER-3’HR.Puro®-ATK-em7-neo®. To introduce Lox71 by galk
replacement, Lox71 sequence was annealed, digested with Spel and EcoRV, an inserted to
replace the galk ORF in pGALK. This construct was electroporated into recombination
competent E. coli bearing GK-F10.5’HR-CreER-3’HR.Puro®-ATK-em7-neo®, and the resulting
bacteria were galk-counterselected, grown and proper recombinants PCR and sequencing
verified. This molecule is denoted Lox71-(F10.5’HR-CreER-3’HR.Puro®-ATK-em7-neo")-Lox2272,

or hereafter Neurog3® <R,

BAC-CreER

Preparation of BAC DNA for electroporation into mouse ES cells. Modified Neurog3 was

purified using a QIAGEN Large-Construct Kit, linearized and separated from the BAC backbone
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with Mlul and Pmel, and sent off to the Vanderbilt Transgenic ES Cell Core via established

standards.

Single copy screening and qPCR: Single copy transgene estimation was performed using the
standard curve method as described [201]. All PCR was run on a Bio-Rad CFX96 with SsoFast
EvaGreen Supermix (Bio-Rad). Primers used were (PTK copy — F1 5’- CCACGCTACTGCGGGTTTAT-
3’) and (PTK copy — R1 5’- CAGTTGCGTGGTGGTGGTT-3’) designed to amplify DNA internal
within the Puro® ORF.

Results

Targeted inactivation of RBPJ with Sox9¢tR

Canonical Notch signaling is proposed to act as a major determinant and feedback-effector of
binary fate decisions in the developing pancreas, as it is in numerous other developing systems
[34,183,184,185,186,187,188]. The transcription factor RBPJ is an obligatory cofactor for Notch
mediated repression of pro-differentiation genes such as Neurog3 [34], and a function for RBPJ
in limiting differentiation in early pancreatic MPC has been long established [37,38,189,190]. To
date, there has been no specific genetic intervention reported on Notch pathway function in
the Sox9" trunk epithelium during secondary transition. To address a function for RBPJ in
limiting endocrine differentiation from the secondary transition trunk epithelium, we utilized a
Sox9“"ER BAC transgene [15] to affect inducible Cre-mediated recombination of a floxed allele
for RBPJ [191]. We focused our initial studies on targeting RBPJ ablation in large numbers of
cells within the epithelium, in order to prospectively analyze a pronounced effect of broad RBP)J

loss within the tissue.

To analyze the efficiency of Sox9“ R in recombining floxed loci in response to tamoxifen (TAM),

we paired Sox9“*f-bearing mice with mates harboring a ROSA26-lox-STOP-lox-EYFP reporter
allele (R26R-EYFP) [159], and administered persistent and high doses of TAM to the pregnant

dam. Subsequent tracing of the resulting lineage labeled cells was used to assess the efficiency
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Figure 3.1. Genetic systems used for conditional inactivation of RBPJ in the trunk. (A) Crossing Sox9“* and
Rosa26""" allele-bearing mice generates SOXQC'GER;R05026EYFP/ * embryos. (B) Tamoxifen-loading in pregnant dams
causes conditional activation of lineage reporter. Distribution of EYFP" cells in labeled endocrine and ductal lineages
at E18.5 after tamoxifen administration. (C) Quantification of EYFP-positivity in endocrine and ductal lineages at
E18.5, as determined by manual cell counting (66% DBA”; 50% Endo’; n = 1). (D) Design of RBPJ alleles used for
conditional mosaic inactivation of RBPJ by Sox9“ % control and experimental embryonic genotypes representing
an allelic series are shown. (E,F) Selected embryos from a cross between RBPJ” mating pairs, where the RBPJ null
allele was generated from the RBP. oxed ilele using germline recombination with E2ACre [199]. The extraembryonic
tissues are apparent at E9.5, but lack embryonic tissues in the most severe manifestation of the RBPJ null

phenotype. This figure was adapted from [30,191].
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of CreER-mediated gene targeting in this system (Fig. 3.1A). For mice injected with 3 mg of TAM
at E12.5 and E13.5, followed by an additional 2 mg dose at E15.5 (these doses were empirically
determined as the most TAM a female could receive without termination of the pregnancy),
there was a broad activation of lineage label throughout the pancreas at E18.5 (Fig. 3.1B). EYFP
marked a large portion of the endocrine lineage, as marked by a cocktail of antibodies (Endo®
™1 that bind to insulin, glucagon, and pancreatic polypeptide (PP). EYFP also marked a large
portion of the ductal epithelium as demarcated by the lectin-binding protein DBA [192].

Quantification of the proportion of the DBA" duct and Endo“ ™"

endocrine compartments
labeled by EYFP showed that over 60% of the duct cell population, and approaching 50% of the
endocrine cell population, had undergone CreER-mediated activation of R26R-EYFP. We also
observed that EYFP lineage reporter was activated in the acinar compartment of the pancreas,

consistent with the notion that Sox9°"t®

is not entirely specific for the trunk epithelium under
these conditions. Notably, Sox9 protein is readily detectable, albeit at lower levels, in the pro-
acinar tip domains at early stages of secondary transition [15]. These results are in line with
previous studies suggesting that the bulk of the endocrine lineage is generated during the

CreER

pancreatic secondary transition, and supports the notion that Sox9 can be a useful tool to

inactivate RBPJ broadly within the trunk domain.

To inactivate RBPJ within the Sox9-expressing trunk domain, we mated Sox9crEER;RBPJﬂ/+ mice

I/ mice. Successful recombination of the RBPJ floxed allele results in a deletion of

with RBPJ
exons 6 and 7, which encode the DNA-binding domain of RBPJ, and generates a functional null
allele [191]. We injected pregnant dams with 3 mg of TAM at E12.5 and E13.5, and analyzed the
pancreas for loss of RBPJ protein by direct immunodetection at E15.5. Unfortunately, we were
unable to obtain convincing nuclear signal for RBPJ on positive controls or experimental
samples, with any of the immunodetection methods used in the lab, using three separate
antibodies directed against RBPJ (data not shown) (See Fig. 3.9 for antibodies used). As another
method to verify recombination of the RBPJ floxed allele, we isolated whole E15.5 pancreas and
extracted and prepared DNA to attempt to detect allelic recombination by genotyping analysis.

Genotyping primer sets that could detect and differentiate the intact the wild type allele, the

intact floxed allele, and the recombined floxed allele were used to amplify PCR fragments from
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whole pancreas DNA (See Fig. 4.9 for primers used). Tail DNA from wild type, RBPJﬂ/ﬂ, and
RBPJ""mice in which the RBPJ floxed allele had been converted to an RBPJ null allele by using
the germline deleter E2A.Cre (RBPJ+/') [199], were used as controls. While PCR amplicons
representing wt and RBPJ floxed alleles were readily detected, we obtained no convincing
evidence that there was recombination of the RBPJ floxed allele in our experimental mice. We
ruled out the use of qRT-PCR or western blot as additional approaches to detecting a change in
RBPJ expression, because RBPJ is a ubiquitously expressed gene [193], and we therefore did not
expect to be able to detect a reduction in signal over what would be an already high basal
signal. Finally, we ruled out the likelihood that we could detect a bias in the lineage allocation
of RBPJ-mutant cells via lineage tracing, because the activation of EYFP lineage label is not
linked to recombination of the RBPJ-floxed allele in a given cell. We had already, in
collaboration with the Gu Lab, demonstrated that non-parallel recombination of non-linked
genetic elements limits Cre-LoxP reporter systems as precise indicators of conditional genetic
manipulations [194]. We next reasoned that the best way to proceed forward with the tools at
hand would be to try and sensitize the genetic system to Cre-mediated recombination. To do
this, we used a genetic condition in which one copy of the RBPJ floxed allele had been

converted to a null condition (RBPJﬂ/'

), thereby increasing the probability that the remaining
RBPJ floxed allele would be recombined to generate a null genotype in response to TAM
administration (Fig. 3.1D). This Sox9creER;RBPJﬂ/' genetic condition could then be analyzed in

parallel with Sox9creER;RBPJﬂ/ﬂ, and SOXQCrEER;RBPJf'/+ animals in order to assess a phenotypic

fl/fl Cre

spectrum. Matings of RBPJ"" mice with E2A~" mice gave first generation pups in which the
RBPJ floxed allele had been converted to a null allele based on genotyping analysis (data not
shown). After breeding out E2A“® we crossed RBPJ" to RBPJ mice to assess embryonic
lethality before E10.5, which is the known consequence of complete RBPJ deficiency in mice
[204]. Out of 30 E9.5 embryos generated from four separate matings, 6 exhibited severe
growth retardation, and 8 showed complete embryonic absorption (Fig. 3.1E-F), consistent with
the generation of a functional null allele for RBPJ. These alleles were used to generate an allelic
series comprised of Sox9“%:RBPSV*, Sox9“tR.RBPSVM and Sox9“™:RBPS" mice. For analysis

of a potential phenotype, we decided to focus on measuring changes in the ratio of Neurog3* to
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Sox9" cells, alterations to the relative mass of duct and endocrine lineages, and effects on the

gross morphology of in response to TAM exposure during development.

Sox9“ER-RBPI"M and Sox9“"*tF:RBPF" mice have altered ratios of Neurog3* and Sox9" cells after

TAM administration

To assess and compare the consequences of TAM administration on the ratio of Neurog3® and
Sox9" cells in Sox9“*:RBPSV*, Sox9“*:RBP/VM and Sox9“*™R;RBPS" embryos, we crossed
Sox9cr‘*ER,'RBPJﬂ/+ mice with RBPJ" mice, and administered TAM to the pregnant dam (Fig.
3.2.A). Sectional analysis of E15.5 pancreas from Sox9<*t%;RBPS"* and Sox9“**:rRBPS"™ animals

immunolabeled with Neurog3 and Sox9 showed an apparent increase in the number of
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Figure 3.2. The ratio of Neurog3® and Sox9" cells is altered in Sox9“ " ;RBP/"" and Sox9"**:RBP/""""*" embryos after
TAM administration. (A) Diagram for tamoxifen administration and analysis at E15.5. (B-E) Single and merged
channels showing Sox9 and Neurog3 immunodetection at E15.5 in Sox9“ ™ :RBP/"* and Sox9“**;RBP/" genotypes.
(F) Diagram for tamoxifen administration and analysis of the RBPJ allelic series at E18.5. (G) Quantification of the
Neurog3:Sox9 ratio (fractional representation) in Sox9*™:RBP/"*, Sox9"**:RBP/"" and Sox9"**:RBP/" pancreata
at various stages of secondary transition. Error bars are S.E.M. P values calculated by Student’s t.

Neurog3® cells relative to Sox9" cells (Fig. 3.2.B-E). Quantification of the change in (total

Neurog3*/total Sox9%) at E14.5 (Sox9“*™:RBPJ"* = 0.285 + 0.01, Sox9tR.RBPSVM = 0.42 + 0.04)
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and E16.5 5 (Sox9“**:RBP/"* = 0.25 + 0.02, Sox9“tR.RBP/'" = 0.40 + 0.03) showed an
approximate 25% increase in the number of Neurog3® cells relative to Sox9" cells.
Quantification of (total Neurog3*/total Sox9") at E18.5, with the addition of the Sox9c“°'ER;RBPJﬂ/'
genotype, showed a correlative increase in (total Neurog3®/total Sox9') as a function of
whether Sox9“*®_bearing embryos were RBPS"* (~0.08 + 0.0, n = 1), RBPS™ (~0.16 + 0.023, n =
2), or RBPJ" (~0.195 £ 0.02, n = 2) (Fig. 3.2.F,G). The statistical significance of these changes
could not be definitively made with the number of samples analyzed. These alterations in (total
Neurog3'/total Sox9%) did not appear to be due to increased cell death, because
immunodetection of cleaved-caspase 3 did not label appreciable cell numbers in the
experimental or control samples (Fig. 3.3). These results suggest that, relative to control, there
is are alterations the relative numbers of Neurog3® and Sox9" cells in pancreata bearing

CreER

conditional alleles for RBPJ and Sox9~""", and that have been injected with high and persistent

doses of TAM.

DAPI Sox9

Sox9CreeR; RBPSI/+

Sox9CreER; RBPI

Figure 3.3. Cell death is unchanged in Sox9“ R -rpp /" embryos exposed to TAM. Embryonic pancreata at E15.5
treated with 2 x 3 mg tamoxifen at E12.5 and E14.5, and labeled with DAPI, Sox9, and cleaved caspase-3 (n = 1).

Alterations to epithelial morphology in Sox95f:RBPF"" and Sox9tF:RBP" mice injected with
TAM

A previous study showed that increased endocrine differentiation caused by pharmacological

inhibition of Notch resulted in thinning of Mucl® epithelial lumens [72]. Because we were
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observing changes to (total Neurog3*/total Sox9*) that were suggestive of increased endocrine
differentiation, we hypothesized that this would result in alterations to epithelial morphology
similar to what had been previously reported. We obtained thick frozen sections from E15.5
Sox9tR-RBPS* and Sox9“*™:RBPS™ embryonic pancreas that had been exposed to TAM in
utero, labeled them with Mucl, and rendered composite images of the whole dorsal pancreas.
At E15.5, we observed no apparent difference in the gross anatomical morphology of the
epithelium (Fig. 3.5A,B). Epithelial branch patterns appeared to be normal, and there was
abundant and grossly normal web-like plexus epithelium in both conditions. There was no
apparent thinning in the diameters of the epithelial lumens, as had been shown under
conditions where Notch is pharmacologically inhibited in vitro [72]. There were also no
apparent changes in the size or gross morphology of the pancreas as a whole (data not shown)
at this stage. Inspection of the gross tissue morphology of the pancreas at E16.5, as shown
using an anti-mouse secondary antibody that gives high background signal to reveal the general
features of tissue architecture, showed alterations in the morphology of acinar clusters relative
to control (Fig. 3.5C). The lumens of most, but not all, of the acinar clusters in Sox9“**;rBPJ""
pancreata appeared to be enlarged or dilated relative to control (n = 1). At E18.5, however,
even in the Sox9creER;RBPJﬂ/' condition there appeared to be little if any overt change to the
gross morphology of the pancreas. In only one Sox9€reER;RBPJﬂ/' pancreas out of numerous
inspected (n > 3), there appeared to be some reduction in the size, and change in the gross
morphology, of the pancreas (Fig. 5D). While, these data present instances where minor
alterations in the morphology of the pancreas were documented, we conclude that there are
no overt, reproducible phenotypes with respect to pancreas gross morphology observed in our

experimental model.
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Sox9CreER. RBPJil/+ Sox9CreER: ggpfi/fl

RbpJi-

SOXQCreER; Rbp_,ﬂ/-

anti-mouse Cy2 |

Figure 3.4. Analysis of gross pancreatic epithelial morphology in Sox9“*R.rpp/”f embryos exposed to TAM. (A-B)
Composite 10x images of E15.5 Sox9““**:RBP/"* and Sox9"**:RBP/"" pancreata treated with 2 x 3 mg tamoxifen at
E12.5 and E14.5, and labeled in 30 um thick sections with Mucl. (C) Background signal from Cy2-conjugated
antibody used to highlight the gross architecture of the pancreatic epithelium at E16.5. Panels show R8P/ and
Sox9““*.rBPS" genotypes treated with 2 x 3 mg tamoxifen at E12.5 and E14.5, and an additional 2 mg at E15.5.
White arrowheads point to dilated acinar lumens. (D) llluminated stereomicroscopic images of R8P/ and
Sox96'eER;RBPJﬂ/' pancreata (dashed black line) treated with 2 x 3 mg tamoxifen at E12.5 and E14.5, and an

additional 2 mg at E15.5.
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Altered duct and endocrine cell mass in Sox9“t%:RBPF"" and Sox95F:RBPF" mice injected with

TAM

Lastly, we investigate whether or not the increased (total Neurog3*/total Sox9*) observed
during multiple stages of development in Sox9“*;RBPJ"* and Sox9“**;RBPJ"" mice injected
with TAM resulted in a change in the final relative sizes of the duct and endocrine pancreas. To
do this, we sectioned E18.5 pancreas, labeled them with the Endo“™" and DBA, and then
measured and compared the relative pixel areas for the duct and endocrine tissues using
Imagel software. Sox9creER;RBPJﬂ/' embryos exposed to TAM showed an increase in the size of
the endocrine pancreas relative to the duct (Fig. 3.6A). This increase was relatively minor

(Sox9°*tR:RBPJV* = 60 + 4.62% endocrine, Sox9“ ™ ;RBPJ" = 79.67 + 6.08% endocrine), but was

Soxgc.reERl.RBpjﬂ/'— Soxg(?reER;RBpjﬂf—

%0 - P=0.022

o B Endo*

DBA*

Relative pixel area
{% total)
I

Sox9Cr=ER;RBPSA/=  Sox9Cr=ER:RBPS-

cretR.RBP/” embryos injected with tamoxifen. (A, B)

Figure 3.5. Relative duct versus endocrine area is altered in Sox9

Composite 10x images of E18.5 Sox9“**:RBP/"* and Sox9CreER;RBPS/"!
tamoxifen at E12.5 and E14.5, and an additional 2 mg at E15.5. Samples were sectioned, and labeled with DBA,
DAPI and the endocrine-cocktail of antibodies. (C) Quantification of relative pixel area determined from samples in

A & B; 30% of entire pancreas analyzed by serial section. Error bars are S.E.M. P values calculated by Student’s t.

pancreata treated with 2 x 3 mg
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significant (P= 0.022) when averaged across several samples. We did not normalize these
measurements in a way that would allow for a conclusion to be made on whether the absolute
sizes of the duct or endocrine pancreas were changed. We conclude that administration of TAM
in Sox9crEER;RBPJﬂ/' pancreata is associated with an increased relative size of the endocrine

versus the duct pancreatic lineages.

CreER

Conditional genetic ablation of RBPJ with Sox9 is not a suitable model for studying Notch

and other endocrine-differentiation-dependent feedback influences on the trunk domain

The above experiments lead us to conclude that conditional genetic ablation of RBPJ with
Sox9“"*™R is not a suitable model for studying 1) studying the cell autonomous role of RBPJ in
limiting endocrine differentiation, or 2) assessing non-cell autonomous endocrine-
differentiation-dependent feedback influences on progenitor growth, differentiation, and
morphogenesis in the trunk domain. In this model system, we could not definitively confirm

that Sox9 ="

was causing genetic inactivation of RBPJ, we had no ability to directly trace the
consequences of RBPJ loss in a cell or in populations of cells, and we had only minor and
difficult-to-interpret changes in endocrine differentiation patterns during development. Thus,
this was an insufficient experimental model given the questions we were trying to address.
With these justifications, we discontinued this project, and sought other means to conditionally

control endocrine differentiation during pancreas development.

Inducible ectopic Neurog3 expression to study endocrine-differentiation-dependent feedback on

trunk progenitors

We reasoned that an alternative strategy for controlling endocrine differentiation from the
trunk would be to ectopically express Neurog3, in a spatiotemporally controlled fashion, within
the Sox9" trunk. To do this, we developed a three allele system that permits 1) conditional
mosaic activation of Neurog3 induction-competence via Sox9“™, 2) indelible and direct lineage
tracing of control (uninduced) and experimental (Neurog3-induced) cells, and 3) and controlled

ectopic expression of Neurog3. The first element of this three allele system (hereafter
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Figure 3.6. Ectopic Neurog3 expression for controlled manipulation of endocrine flux from the trunk domain. (A)
-based specificity determinant for targeting CreER-mediated recombination of lol.STOP.lox alleles knocked
into the Rosa26 locus. (B) Tamoxifen-inducible driver allele for doxycyline-mediated overexpression of tet-
responsive alleles knocked in to the Rosa26 locus. (C) Doxycycline-inducible system for controlled ectopic expression
of Neurog3. (D,E) Proposed genetic backgrounds for analyses on the non-cell autonomous effects of ectopic
Neurog3 expression on gene expression patterning, progenitor growth and differentiation, and epithelial
morphogenesis in the trunk domain. The relative numbers of cells targeted for ectopic Neurog3-induction is
controlled by the administered dose and timing of tamoxifen administration. This figure was adapted from

schematics made in the M. Magnuson Lab.
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CeER (Fig. 3.7A). As previously

Neurog3®®) is represented by the specificity determinant Sox9
shown (Chapter Il and Fig. 3.1B), administration of low or high doses of TAM recombines
R0sa26.1o0x.STOP.lox alleles (such as R26R) in highly mosaic or broadly scattered populations of
Sox9" cells in the trunk. Different doses of TAM can be used to control the patterning of cells
with recombined alleles within the Sox9" epithelium. The second element of Neurog.S’OE is
represented by a TAM-inducible Rosa26.lox.STOP.lox.rtTA.ires.GFP allele, which allows for
conditional expression of a reverse tetracycline trans-activator (rtTA) [195] (which
transcriptionally activates gene targets regulated by tetracycline responsive elements (TetO))
and tracing of recombined cells with a genetically coupled GFP fluorophore (Fig. 3.7B). The last
element of Neurog3OE is represented by a doxycycline responsive, bicistronic
Rosa26.Neurog3.CFP allele [Mark Magnuson Lab, Vanderbilt, unpublished], which in response
to doxycyline administration, is designed to express both Neurog3 and CFP proteins from a
tetracycline responsive promoter (Fig. 3.7C). This proposed Neurog3°® system could
theoretically enable control over the patterning and timing of ectopic Neurog3 expression in

the Sox9" trunk domain, and thus represents a tractable model for mosaic studies on Neurog3-

dependent cell non-autonomous feedback.

We next proposed that the Neurog3°® system should be bred into two experimental
backgrounds. The first model consists of Neurog3OE bred into a ‘normal’ genetic background
(Fig. 3.7D). The second experimental model consists of the Neurog3®® system bred into a
Neurog3 nullizygous background [59] (Fig. 3.7E). With these experimental models in-hand, we
propose that information can be gleaned about the nature and scale of the cell non-
autonomous functions for Neurog3 in directing programs of progenitor growth and
maintenance, gene expression patterning and cell differentiation, and patterns of epithelial

morphogenesis in the trunk domain.
Neurog3°F allows for tight control over endocrine differentiation from the trunk

We next carried out preliminary tests on the efficacy of the Neurog3OE system as a model to
conditionally control the entrance of Sox9" epithelial cells into the endocrine lineage via ectopic

Neurog3 expression. We bred the Neurog3OE system into a normal genetic background, and
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populated the epithelium with Neurog3 induction-competent cells via TAM injection at E13.5
and E14.5. We next compared the effects of doxycyline administration on Neurog3 induction in
GFP-expressing cells in Neurogs’OE pancreata, and using a Sox9“" R ROSA26-lox-STOP-lox-ires-
GFP condition, which does not carry the Rosa26.Neurog3.CFP allele, as control. We injected

doxycycline into pregnant dams at E15.5, and because we had previously shown that Sox9*

A

3 mg TAM 3 mg TAM 1 mg Dox
| | ‘ Analyze
J l 6 hrs 9 hrs 12 hrs
E13.5 E14.5 E15.5 i ‘ ‘

- Dox

+ Dox

Figure 3.7. Proof of efficacy of the Neurog3 ectopic expression system. (A) Experimental timeline for tamoxifen and
doxycycline administration and analysis of resulting tissues in embryos harboring the Neurog3OE system. (B-E)
Analysis of the overlap between EGFP lineage label (coming from the tamoxifen-inducible driver allele) and
Neurog3 protein in the presence or absence of doxycycline. Note the lack of overlap between EGFP and Neurog3 in
the absence of doxycycline, and the near-full overlap in the presence of doxycycline. Mucl and Sox9 are provided as
markers for the trunk epithelium.

epithelial cells normally activate Neurog3 and undergo differentiation over an estimated 12
hour period (Chapter Il), analyzed embryonic pancreata 12 hours later (Fig. 3.8A). In control
animals, we observed broad activation of GFP in the Sox9-expressing epithelium, indicating that
Sox9“® had faithfully recombined and activated the ROSA26-lox-STOP-lox-ires-GFP allele in

response to TAM administration. The vast majority of these GFP* cells were not Neurog3
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protein-positive (~*10%, n = 1) at the twelve hour time point, consistent with the idea that only
some Sox9-expressing cells activating GFP will “choose” to turn on Neurog3 within a given
period of time (Fig. 3.8B,C). Most GFP cells were found in the epithelium and were Sox9". In
contrast, in pancreata bearing Neurog3°®, we observed a near complete coincidence (90%, n =
1) of GFP and Neurog3 protein expression. This result indicates that Neurog3 protein is
faithfully induced in response to Dox-administration in cells that have undergone activation of
the ROSA26-lox-STOP-lox-ires-GFP allele (Fig. 3.8D,E). Notably, these same cells were not
positive for Sox9, indicating that similar to the normal endocrine differentiation process, Sox9
expression had been faithfully downregulated as a result of Neurog3 expression [31,80]. There
were, as expected, Neurog3” cells that were not GFP” in this condition, which is explained by
the idea that cells that have not activated the Neurog3°® system are still capable of entering
into the endocrine differentiation program. Finally, analysis of these same expression patterns
24 hours after Dox-administration showed a much less pronounced overlap between GFP* cells
and those expressing Neurog3, suggesting that due to the short half-life of Dox in vivo (~ 170
min. [196]), cells that had previously ectopically expressed Neurog3 had since downregulated
Neurog3 protein (data not shown, n = 1). Collectively, these data suggest that Neurog3°*
represents a faithful genetic system with which to control an ostensibly similar-to-normal

process of Neurog3 activation and endocrine differentiation from the pancreatic epithelium.

CreER

Neurog3 BAC transgene for tracing and manipulation of the Neurog3'° state

As an additional entry point into understanding the molecular and cellular mechanisms that
function to balance endocrine differentiation and progenitor maintenance, we endeavored to
generate new tools to study the proposed Neurog3LO endocrine-biased state outlined in
Chapter Il. We reasoned that one useful avenue would be to generate a Neurog3“ BAC
transgene, to conditionally lineage trace the progeny of cells expressing low levels of Neurog3.
Several Neurog3“" lines have been generated, but these appear to mark mostly cells that have
progressed into the Neurog3" state that is associated with endocrine commitment [16,63]. One

Cre

Neurog3~" BAC transgene, however, has been shown to mark Neurog3-expressing cells of the

pancreas and intestine that appear to maintain some degree of plastic lineage potency, and can
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give rise to non-endocrine lineages [68]. We used this same BAC molecule to engineer a

CreER BAC-CreER

Neurog3 BAC for generation of a new Neurog3 transgenic mouse line (Fig. 3.8A,B).
This mouse would theoretically maintain the high sensitivity of lineage labeling necessary to

track the Neurog3'® condition [68], and would also evade phenotypes associated with Neurog3
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Figure 3.8. Generation of the Neurog3“®® BAC transgene. (A) Entire modified RP23-121F10 BAC
harboring CreER(T2) and Puro®. AtK.em7.Neo® cassettes inserted in front of the Neurog3 start codon. BAC
molecule is equipped with lox-cassette-acceptor (LCA) capability to provide for later exchanges of
experimental constructs into the LCA by RMCE. See materials and methods for details.

haploinsufficiency [69]. The final BAC construct featured a CreER-Puro®-ATK-em7-neo® cassette
inserted in front of the endogenous Neurog3 start codon. For later flexibility in exchanging
other cassettes into this same allele via Recombinase Mediated Cassette Exchange (RMCE) in
mouse embryonic stem cells (ESC), we inserted a Lox71 variant site [202] ~1.6 kb upstream of
the CreER start codon, and a Lox2272 variant site [202] at the 3’ end of the Puro®-ATK-em7-

CreER BAC molecule was released from the pBACe3.6

neo® cassette. The resulting Neurog3
backbone by restriction enzyme digest (the backbone contains exogenous sequences necessary
for BAC replication in bacteria, and includes unwanted variant loxP sites) and electroporated
into TL1 [200] mESC (129/Sv background) at the Vanderbilt Transgenic ES Cell Core. The

resulting mESC were selected by puromycin to isolate stable transgene integrations, mESC
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colonies were grown, and DNA was prepped for a two-part screen to isolate single copy
transgene insertions. It was vital that the transgene only be contained within the genome as a
single copy, so that later exchange by RMCE could be predictably accomplished without
undesirable recombinant products. The first round of screening was designed to use genomic

eER BAC, including the CreER open reading frame

PCR to screen for regions of the Neurog3
(ORF), selection cassettes, and 5’ and 3’ junctions between inserted and endogenous DNA (see
materials and methods), to verify successful insertion of the BAC. Genomic PCR was also used
to find and to exclude mESC clones that had incorporated pBACe3.6 backbone DNA during
electroporation. From this first screen were identified 14 out of 67 colonies screened that were
qualified candidates for ‘correct’ transgenic insertions, without pBAC backbone insertions. For
the next part of the screen, these 14 candidates were submitted to qPCR screening in order find
single copy insertion events. Briefly, primers directed against the Puromycin ORF were
generated. Then, gRTPCR was run on 2.5, 10, 20, 40 and 200 ng of DNA from a TL1 mouse line
carrying ROSA267°*™ as a single copy of Puro®-ATK-em7-neo® to obtain a line of best fit for a
standard A curve reflecting increasing copy number. 20 ng of DNA from candidate single copy-
bearing mESC clones was run in triplicate alongside this standard curve. Of the 14 clones tested,
2 clones showed estimated copy numbers of 1.0 (clone f5) and 1.6 (clone c10). Clones f5 and
c10 were expanded, and subsequently prepped and injected into C57BL/6 blastocysts to
generate chimeras. Two female and one male chimera were isolated. The two females were
less than 10% TL1 as judged by brown coat color, while the male was ~50% TL1. Mating the
chimeras with C57BL/6 mice showed no germline transmission of the 129/Sv (TL1) background

CreER In sum, while animals were not successfully generated from these attempts,

with Neurog3
we have generated an RMCE-compatible Neurog3®*“ = for use in lineage tracing studies, and
for generating additional mouse lines with experimental constructs inserted into the Neurog3

locus in a BAC by RMCE.
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Discussion

Challenges and limitations of CreER-mediated deletion of RBPJ as a tool to control endocrine

differentiation from the pancreatic epithelium

*ER_mediated inactivation of RBPJ in the trunk were two-fold. First,

Our goals in achieving Sox9
we aimed to gain the first insight into a proposed cell-autonomous function for RBPJ in limiting
Neurog3 activation and endocrine differentiation within the Sox9" trunk. Second, we sought to
use this conditional system as a tool to manipulate the magnitude of endocrine differentiation
occurring from the trunk, as a basis to gain insights into the non-cell-autonomous regulation of
growth, differentiation, and morphogenesis processes that occur in the trunk response to
endocrine differentiation-dependent feedback. Due to a number of limitations in this
experimental system, we were unable to achieve either of our goals. One main limitation in this
model system was that we could not reliably detect, by any methods attempted, loss of RBPJ
protein in Sox9-expressing progenitors. We propose that better methodologies and/or reagents
will likely be needed in order to quantify and track the behaviors of RBPJ-deficient cells, at
cellular resolution, in order to make definitive conclusions on the fate of RBPJ-deficient Sox9*
progenitor cells. A second limitation in this model system is that the lineage tracing methods,
which in an ideal case would allow one to infer the fate of RBPJ-deficient cells by following EYFP
positive lineage labeled cells, are flawed. We recently published a report, in collaboration with
and led by the Gu Lab [194], which demonstrated that Cre-mediated activation of reporter
alleles does not accurately predict recombination of another floxed allele in an individual cell.
The degree of overlap between lineage-reporter activation and gene-inactivation appear to
depend on a number of factors, including the levels of Cre-recombinase expressed in a given
cell, the distance between loxP sites at a given floxed locus, the number of floxed loci that must
be successfully targeted to achieve full genetic inactivation of a target gene, and perhaps even
chromosome-localization effects that restrict the access of Cre-recombinase to a given floxed
locus [194]. In the Sox9“" R:RBPJ-floxed system, we can invoke two of these factors as
potentially detrimental to the efficacy of our lineage tracing capability. First, CreER-based

systems are thought to be less efficient than Cre-based systems at recombining floxed alleles,
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and the amount of Cre-recombinase translocated to the nucleus upon TAM-administration
represents one important determinant of recombination frequency [194]. While we were
successfully able to “hit” the lineage reporter allele in an appreciable number of Sox9-
expressing cells through administration of high and persistent does of TAM (~50%), we expect
there to be, even in an ideal case, as much as a 50% non-overlap between EYFP" cells that
retain at least one intact floxed allele, and EYFP" cells that have undergone successful
recombination. Second, the loxP sites that flank exons 6 and 7 in the RBPJ floxed allele are
more widely spaced (~ 2.3 kb) [191], when compared to the Lox-STOP-Lox sequence in the
lineage reporter allele (~ 1.9 kb) [194,195]. We suspect that a 400 bp increase in spacing
between the loxP sites of the RBPJ floxed allele and the lineage reporter allele could contribute
to the degree of non-parallel recombination in our system. Thus, multiple features of the
Sox9“"*tR. RBPJ-floxed system call into question whether or not this model can be successfully

utilized to target and analyze RBPJ function in the trunk domain.

The proposal that there may be an inefficient, or perhaps even non-existent, recombination of
RBPJ in our system begs an important question. That is, how does one explain the observed
changes in (total Neurog3*/total Sox9%), and the observed changes in relative endocrine versus
duct compartment sizes which occur in the different genotypes in response to TAM
administration? First, under the assumption that there is at least some deletion of RBPJ in
response to TAM, and that RBPJ does in fact function to limit endocrine differentiation in Sox9-
expressing cells, it could be the case that our genotyping methods used to detect recombined
floxed alleles are not sensitive enough to detect a small number of recombination events.
Indeed, the changes observed in our experimental animals a relatively minor. The ~25%
increase in Neurog3® cell numbers relative to Sox9" cells is consistent with a 1 in 10
recombination rate for any given cell. The measured increase in endocrine ‘mass’ relative to the
duct in Sox9creER;RBPJﬂ/fI animals at E18.5 could reflect the sum of these infrequent
recombination events that occur over a 5-day period. The notion that the increase in (total
Neurog3*/total Sox9*) is augmented at E18.5 (Fig. 3.3G) in the Sox9“*®%:RBPJ"" condition (this
condition should have hypothetically a higher frequency of RBPJ KO due to the presence of only

CreER

one floxed allele) is consistent with the idea that Sox9 is indeed able to recombine RBPJ
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floxed alleles at some frequency. We propose that it might be useful to FACS isolate endocrine
islets and DBA" duct cells from control and experimental animals at E18.5, and then assess the
relative enrichment of recombined RBPJ floxed alleles in each tissue-fraction by genomic PCR.
In this manner, it might be possible to show an enrichment of the recombined RBPJ floxed locus
in the endocrine compartment versus the ductal compartment. We do not propose that these
experiments convincingly argue for a cell autonomous function for RBPJ in limiting endocrine

differentiation from the trunk domain during secondary transition.

Previous studies have shown that increased endocrine differentiation caused by
pharmacological inhibition of Notch results in thinning of the trunk epithelial lumen [72]. We
did not observe such changes in our experiments. We suspect that this could be due to either
an inability to resolve small changes in epithelial lumen morphology using the relatively low-
resolution analyses presented here. Conversely, there could be compensatory growth
processes that become activated in the trunk in response to increased endocrine lineage
differentiation. In this regard, it has been previously shown that the initial numbers of MPC
allocated to the pancreas-specified bud determine the final size of the pancreas [17], suggesting
that there are not compensatory growth mechanisms intrinsic to the pancreas growth program.
However, these experiments [17] targeted primary MPC, and do not rule out that interventions
in secondary transition progenitors might elicit compensatory growth at later-stages. We also
documented observations that acinar lumens become enlarged or dilated in response to TAM
exposure. This could be the result of RBPJ-loss in the acinar cells themselves (Sox9 is expressed
at low levels in these cells) [31,80], or could be due to non-autonomous influences of RBPJ-loss
in the trunk. A previous study showed that over-expression of a dominant negative form of the
obligatory Notch transcriptional co-activator mastermind-likel [46], or genetic deletion of the
Notch-signal processing enzymes presinilin1/2 [197], caused Notch-pathway-deficient cells to
adopt acinar status. Thus it is possible then that cells inactivating RBPJ adopt a pro-acinar fate,
which leads to increasing numbers of cells moving into the acinar clusters, which then grow
larger and become dilated as a result. If this altered cell-fate allocation depleted Sox9-
expressing cells from the epithelium, without also depleting cells undergoing endocrine

differentiation, it could explain how the relative sizes of the duct and endocrine pancreas
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become skewed toward the endocrine compartment by late gestation. We suggest that gaining
an understanding of the biology underlying these phenotypes will be much easier to
accomplish in an experimental model that is more robust and not as hampered by the

limitations and caveats intrinsic to the Sox9<*®:RBPJ" system.

The Neurog3°® system to study the cell-non-autonomous effects of endocrine differentiation on

trunk progenitor function

We find the Neurog3°® system to be an attractive model for studying the non-autonomous
effects of endocrine cell birth on the function and behavior of progenitor cells in the trunk
epithelium, as it overcomes essentially all of the shortcomings of the .§0x9cr8ER,'RBPJf'/ﬂ system.
This is especially true given the fact that cells experimentally induced to ectopically express
Neurog3 move through a differentiation sequence that, in terms of timing and progress
through different states of Neurog3 and Sox9-positivity, appears to be quite similar to that
which is observed normally (Chapter Il). Manipulations using Neurog3OE should be informative
in an otherwise “normal” genetic background. Such an experimental genotype allows for
analysis of the consequences of ‘over-production’ of Neurog3” cells from the trunk domain. For
instance, one can assess the acute consequences of large-scale and abrupt endocrine lineage
production on the patterning of Neurog3 expression and endocrine differentiation within the
trunk. We hypothesize that the controlled induction of large amounts of induced (and GFP-
labeled) endocrine cells from the trunk will have a pronounced inhibitory effect on the numbers
of un-induced (GFP-negative) cells entering into the Neurog3® state. The power of the
Neurog3°® system should also become evident when it is bred into different genetic
backgrounds. Breeding NeurogS'OE into the Neurog3 nullizygous condition, for instance, would
readily allow for two important levels of analysis. First, one could assess the acute
consequences of broad induction of Neurog3 expressing cells on the altered state of the
Neurog3-deficeint epithelium. These include documented alterations to the morphology of the
epithelium, and alterations to Neurog3 and Hesl gene expression patterning within the
epithelium [72]. At a second level of analysis, one can activate Neurog3 induction-competence

in a highly mosaic or clonal fashion, and then assess the local effects that Neurog3 producing
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cells have on, for instance, Hes1-expression in neighboring cells within the epithelium. In sum,
the Neurog3®® system could represent a powerful tool for studying the spatiotemporally
defined and quantized influences that differentiating endocrine cells have in regulating the

growth, morphogenesis, and differentiation properties of the epithelial progenitors.

CreER

Neurog3 BAC transgenic line for studying the behavior of the Neurog3LO condition

A previous study showed that Neurog3-expressing cells of the intestinal tract and pancreas
exhibit a remarkable degree of plasticity with regards to their lineage potency [68]. All
enteroendocrine cells in the intestine [68], and all endocrine cells of the pancreas are born from
Neurog3® cells [63]. However, a small fraction of Neurog3-expressing cells in the intestine can
give rise to goblet and paneth cells [68], in the stomach to acid-producing cells [68], and in the
pancreas to duct and acinar cells [63]. These studies suggest that a Neurog3LO state in the
pancreas could represent an important, and possibly stable, replicating intermediate progenitor
cell that feeds the production of committed endocrine precursors during secondary transition.
We have used the same BAC fragment used in the studies documenting the plastic lineage

BAC-CreER ¢ onstruct. This

allocation behavior of Neurog3-expressing cells to generate our Neurog3
BAC molecule contains a large portion of the accessory genomic sequence comprised by the 5’
and 3’ DNA flanking the Neurog3 locus, which has been shown to contain distal enhancer as
well as promoter-proximal elements regulating Neurog3 [59,198]. We suspect that the
selection of this particular BAC molecule will improve the fidelity and sensitivity of lineage
tracing in a manner that will benefit studies geared toward studying the Neurog3LO condition.
We propose that initial studies should focus on lineage tracing Neurog3'™ cells to assess
whether they are maintained in the trunk epithelium for long periods of time, whether they can
undergo several rounds of division, whether they are unipotent for hormone® endocrine

subtypes [16], and whether they exhibit a preferred mode of endocrine lineage allocation (via

asymmetric division or terminal differentiation, for example) [163].
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CHAPTER IV

FEEDBACK CONTROL OF GROWTH, DIFFERENTIATION, AND MORPHOGENESIS OF PANCREATIC
ENDOCRINE PROGENITORS IN AN EPITHELIAL-PLEXUS NICHE

Introduction

In the mammalian pancreas, endocrine cells undergo lineage allocation upon emergence from a
bipotent duct/endocrine progenitor pool, which resides in the “trunk epithelium”. Major
guestions remain regarding how niche environments are organized within this epithelium, to
coordinate endocrine differentiation with programs of epithelial growth, maturation and
morphogenesis. We used tissue-reconstruction approaches to analyze how endocrine
progenitors, and their differentiating progeny, are assembled within the trunk as it undergoes
remodeling from an irregular plexus of tubules to form the eventual mature, branched ductal
arbor. The bulk of endocrine progenitors are maintained in an epithelial ‘plexus state’, which is
a transient intermediate during epithelial maturation, and within which endocrine-cell
differentiation is continually robust and surprisingly long-lived. Within the plexus, local
feedback effects derived from the differentiating and delaminating endocrine cells non-
autonomously regulate the flux of endocrine-cell birth, as well as proliferative growth of the
bipotent cell population, using Notch-dependent and independent influences, respectively.
These feedback effects, in turn, maintain the plexus state to ensure prolonged allocation of
endocrine cells late into gestation. These findings begin to define a niche-like environment
guiding the genesis of the endocrine pancreas, and advance current models for how
differentiation is coordinated with the growth and morphogenesis of the developing pancreatic

epithelium.

This chapter have been published as Bankaitis ED, Bechard ME, and Wright CV. 2015. Feedback control of growth,
differentiation, and morphogenesis of pancreatic endocrine progenitors in an epithelial plexus niche. Genes and

Development 29, 2203-2216 [211].
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Material and Methods

Mice. Neurog3EGFP knock-in mice from Guogiang Gu (Vanderbilt University) were genotyped as
described [59]. Neur0g3EGFP/+ and Neurog3EGFP/EGFP embryos were phenotyped by EGFP
fluorescence and lack of endocrine cells, or genotyped with primers ngn3-1 5’'-
ATACTCTGGTCCCCCGTG-3’, ngn3-2  5-TGTTTGCTGAGTGCCAACTC-3’, and EGFP 5’-
GAACTTGTGGCCGTTTACGT-3’ [59]. Wild-type mice were of mixed genotype. All protocols were

approved by Vanderbilt University IACUC.

Immunodetection. Embryonic pancreas was paraformaldehyde-fixed (4%; 4°C, 4-6 hours). For
cryosectioning, samples were sucrose-equilibrated (30%; 4°C overnight) and OCT-embedded
(Tissue-Tek). Thick cryo-sections (30-45 um) were obtained on a Leica CM3050 S. For whole-
mounts, pancreata were manually divided into core and peripheral regions, and processed as
described [166]. Antibodies used include hamster anti-Mucl (NeoMarkers 1:1000), DBA (Vector
Labs, 1:400), rabbit anti-CK19 (B. Stanger, U. Penn, 1:2000), rabbit anti-Sox9 (Millipore, 1:5000),
goat anti-Neurog3 (Gu Lab, 1:40,000), guinea pig anti-Neurog3 (Sander Lab, 1:2000), guinea pig
anti-Pdx1 (Wright Lab, 1:1000), rat anti-Ecad (AbCam, 1:1000), guinea pig anti-insulin (Dako,
1:1000), chicken anti-GFP (Aves, 1:2000), rabbit anti-amylase (Sigma, 1:1000), guinea pig anti-
Hes1 (T. Sudo, Toray Industries, Japan, 1:4000).

gRTPCR. Total RNA was TRIzol-isolated from dorsal pancreata and cDNA synthesized with iScript
cDNA Synthesis Kit (Bio-Rad) for PCR in a Bio-Rad CFX96 with SsoFast EvaGreen Supermix (Bio-
Rad). Expression level was normalized to GAPDH by the AACt method. Primers include GAPDH
1F 5’-ACTTTGGCATTGTGGAAGG-3’, GAPDH 1R 5-GGATGCAGGGATGATGTTCT-3’, Hes1 RTf 5'-
TAGCCCACCTCTCTCTTCTGA-3’, Hes1 RTr 5’-CAGTGCATGGTCAGTCACTTAAT-3’, Sox9 RT2for 5’-
CTCCCCCTTTTCTTTGTTGTTT-3’, Sox9 RT2rev 5’-TCTGAAACCTCTCATTTGTCCA-3'.

DBZ and EdU administration and quantification. DBZ (Cayman Chemical) was resuspended
finely in ME4M slow-delivery vehicle (Methocell™) using a motorized pestle, and injected I.P.

EdU (Life Technologies) was given I.P. (10 mg/kg). EdU was detected by the Click-iT Plus EdU
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Imaging Kit (Molecular Probes). S-phase indices and percent EdU incorporation were counted

manually.

Image Acquisition and 3D reconstructions. Confocal images were from a Zeiss LSM 510 META

(details in figure legends), and 3D reconstructions were rendered using Imaris Software.

Quantification and Statistical Analyses. Mucl® plexus and duct areas were traced manually as
indicated in the figure legends. Pixel areas were obtained using Imagel. All sectional analyses
covered approx. 30% of the dorsal pancreas. For endocrine-yield measurements within plexus,
duct, and DB states, the morphology types were based on the Mucl lumen structure. Sox9" and
Neurog3® cells were counted manually. Mucl® lumen that was not unambiguously scorable as
plexus, duct, or DB was not analyzed. For Hesl-immunofluorescence, mean pixel intensity was
determined using Imagel. For Sox9 immunofluorescence, mean pixel intensity was determined
using Imaris image-analysis software (Dots function, 4 um nuclear sphere). Statistical analyses

were performed using Graph Pad software.

Results
Neurog3” populations show non-random localization patterns within the trunk

To address if nascent endocrine cells arise preferentially in different locations within the
secondary transition trunk, we evaluated the localization of Neurog3® cells relative to the
Mucl® epithelial lumen. Because the bulk of the endocrine mass at birth lies relatively interiorly
(data not shown), we compared core and peripheral regions to assess whether the later
endocrine-mass distribution reflects an earlier bias in the location of newly born endocrine
cells. As previously described, Neurog3® cells at E15.5 were broadly distributed in a salt-and-
pepper pattern across the Mucl® lumen, both in the core and periphery, and were absent in
Mucl*Amylase pro-acinar tips (Fig. 4.1A,C) [14]. At E17.5, significant portions of epithelium
showed a reduction or lack of Neurog3” cells (Fig. 4.1B,D). Diminished Neurog3" cell numbers
were evident in the core, especially where lumen diameters were large, and in the periphery

where lumens joined with amylase” tips. There remained however, frequent instances along
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the lumen where the density of Neurog3® cells was comparable to the E15.5 stage. These data
outline a non-random localization pattern of endocrine commitment from the trunk, and
suggest that endocrine-cell birth might be coordinated with specific epithelial morphogenetic

states.

E15.5 E17.5

Core

Periphery

Mucl Amylase

Figure 4.1. Neurog3” populations show non-random localization patterns within the trunk. (A-D) Epifluorescence

images of core and peripheral regions, in 10 um cryosections showing Mucl, Neurog3, amylase. (A,C) Neurog3®
cells distributed over Mucl® lumen surface. (B,D) Regions of lumen where Neurog3® cells are reduced in number.
Blue arrowheads in B, enlarged lumen in the core; blue arrowheads in D, lumen interconnecting amylase” tips. Scale

bars 50 um. This figure was adapted from [211].

Plexus expansion and plexus-to-duct transformation in the organ core

As a first step toward analyzing relationships between endocrine differentiation and epithelial
morphogenesis, we used a whole-mount and thick-section-based approach to categorize
epithelial states (derived via lumen morphology) existing as the trunk remodels from the initial
plexus to the arborized ductal system (Fig. 4.2A). At E14.5-15.5, consistent with a previous
report [24], the majority of the core was composed of a complex, web-like plexus (Fig. 4.2B).

Within the plexus, intersecting segments of epithelium varied in length and diameter (Fig.
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E16.75

Figure 4.2. Epithelial morphogenesis comprises plexus remodeling in the core and epithelial branching in the
periphery. (A) Composite 10x images of 45 um thick cryosectioned dorsal pancreas at E16.75. Green and red
dashed lines bound the core and periphery, respectively. (B-D) Mucl-labeled 35 um thick cryosections showing
typical progression through plexus expansion and duct-transformation in the core. (E-G) Epithelial branching in the
periphery. White dashed line, outer organ boundary. (G-L) Confocal z-stacks show features of plexus (H,K), duct
(LL), and DB (J,M) states. Core (green dashed line in I-1); periphery (red dashed line). Small, unclefted DBs in the
core (blue arrowheads), clefted DBs in the periphery (yellow arrowheads in H), lobes of DBs (blue dashed line),
Mucl® lumen of pro-acinar tips (white arrowheads in J), and connecting lumen (red arrowheads in J). (K-M) Line
traces of lumen from H-J. Individual segments of plexus (dotted light blue lines) and core duct-states (red dashed
line). Note the increase in lumen diameter, and the continuous directionality across representative 40x field, of the
duct-state in L relative to the plexus in K. Green arrowheads: unlabeled cell-fields (epithelial & parenchymal)
bounded by Mucl signal. (N,0) Traced representations of the processes of plexus-to-duct transformation in the
core, and epithelial branching in the periphery. Scale bars 20 um in B,E,H-J; 50 um in C,F; 100 um in A,D,G. This
figure was adapted from [211].
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Figure 4.3. Formation of the core-duct and ductal-branch states during late gestation. (A,B) Plexus-to-duct
transformation (from Fig. 21,L) showing plexus (blue dashed line in A) connected to duct (yellow dashed line in B).
Sox9 in plexus and duct-states (C is sectional inset from B). (D,E) Analysis of nuclear position and shape in plexus
versus core duct states. (F) Quantification of mean fluorescence intensities in Sox9* populations from plexus and
duct states at E17.5 (G,J) Epifluorescence images of 30-40 um-thick cryosections showing central (red dashed line)
and interlobular ducts (green dashed line) at E17.5. (H,1,K,L) Fluorescence detection of DBA®, Muc1®, and Ck19"
epithelium at 40x magnification in ~35 um confocal z-stacks. DBA marks the central (yellow arrow), interlobular
(vellow arrowhead), and intralobular ducts (blue arrow). (L) CK19 marks the same, in addition to DBA" intercalating
ducts (blue arrowhead). Scale bars are 15 um in A-C, 100 um in G,K; 20 um in H,1,K,L. This figure was adapted from
[211].

4.2H). In traced representations, cell fields bounded by the Mucl® lumen (represented as

“holes” in the plexus web) varied in size and shape, but showed a uniform heterogeneity across
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the core (Fig. 4.2K). There was no evidence of an extensive arborized ductal structure at these
stages. We found little evidence of multi-branched epithelia interconnecting pro-acinar tips,
except at the outer edges of the plexus. Most pro-acinar tips (demarcated by a bulb-like
morphology and intense Mucl-positivity) appeared as small, individual tips interspersed
throughout the plexus. We conclude that the principal epithelial state in the core from E14-15.5

is plexus.

At E16.5, there was an expansion of the plexus state concomitant with the increase in organ
size. This was accompanied by a transformation of the plexus into ductal states representing
the beginnings of an arborized ductal system. Ductal states in the core were discernible by their
increased lumen diameter and extended, continuous directional orientation compared to the
web-like plexus (Fig. 4.2C,D). This “plexus-to-duct transformation” occurred asynchronously
across the organ, and was evident first with appearance of the central duct (E16.5). Cells in the
core ductal state showed measurably reduced Sox9 immunoreactivity, and a flattening of cells
and their nuclei (Fig. 4.3A-F), consistent with an acquisition of a ductal phenotype [82]. At E17-
18.5, connecting interlobular ducts were observed to form, oriented toward the periphery (Fig.
4.3G-l). This process remained incomplete even late into the secondary transition, and
abundant plexus remained in scattered locations at E18.5 (Fig. 4.3). These analyses show that
trunk morphogenesis in the core is dominated by an initial phase of growth and expansion in a
plexus state, followed by plexus-to-duct transformation to generate the core of the ductal

arbor (Fig. 4.2N).
Epithelial branch remodeling in the organ periphery

In contrast to the organ core, a pervasive epithelial branching process was evident in the
periphery (Fig. 4.2A,E-G). From E14.5-E18.5, pro-acinar tips exhibited a variety of clefted
morphologies, and appeared to grow and multiply progressively to generate lobes of
interconnected ductal branches (hereafter “DB”) linking multiple tips (Fig. 4.2J,M). Intervening
DB-segments multiplied and lengthened over time, at late stages forming CK19'DBA’

intralobular ducts and distal CK19"DBA™ intercalating ducts (Fig. 4.3J-L) [167]. DBs were most
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Figure 4.4. Dynamics of plexus-to-duct transformation in the core. Measurement of relative pixel area for Muc1®
plexus over the combined plexus and duct-state pixel area in the core. Measurements were taken from serial 30-40
4m thick sections covering whole dorsal pancreata. Measurements exclude Muc1” ductal branches and pro-acinar
tips. Measurements were taken using Imagel software. Error bars are S.E.M, n = 3 for each time point. This figure
was adapted from [211].

advanced in peripheral regions devoid of plexus, but less so in regions within or approaching
the plexus. Taken together, we detect two disparate patterns of trunk morphogenesis during
the secondary transition. There is a long-lived plexus expansion followed by plexus-to-duct
transformation in the core, contrasted to pervasive epithelial branching in the periphery (Fig.
4.2N,0). These observations on the spatiotemporal and morphological features of plexus, duct,
and branched (DB) epithelial states provide a basis to map correlations between endocrine-

lineage flux and states of epithelial morphology.
Endocrine differentiation is enriched in the plexus

To ascertain if Neurog3* populations have specific localization patterns within the remodeling
epithelium, we compared endocrine vyield (as determined by the ratio of Neurog3-to-Sox9"
cells; see Chapter Il) between plexus, duct, and DB states from E14.5-E18.5. Epithelial cells in
plexus, duct, and DB states showed similar Sox9 immuno-reactivity (Fig. 4.5A-F). Low Sox9
signal was observed in pro-acinar tip cells, which were excluded from our analysis. From E14.5-
E18.5 endocrine yield was highest in the plexus, and significantly lower or absent in ducts and

DBs (Fig. 4.6A-H). Endocrine yields measured selectively from samples of plexus consistently
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exceeded those measured from bulk sectional analyses, indicating that endocrine yield is
enriched in the plexus (Fig. 4.61). At E18.5, there were scattered yet extensive remainders of
plexus, which were invariably associated with large numbers of Neurog3™ cells, indicating that a
high level of endocrine differentiation is consistently maintained in the plexus, independent of

stage (Fig. 4.7A-D). Sharp boundaries demarcating high and low endocrine yields were

E14.5 E17.5

Figure 4.5. Sox9" populations mark plexus, duct, and ductal-branch states. (A-F) Whole mount z-stack
reconstructions of Sox9 and Mucl-labeled epithelium in peripheral segments of wild-type dorsal pancreas at E14.5
and E17.5. Blue, red, and green boundaries demarcate plexus, duct, and ductal-branch states, respectively. (C,F)
Pro-acinar tips are demarcated by intense Mucl signal, a bulb-like morphology that becomes clefted and elongated
over time, and a low nuclear Sox9 signal that diminishes over time. Scale bars are 20 um. This figure was adapted
from [211].

commonly observed at the interface between plexus and duct or DB states, respectively,
suggesting a rapid cessation of endocrine-cell birth concomitant with loss of plexus

morphology. These data put forth the view that endocrine differentiation is robust and
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enriched within the plexus during the entire secondary transition, and is rapidly downregulated
upon plexus-to-duct transformation in the core, or engagement of epithelial branching in the

periphery.
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Figure 4.6. Endocrine differentiation is enriched in the plexus-state. (A-H) Representative images of Neurog3® cells
in relation to plexus (blue dashed box), duct (red dashed box), and DB (green dashed box) states. Scale bars 20 um.
(1) Comparison of endocrine yield in plexus, duct, and DB states. Each point represents endocrine yield summed
from individual 35-50 um thick 40x z-stacks. E14.5-E18.5 plexus vs DB, p < 0.0001. E17.5 and E18.5 plexus vs duct,
p < 0.0001. E16.5 plexus vs duct p = 0.0019. Error bars are S.E.M, Student’s t-test. Bulk endocrine yield determined
in A (black dashed line). This figure was adapted from [211].

Notch-responsive endocrine progenitors are enriched in the plexus

Consistent with a proposed model for lateral Notch-pathway activation by Neurog3-expressing
cells [32,168,169], genetic ablation of Neurog3, as reported previously [72], caused loss of Hes1
(a Notch transcriptional-effector) signal in Sox9" epithelial cells, suggesting that Notch-pathway
activity is Neurog3-dependent, and engaged locally in the plexus-state (Fig. 4.8A-D). Consistent

with this notion, immunodetection of the Hesl showed relatively pervasive expression in the
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plexus compared to regions of fully-resolved core ducts and peripheral DBs, suggesting that
Notch-responding cells are enriched within the plexus (Fig. 4.9A,B). Because Notch-Hesl

signaling blocks endocrine differentiation, we hypothesized that Sox9™ populations in the plexus
ignaling blocks endocrine differentiati hypothesized that Sox9* lations in the pl

Figure 4.7. Endocrine differentiation in the plexus-state persists late into secondary transition. (A-D) Mucl,
Neurog3, and Sox9 whole-mount immunolabeling of core and peripheral regions of dorsal pancreas exhibiting
plexus (blue dashed line), ductal-branch (green dashed line), and duct (red dashed line) states at E18.5. Note
reduced Sox9 levels in duct compared to plexus in B. Scale bars are 20 um. This figure was adapted from [211].

would show an increased endocrine-differentiation response, compared to duct and DB states,
under conditions where Notch is inhibited. To test this, we compared endocrine yield in E17.5
embryos from pregnant dams injected each day for two days with the gamma-secretase
inhibitor DBZ, which blocks Notch signaling [170,171]. Similar to a previous report showing
dose-dependent reductions in Hes1 and Sox9 expression in Notch-inhibited pancreatic explants
[32], increasing DBZ doses elicited reproducible, progressive reductions in pancreatic Hes1 and
Sox9 expression measured by qRT-PCR. Hes1 decreased at a lower DBZ dose (0.15 + 0.06 and

0.09 + 0.07, at 12 and 20 umol/kg DBZ relative to control, respectively) as compared to Sox9
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(0.88 + 0.18 and 0.43 + 0.18, 12 and 20 umol/kg DBZ relative to control) (Fig. 4.9H). We chose
the 12 umol/kg DBZ condition for analysis of endocrine yield, due to the minimal effect

registered on Sox9. Endocrine yield from the plexus was robustly increased in response to DBZ

Neurog3+/+ Neurog3 EGFP/EGFP

Figure 4.8. Epithelial Hes1-expression is lost under Neurog3-deficient conditions. (A-D) Frozen section
analysis of the ratios of Hesl® and Sox9" populations in the trunk domain of control and Neurog3-
deficient animals. (D) Blue arrowheads indicate clusters of Hes1® cells in the Neurog3t®™/°"

This figure was adapted from [211].

samples.

(Fig. 4.9C-F), and consistently approached a near three-fold increase relative to the vehicle-
treated condition. Assuming the absence of a proliferation effect on Sox9" cells, this increase
indicates that approximately half of the plexus population (endocrine yield = 1 indicates 1:1
Neurog3:Sox9) defaults to the endocrine lineage under these conditions (Fig. 4.9G). In contrast,
Sox9" cells in duct and DB states showed marginal and variable responses to DBZ, indicating
that Sox9" cells in these states are largely refractory to endocrine differentiation. These
expression data and inhibition studies suggest that the plexus-state is enriched for a Notch-
responsive Sox9" progenitor pool that is poised to adopt the endocrine lineage under normal

conditions.

Sox9" cell replication is uncoupled from Neurog3-dependent Notch-inhibition of endocrine

differentiation

Notch signaling has been linked to the regulation of mitogenic cell-cycle progression
[41,172,173]. We analyzed whether the Notch function in maintaining the undifferentiated

progenitor state is coupled with the maintenance of proliferative growth in Sox9" cells. We
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Figure 4.9. Notch-responsive progenitors are enriched in the plexus-state. (A) Detection of Hesl relative to the
Mucl” duct-state (yellow arrowheads), plexus-state (blue arrowheads), and DBs (green arrowheads). Scale bar 50
um. (B) Mean nuclear intensity of Hes1 signal in individual Sox9" cells. N=102 plexus, N=91 DB (*) (p < 0.0001),
N=52 duct (p < 0.0001) from three separate z-stack volumes. Error bars: S.E.M, Student’s t-test. (C-F)
Representative images of Mucl and Neurog3 in plexus and duct-states under vehicle or DBZ treatment. Blue
arrowheads delineate plexus in C,D; yellow arrowheads indicate the surface of ductal states in E,F; dashed magenta
lines delineate locations where Neurog3-rich plexus intersects with the duct state. Scale bar 20 um. (G) Endocrine
yield in plexus, duct, and DB states under vehicle or DBZ treatment. Each point represents endocrine yields summed
from individual 40x z-stack volumes (~35-50 um thick). N=11, N=12, N=15 for plexus, duct, and DB in vehicle
control. N=16, N=11, N=15 for plexus, duct, and DB in DBZ-treated group. n=3 for both conditions. Error bars are
S.EM, (**) p < 0.0001, (***) p=0.0149, (****) p=0.0013, Student’s t-test. (H) Normalized gene expression for Sox9
and Hes1 under control, Neurog3-deficient, and DBZ-treated conditions. Error bars are S.E.M, n > 3 for each
condition, (*) p=0.0373. (1,J) One-hour EdU indices in Sox9" populations under control or DBZ treatment. Error bars
S.E.M., n = 3. This figure was adapted from [211].
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evaluated EdU uptake in embryonic pancreata taken from DBZ-treated dams. For both 12 and
20 pmol/kg doses, we observed no change in the proportion of Sox9" cells replicating DNA after
two days DBZ administration (Fig. 4.91,]). Because these DBZ doses reduced Notch activity by an
amount similar to or beyond that caused by Neurog3-deficiency (Fig. 4.9H), we conclude that
bulk epithelial proliferation behaviors are not significantly affected by reduced Notch activity

under these conditions.

Neurog3-deficiency causes reduced Sox9* progenitor replication and precocious remodeling of

the plexus

To evaluate cell-non-autonomous functions for Neurog3 in regulating the growth of the

EGFP/+

epithelial progenitor pool, we compared cell replication behaviors in Neurog3 and

NeurogBEGFP/EGFP

pancreata. Analysis of S-phase indices indicated a 50% decrease in EdU-
labeling of Sox9" progenitors when Neurog3 is lost. This decrease was evident at E13.5, when
the vast majority of the trunk is in the plexus-state, and also at E16.5 when plexus-to-duct
transformation begins in the organ core (Fig. 4.10A-C). This reduction in EdU-labeling was not a
general feature of all pancreatic epithelial cells. S-phase indices in pro-acinar cells were
unchanged, and because they represent the major cell type during mid-to-late gestation, no
gross organ hypoplasia was evident at any stage (Fig. 4.11A-C, and data not shown). These
results demonstrate a previously unreported function for Neurog3 in supporting robust

replication in the Sox9" trunk that is, based on the DBZ treatment results above, largely

independent of Notch-pathway activity.

Given the reduction in progenitor replication observed under Neurog3 deficiency, we assessed
potential defects in maintenance of the plexus by comparing the time-course for Neurog3-
deficient plexus remodeling into duct and DB states. Analyses at E14.5 confirmed previously
reported increases in lumen diameters, and moderate decreases in peripheral branching [72]
(Fig. 4.10D,E). Surprisingly, we also found frequent DB-like structures emerging in peripheral
locations normally comprised of plexus at this stage, indicating a precocious remodeling of
plexus morphology into non-plexus states under Neurog3-deficient conditions. At E16.0, a time

point just before the plexus normally undergoes transformation into core-duct and peripheral-
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DB states, we observed multiple regions where plexus-morphology was diminished or
completely lost relative to control (Fig. 4.10G-M). Consistent with this, the relative area of
plexus compared to duct-like-states was significantly decreased at E14.5, 16.5 and 18.5 in
Neurog3 null tissue (Fig. 4.10F). These results indicate that Neurog3 functions not only to
determine a normal plexus morphology, but also to maintain and propagate the plexus by

limiting its remodeling into non-plexus states.
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Figure 4.10. Neurog3 deficiency causes reduced cell replication and precocious loss of the plexus-state. (A,B) S-
phase indices in Sox9" cells from Neurog3EGPF/ " and Neurog3EGFP/ Ferp samples. (C) Quantification of A & B (E16.5),
plus measurements at E13.5. Error bars are S.E.M, n=2 E13.5 (*) p=0.0277, n=3 E16.5 (**) p=0.0048 with 30% of

EGFP/+ EGFP/EGFP

dorsal pancreas scored; Student’s t-test. (D,E) Dorsal pancreas from E14.5 Neurog3 and Neurog3
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EGFP/EGFP

samples at E14.5. Red arrowheads, regions where plexus is lost in the Neurog3 compared to control. Green

EGFP/EGFP .
/EGFP animal compared to control.

EGFP/EGFP

arrowheads, core locations where plexus becomes dysmorphic in the Neurog3

EGFP,
s pancreata. Error bars

(F) Quantification of plexus-to-duct transformation in core Neurog3 and Neurog3
are S.E.M, n=3 all stages, (*) p<0.01, (**) p=0.119. The entire dorsal pancreas core was analyzed in serial thick
sections (40 um). (G) Analysis of precocious loss of plexus at E16.0. (G) Regions a, b and c in cartoon correspond to
images in H-M. (H-M) Muc1 and insulin immune-detection in similar locations in Neurog3£GFP/ " and Neurog3EGFP/ FOFP
littermates. Scale bars: A,B 20 ym; D,E 50 um; H-M 40 um. This figure was adapted from [211].

Neurog3EeFP/+ Neurog3EGFP/EGFP

Amylase EdU
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Figure 4.11. S-phase indices in acinar cells are unchanged in Neurog3-deficient pancreata. (A) Representative 20x

EGFP/+

image of EdU incorporation at 1 hour post-injection in amylase® acinar clusters of Neurog3 and

Neurog3EGFP/ ** dorsal pancreas. (B) Quantification of the EdU-incorporation index. Scale bars are 50 um. Error
bars are S.EEM. N = 1673 NeurogBEGFP/ “and N = 1436 Neurog3EGFP/ £erp

spanning n = 2 dorsal pancreas for each genotype. This figure was adapted from [211].

amylase” cells counted from five sections

Late-stage autonomous epithelial remodeling in the Neurog3-deficient plexus

While a limited amount of precocious remodeling and alteration of the Neurog3-null plexus
morphology was observed at mid-gestation, there was no grossly aberrant phenotype at late
gestation, suggesting that the mechanisms guiding epithelial remodeling could eventually over-

ride the earlier defect. Consistent with this, Mucl and insulin (to label the endocrine-cell mass
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derived from the epithelium) detection in equivalent organ regions from E14.5-17.5 showed a

progressive normalization of the Neurog3-null epithelium (Fig. 4.12A-F). Specifically, the

Core
E14.5 E16.5 E17.5

Neu r(_-,g3EGFP/-o-
.

Neu rog3EGFP/EGFP

..

Periphery

Neurog3EGF"/+ Neur0g3EGFP/EGFP

Figure 4.12. Late-stage corrective remodeling in Neurog3-deficient epithelium. Mucl and insulin labeling in 40 ym

thick sections showing representative core (A-L) and peripheral (M & N) regions of Neurog3EGFP/+ and
Neurog3EGFP/EGFPpancreata at stages indicated. Scale bars are 30 um in A,D,G-L; 20 um in B,E; 50 um in C,F; 100 um

in M,N. This figure was adapted from [211].

E17.5 Core
Neur0g3EGFP/EGFP Neurog3EGFP/+

E17.5

expansive enlargements of NeurogEBEGFP/EGFP plexus lumens seen at E14.5 underwent remodeling

toward a morphology largely indistinguishable from control by E17.5. Furthermore, the
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previously reported moderate reduction in peripheral branching in Neurog3-nulls [72] were

also corrected (Fig. 4.12M,N). The plexus morphology at E12.5 was similar between

EGFP/+ EGFP/EGFP

Neurog3 and Neurog3 (data not shown), indicating that the perturbed morphology
of the Neurog3-deficient plexus manifests most severely during the peak of endocrine ([-cell)
birth [57]. These analyses show a late-stage process of autonomous epithelial remodeling
occurs in the absence of Neurog3-dependent differentiation, delamination, and Notch-

regulated processes.

Discussion

Understanding how niche environments direct progenitor activities is fundamental to
uncovering the basic principles underlying complex organ formation and function, and
predisposition to disease. In studying endocrine-progenitor activity during the secondary
transition of pancreatic organogenesis, we discovered that endocrine progenitors are largely
constrained within an epithelial plexus-state. Although the plexus is transient, it is maintained
through all stages of the secondary transition, and is as productive at generating endocrine cells
during late gestation as it is at earlier stages. Genetic and pharmacological interference tests
indicate that endocrine-progenitor expansion, differentiation and morphogenesis processes are
coordinated by local feedback effects within the plexus. These effects derive largely from
differentiating Neurog3® cells, but can be uncoupled on the basis of Neurog3-dependent
differentiation/delamination functions supporting progenitor replication, and Notch-dependent
functions in maintaining an undifferentiated progenitor state. Together, these feedback
interactions serve to propagate the plexus, and the large numbers of endocrine progenitor cells
maintained therein, late into gestation. Ultimately, as the plexus remodels into duct and DB
states, endocrine differentiation and progenitor maintenance behaviors are reduced then lost.
We propose that the epithelial plexus functions as a niche environment, where endocrine
progenitors are assembled and maintained, and where local differentiation-dependent

feedback interactions are deployed to direct the genesis of the endocrine pancreas (Fig. 4.13).
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Figure 4.13. Feedback control of endocrine progenitor growth, differentiation, and morphogenesis in the plexus
niche. (A) Diagrammatic representation of the principle morphogenetic processes comprising trunk epithelial
morphogenesis during 2° transition. Regions of the organ enriched for Notch-responsive endocrine progenitors are
demarcated in blue, whereas regions reduced or absent in this respect are orange. (B) Diagrammatic
representation of the local feedback interactions operating in the plexus-state. This figure was adapted from [211].

Distinct processes of plexus-to-duct remodeling and epithelial branching in the trunk

Our characterization of pancreatic epithelial remodeling indicates distinct modes of
morphogenesis in largely separate zones of the organ. In the core, plexus expansion and growth
from E12.5-E15.5, accompanied by plexus-to-duct transformation from E16.5-E18.5, represents
the principal mode by which ductal tissues analogous to the trunk and main limbs of a tree are
generated. In the periphery, however, an “epithelial branching” mode remodels the epithelium,
apparently by a clefting and outgrowth process, to eventually generate tightly-packed
peripheral lobules of interconnected DB structures. This dual-mode program, especially the
major contribution from plexus expansion and resolution, diverges greatly from the classical
and more stereotypically defined branching morphogenesis involved in the growth of other

endodermal organs [26,174,175].

107



Because the plexus-remodeling process occurs asynchronously across the organ, it will be
important to determine what influences (cellular or otherwise) cause some plexus regions to
undertake expansion while remaining unresolved (and in a high endocrine-yield state), while
others begin transformation toward the mature duct-like states. We do not find evidence, at
any stage of plexus resolution, which would suggest that remodeling is accomplished through
breakage and regression of epithelial segments, as reported for vascular plexus remodeling
[176]. Rather, we observe an apparent progressive consolidation of epithelial plexus segments
that effectively reduces the complexity of, and eventually eliminates, the plexus-web, to
generate the final ductal tree. Our analysis of Neurog3'/' pancreata allows us to rule out a
model whereby plexus remodeling is primarily driven by epithelial-cell departure
(delamination) of Neurog3® endocrine precursors. While Neurog3-dependent processes are
clearly important for regulating and propagating a “normal” plexus state, the observation of the
late-stage corrective remodeling demonstrates that the epithelial remodeling program, albeit
with substantial delay, eventually enforces a relatively normal morphogenesis even in the
absence of Neurog3. Therefore, in normal tissue, we propose that the function of Neurog3 in
maintaining and propagating the progenitor-rich plexus is balanced with an opposing, and
apparently self-organizing epithelial morphogenesis process, that eliminates the plexus
intermediate in favor of the typical ductal structures of the mature epithelium. It remains to be
determined how other known regulators of pancreatic epithelial morphogenesis and growth,
especially those derived from epithelium-extrinsic sources such as the mesenchyme
[177,178,179] and vasculature [24,72], contribute to localized epithelial remodeling patterns
during plexus growth, plexus-to-duct transformation, and epithelial branch specification and
outgrowth. We propose that the detailed analysis of the dual-mode morphogenesis program
reported here should enable future connection of such extrinsic cues to specific epithelial-

remodeling outcomes.
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Notch and endocrine-differentiation-mediated feedback effects regulate distinct endocrine-

progenitor behaviors

Our finding that Hes1 expression is maintained locally within the plexus, even at late gestational
stages, leads to interesting questions regarding how duct vs. endocrine cell-fate allocation
might be dynamically influenced by Notch activity. Our data showing that Hesl, similar to
Neurog3, is enriched in the plexus, and that Notch inhibition by DBZ increases the portion of
the plexus cell population activating Neurog3, fit a model whereby Notch-based signals derived
locally from Neurog3” cells maintain epithelial cells in an undifferentiated and Notch-responsive
state. Ultimately, Sox9" cells of the duct-state epithelium — that is, in the core ducts and
peripheral DB — downregulate Hes1 and Sox9, and become a poor source of Neurog3® cells,
both normally and under Notch-inhibited conditions, consistent with the idea that non-plexus-
state cells have truly entered a ductal differentiation program. Our observations thus begin to
outline spatial variations in the level of Notch pathway activity, and the differentiation response
to perturbing Notch, which are correlated with distinct states of epithelial morphology arising
during organogenesis. ldentifying markers that distinguish states of pro-duct specification
versus undifferentiated bipotent-progenitor will likely aid in defining the non-cell-autonomous
cues that instruct duct specification or maintain the bipotent pool, perhaps as obligatory

features of developmental coordination in the plexus.

We observe profound reductions in progenitor replication under conditions where Neurog3 is
inactivated, but not when Notch signal processing is inhibited. While spatiotemporally more
precise Notch perturbation may uncover roles in regulating the replicative amplification of
endocrine progenitors in mice, our results raise the possibility that a delamination function for
Neurog3 may determine replication rates in the epithelial population. Indeed, studies in
Drosophila demonstrate that cell delamination limits tissue overcrowding and promotes
epithelial growth [127], suggesting that biomechanical mechanisms and/or pathways regulating
cell-shape or density-dependent growth [180] could be critical determinants of pancreatic

progenitor growth and replication.
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Intrinsic versus feedback-based regulation of endocrine lineage allocation, progenitor

maintenance, and plexus morphogenesis during the secondary transition

In contrast to growth-compensation programs in the liver, the pancreatic growth program is
regulated intrinsically by the number of MPC initially allocated to the pancreatic anlagen [17].
We speculate that an internally regulated, feedback-rich process of plexus morphogenesis,
from its initial establishment to maturation as a ductal arbor, could explain how endocrine
lineage output is “pre-determined” by founder MPC number. Our data are consistent with a
highly processive plexus state from which endocrine cells are continuously born. Endocrine
yield is robust within the plexus at all stages, but is rapidly reduced upon its transformation into
non-plexus states. The initial number of MPC allocated to the initial plexus-state could influence
how long the plexus is maintained, and thereby prolong or shorten the period of endocrine-
lineage allocation. Of relevance is the effect of ectopic Nkx6.1 expression in pancreatic MPC.
During stages concomitant with plexus formation, Nkx6.1 antagonizes the pro-tip gene Ptfla,
diverting MPC toward bipotent trunk progenitors [43]. This transcriptional-antagonism effect
on tissue-compartment allocation is Notch-regulated, providing a potential link between the
timing and/or levels of Notch in the Nkx6.1" MPC during initial plexus formation and the final
endocrine-cell output [169,181]. Current translational objectives regarding the differentiation
of pluripotent cells toward the endocrine cell fate in vitro could benefit from investigating how
the size of the “initiating plexus” and duration of its maintenance impact the final size and
composition of the endocrine pancreas, and if these parameters can be controlled by

modulation of Notch, Nkx6.1, and Ptfla.

Our data put forward the possibility that endocrine-differentiation dynamics, in terms of the
rate of endocrine flux and/or the specific type of endocrine cells produced, could be guided by
epithelium-intrinsic morphogenetic influences. Of particular interest to endocrine sub-type
specification, a previous study [57] showed that competence windows for the differentiation of
endocrine-cell sub-types are regulated by factors intrinsic to the pancreatic epithelium. Such
windows of competence could be connected to specific tissue-level or cell-biological alterations

associated with plexus formation, expansion, and remodeling phases. [The a-cell competence
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window could correlate with initial plexus formation (E9.5-E12.5), B-cell birth more with the
mid-gestation plexus-expansion phase (E12.5-E15.5), and the later production of 5/¢/PP cells
with plexus-to-duct transformation (E16.5-E18.5)]. We envisage the future testing of the idea
that specific, and perhaps relatively subtle perturbations to the plexus morphogenesis program
might alter the epithelial environment in ways that influence the number and type of endocrine

cells born.
Linked programs of endocrine progenitor maintenance, differentiation, and morphogenesis

Emerging reports suggest that some aspects of endocrine-progenitor differentiation and
proliferative expansion are dependent on molecular determinants of cell and tissue
morphology. For instance, a requirement for Cdc42-mediated apicobasal polarization has
already been linked to the generation of an endocrine-differentiation-competent progenitor
pool [71], and could thus be considered as a central contributor to the generation of the plexus.
Additionally, ablation of Strad13, a RhoA-ROCK-nmMpyoll negative regulator, reduces the size
and replicative activity of pancreatic MPC [182], and defects in planar cell polarity are
associated with reduced Neurog3® cell numbers [85]. While the detailed mechanistic
underpinnings causing defective endocrine-lineage development in these cases remain unclear,
the picture emerging is that insights into how endocrine progenitors and committed endocrine
precursors are efficiently maintained and generated, respectively, may be gleaned from
characterizing, with increased spatiotemporal resolution, how cytoskeletal dynamics, cell
polarity, actomyosin contractility, and/or the trafficking and distribution of receptors such as

Notch, functionally link cell and tissue morphogenesis processes with cell-fate determination.
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CHAPTER V

A ROCK-nmMYOII, NOTCH, AND NEUROG3 GENE DOSAGE CIRCUIT LINK EPITHELIAL
MORPHOGENESIS AND CELL FATE IN THE PANCREATIC ENDOCRINE PROGENITOR NICHE

Introduction

How cell differentiation and morphogenesis are coordinated during organogenesis remains a
central question in biology. During pancreas development, endocrine cells are allocated from a
bipotent duct/endocrine progenitor pool located within an epithelial “plexus state”. We find
that upregulation of the endocrine lineage determinant Neurog3 occurs in the plexus upstream
of Neurog3 protein function and concomitant with initiation of cell-delamination, suggesting
that endocrine commitment is directed by a epithelium-intrinsic morphogenetic program.
Progression through delamination is characterized by initial apical-narrowing and focalization,
and increased migratory activity at the basal cell surface, with the latter being Neurog3-
dependent. Mechanistically, the ROCK-nmMpyoll pathway mediates Neurog3-independent and
dependent steps in delamination to guide endocrine cell birth. NmMyoll is necessary for apical
narrowing and basal migratory activity, and its inhibition results in an early block in Neurog3
upregulation. ROCK activity gates the transition from low to high Neurog3 expression by
limiting apical narrowing and basal migratory activity, and its inhibition can rescue defects in
Neurog3 upregulation observed in Neurog3-hypomorphs. Finally, Neurog3 gene dosage,
ROCK/nmMyoll, and Notch pathways comprise a self-organizing feedback circuit that optimizes
endocrine lineage commitment from the plexus state. These studies demonstrate linked
programs of differentiation and morphogenesis in the plexus, and provide insights into

principles underlying the formation of complex organs.
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Material and Methods

Mice

Flox

Neurog3 " knock-in and Neurog3™®™ mice were from Guogiang Gu (Vanderbilt University).

Ngn3EGFP/EGFP embryos were phenotyped by EGFP fluorescence and lack of endocrine cells. Wild-
type mice were of mixed genotype. The Neurog3"® line was generated as described [Matt
Bechard, Wright Lab, submitted). All protocols were approved by Vanderbilt University IACUC.
Genotyping primers for the EGFP allele were ngn3-1 5’-ATACTCTGGTCCCCCGTG-3’, ngn3-2 5'-
TGTTTGCTGAGTGCCAACTC-3’, and EGFP 5-GAACTTGTGGCCGTTTACGT-3’ [59]. Genotyping
primers for Neurog3 floxed allele were 5’HRsFr-ccttctcttccagagacttc and 5’HRsH-
ctctggtcagagatacctgg, or 722: 5'-CTATCCACTGCTGCTTGTCACTG-3/, 723: 5'-
TGTGTCTCTGGGGACACTTGGAT-3', jv45: 5'-TTCCGGTTATTCAACTTGCACC-3' [52]. The nmMyolIC-
GFP line was a kind gift from Dr. Adelstein [212], and nmMyolIC-GFP+ embryos were

phenotyped under a fluorescence microscope.
Immunodetection

Embryonic pancreas paraformaldehyde fixed (4%, 4°C for 4-6 hours). For cryosectioning,
samples were sucrose-equilibrated (30%, 4°C overnight), and embedded in OCT (Tissue-Tek,
Sakura). Thick sections were obtained on a Leica CM3050 S in the range of 30-40 um; thin
sections at 10 um. Protein detection reagents used include chicken anti-GFP (Aves), hamster
anti-Mucl (NeoMarkers), rabbit anti-Sox9 (Millipore), goat anti-Neurog3 (Gu lab), DAPI (Life
Technologies), mouse anti-Ecad (AbCam), rabbit anti-gamma-tubulin (AbCam), rabbit anti-Prox1
(AngioBio Co), guinea pig anti-Pdx1 (Wright Lab), phalloidin (Molecular Probes), rabbit anti-ZO1
(AbCam), rabbit anti-aPKC (Santa Cruz), rabbit anti-phospho-nmMpyoll (AbCam), rabbit anti-

nmMpyolla (Covance), rabbit anti-nmMyollb (Cell Signaling).
Image Acquisition and Data Collection

Confocal images were obtained using Zeiss LSM 510 META upright scope or a Zeiss Apotome. Z-
stack volumes were acquired in the 20-30 um range at 40X magnifications. 3D reconstructions
were rendered using Imaris software.
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Quantification and Statistical Analyses

Method to distinguish plexus from non-plexus states was performed as described [211].
Fluorescence intensity measurements were performed by mean pixel intensity using Imagel.
Sox9 and Ngn3 ratios were determined by manual counting. Measurements of all
morphological structures and nuclear densities were acquired using line or polygon-trace

functions in IMARIS.
Explants and Drug Treatments

Explants were manually dissected and culture at the air liquid interface on transwell permeable
supports (Costar, 3422). Incubator conditions were 37°C and 5% CO,. S(-) Blebbistatin (Abcam),
Y27632 (Selleckchem), and DBZ (Cayman Chemical) were administered in the culture medium
(10% FBS, 1% Pen/Strep, 1% L-glut). After harvesting, explants were fixed for 2 hours in 4%

paraformaldehyde.
EdU incorporation studies

EdU (Life Technologies) was given I.P. (10 mg/kg). EdU was detected by the Click-iT Plus EdU

Imaging Kit (Molecular Probes).
Live Imaging

Neurog3"®* pancreata were isolated at E12.5 and phenotyped under a fluorescence
microscope. These were grown on fibronectin, cultured in DMEM (10% FBS, 37° C, 5% CO,) in
an incubator overnight to promote attachment to the matrix, and imaged on a LSM 780 two-

photon microscope.
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Results

Morphological transitions at the F-actin® apical cell cortex are associated with cell-fate

allocation

In polarized epithelial cells, a prominent feature of the cytoskeleton is a belt of bundled

filamentous actin (F-actin) that circumscribes the subapical cell cortex [112]. These belt-like

structures (hereafter F-actin®"

) are closely apposed to tight and adherens junctions, and play
important roles in mediating cell and tissue remodeling processes such as apical constriction,
tissue folding, cell intercalation, and delamination or extrusion [210]. To gain insight into
whether specific cell-shape changes may be involved in mediating duct and endocrine lineage

allocation, we compared the shape of the F-actin®""

in cells residing within the progenitor-rich
plexus-state, in cells expressing Neurog3, and in cells within the endocrine-progenitor-poor
duct-state. In confocal z-stack reconstructions of the plexus, a multicellular meshwork of
cortical F-actin could be visualized by a relatively intense phalloidin signal closely associated
with the Mucl® epithelial apical lumen surface (Fig. 5.1A). This meshwork of F-actin was
apposed to apical ZO1" tight junctions, and located apically with respect to the basolateral

BELT

Ecad” adherens junctions (Fig. 5.2A-H’), as defined for F-actin in numerous epithelia.

BELT BELT

Plotting the measured F-actin™ " aspect ratio against F-actin™ ' perimeter from individual cells
(as a surrogate for apical domain shape (Fig. 5.3A-B)) showed a broad spectrum of apical
domain shapes in the plexus (Fig. 5.1D). The domain and range of this spectrum was similar in
the plexus throughout the secondary transition, indicating that the characteristics of the plexus
at both tissue and cellular levels are maintained during the course of development. In addition,
we consistently observed at all stages numerous distinct puncta of intense F-actin signal,
located directly at the lumen, that were associated with the focalized Mucl*aPKC" apical

surface-to-lumen contact (hereafter F-actinfo“At

) of delaminating Neurog3-expressing cells, as
shown using the Neurog®™™ knock-in mouse strain (Fig. 5.1B,C, Fig. 5.4A-D) [58]. Essentially all
cells reporting high levels of EGFP (EGFP™) exhibited a measurably narrowed or focalized F-

BELT

actin®®"" (Fig. 5.1F). In contrast, the F-actin of cells in the duct-state showed measurable

increases in perimeter and aspect ratio reflecting enlargements of the apical domain (Fig. 5.1G-
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J). Consistent with our previous findings using direct immune-detection of Neurog3, the

numbers of Neurog3-reporting cells were greatly diminished in ductal states, and accordingly,

FOCAL

F-actin structures were significantly reduced or absent. Comparisons of cell morphologies

using E-cad as an additional indicator of cell shape suggested similar increases in apical domain
size in the duct versus plexus (Fig. 5.5A-D), and a cell-flattening phenotype indicative of cell
differentiation toward a duct-cell-like state [82,211]. These analyses on the morphological

features of the apical domain in the plexus, Neurog3-expressing, and ductal-states suggest that

BELT

within the plexus, F-actin narrowing and F-actin®®" formation are associated with

BELT

endocrine differentiation, while F-actin expansion is associated with duct-cell

differentiation.

FOCAL

Apical narrowing and F-actin formation mediate endocrine commitment in the plexus

upstream of Neurog3 protein

Genetic inactivation of Neurog3 results in a morphologically abnormal plexus state at E14.5
[72], and a complete absence of EGFP™ cells. To test whether the defect in Neurog3

upregulation could be the result of defective apical narrowing or F-actin"®“*" formation in this

BELT EGFP/+ EGFP/EGFP

condition, we compared the cortical F-actin®~ meshwork in Neurog3 and Neurog3

BELT EGFP/+

epithelia. Indeed, the relatively broad spectrum of F-actin observed in the Neurog3

shifted toward a more uniformly circular morphology in the NeurogEGFP/EGFP plexus (Fig. 5.6A-D,

FOCAL EGFP/EGFP

I). There was no evidence for F-actin structures in the Neurog3 plexus, suggesting
that F-actin"“" formation does not occur in the Neurog3-deficient plexus at this stage.
Neurog3-reporter expression was expanded but reduced (EGFP'°) across essentially the whole
dysmorphic plexus. Consistent with a previous report, we observed a broad expansion of the
epithelial lumen diameter [72] in the Neurog3-defiecient condition. There was also a
measureable increase in the number of Sox9" cells over the Mucl® lumen surface distance,
suggesting a cell crowding effect caused by the lack of endocrine cell delamination (Fig. 5.7A,B).
Collectively, these data are consistent with previously-proposed functions for Neurog3 in non-

autonomously limiting its own expression domain, and in regulating epithelial morphology
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[80,169], but do not rule out the possibility that the alterations in Neurog3 expression may

occur as a consequence of dysregulated epithelial morphogenesis.
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Figure 5.1. Duct versus endocrine differentiation is associated with apical expansion or narrowing of the F-actin®

epithelial cell cortex. (A) Confocal z-stack (30 um depth) of E14.5 dorsal pancreas showing the plexus web labeled

with Mucl and F-actin. Inset shows F-actin channel, with intense cortical F-actin signal marking F-actin®™""

circumscribing the apical domain of individual epithelial cells. Yellow arrowheads show Mucl® F-actin™"

EGFP/+

structures. (B) F-actin™%" structures mark the apical-lumen contacts of delaminating Ngn3 reporter” cells. (C)

BELT FOCAL
structures (red dots), and

Manual trace of the F-actin meshwork (thin black lines) from A, F-actin
representative Neurog3-expressing cells (inset). (D) Dot-plots of cortical F-actin®*"  dimensions (aspect

ratio/perimeter) from individual cells superimposed for control or Neurog3EGFP/ * cells in the E14.5 plexus. (E)
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Superimposed F-actin®"" dot-plots from E14.5 and E17.5 control plexus. (F) Superimposed F-actin®"" dot-plots from

E14.5 plexus and in Neurog3-expressing cells. (G) Confocal z-stack (30 um depth) of representative plexus and duct-
states at E17.5. Duct state is demarcated by green dashed line. Yellow arrowheads indicate F-actin™®" structures.

, oomed Insets Jjrom plexus an uct-state in . Note e expansion oj F-actin an eartn oy rF-actin n
G,H) Z d inset pl d duct-state in F. Note the expansi F-actin®"" and dearth of F-actin™®“" i
BELT

the duct state. (1) Superimposed F-actin” dot-plots from E17.5 plexus and duct states. Scale bars are 20 um in A,F,

5 umin B.
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Figure 5.2. Adherens and tight-junction markers demarcate a multicellular F-actin®"" meshwork. (A) Schematic
showing the localization of the cortical F-actin®™"" with respect to apical-surface (Mucl), tight junction (ZO1), and
adherens-junction (Ecad). (B-D) Representative en fasse images of Ecad and ZO1 in relation to the F-actin®""
network. (E-H’) Confocal steps (z-direction, 1.0 um/step) through a plane of representative epithelial cells. Note the

progression from Ecad (blue) through to intense F-actin signal and ZO1. Scale Bars in B, C, & D are 10 um, and 5 ym
in E-H".
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Figure 5.3. F-actin®"" aspect ratio versus perimeter defines the spectrum of F-actin®™" sizes in epithelial

populations. (A) Schematic of a typical cortical F-actin®""

BELT (A7) Long axis (red dashed line) and short axis (blue dashed line) defines

perpendicular axial dimensions of the F-actin®". (A”’) Aspect ratio is defined by the divisional product of the long
BELT BELT

near apical surface an epithelial cell. Perimeter (black
line) demarcates the F-actin

and short axis. (B) Schematic with examples of the extremes in possible F-actin~ ' (white) dimensions (F-actin

traced in yellow dashed line) obtained from measurements as described. Roman numeral I indicates narrowed

apical cortex. Roman numeral Ilindicates elongated F-actin®*". Roman numeral IIlindicates expanded F-actin®™"".

BELT

Roman numeral IV indicates expanded and elongated F-actin™ . Grey dashed line demarcates minimum of

resolution in x and y for accurate measurements by these methods (~2.0 um). F-actin™" perimeter and aspect

ratio are below minimum resolution or at the origin (red box). Yellow arrowhead marks typical F-actin®?" structure

EGFP/+

at the apical surface of a delaminating Neurog3 reporting” cell. Scale bars are 20 um.
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Mucl EGFP

Neurog3EcFP/+

Figure 5.4. Delaminating endocrine cells maintain contact with a narrow apical lumen-surface contact. (A)
Representative 40x confocal z-stack of E14.5 Ngn3EGFP/+ plexus showing apical lumen-surface contact of
delaminating EGFP-reporting cells. (B-D) Immuno-detection of aPKC and Mucl showing the localization of each at

representative Mucl® F-actin®?" structures ( yellow arrowheads). Scale Bars are 10 um in A-D.

E17.5 Plexus E17.5 Duct

Figure 5.5. Ecad immunolabeling shows enlargements in cell shape in the duct-state compared to the plexus. (A,B)
Confocal z-stack of Mucl and Ecad markers showing cell morphologies in the plexus at E17.5 (plexus traced by
yellow dashed line). (C,D) Confocal z-stack of cell dimensions and shapes in the duct at E17.5 (duct traced by green

dashed line). Scale bars are 10 um.
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Figure 5.6. Plexus-state morphogenesis is associated with upstream activation of Neurog3. Representative
Neurog3EGFP/ * plexus (A,B) versus Neurog3EGFP/ P plexus (C,D) with EGFP™-reporting cells distributed within the
BELT meshwork at E14.5. Note the dilations of the Mucl” lumens, alterations to the F-actin®""
network, and expansion of EGFPLO-reporting cells throughout the epithelium of Neurog3EGFP/ £aFP compared to
Neurog3EGFP/ * plexus. Representative Neurog3EGFP/ " plexus (E,F) versus Neurog3EGFP/ P plexus (G,H) with EGFP-
reporting cells distributed within the cortical F-actin®"" meshwork at E17.5. Note the re-activation of EGFP reporter
to high levels in the NeurogEEGFP/ Forp plexus. (I,J) Superimposed F-actin®™"" dot-plots from Neurog3EGFP/ " and
Neurog3EGFP/ £arP plexus at E14.5 and E17.5, respectively. Note that the abnormalities observed in the

cortical F-actin
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EGFP/EGFP

Neurog3 plexus at E14.5 are largely corrected within the plexus by E17.5. (K) Schematic representation of

the general patterns of F-actin®"’ shape-change as normal epithelial cells transition from the plexus (blue), to the

BELT

duct (orange) or Neurog3-expressing states. Green dashed line demarcates the spectrum of F-actin in the

EGFP/EGFP

Neurog3 plexus at E14.5. (L) Schematic representation of the morphological alterations associated with

EGFP/+ EGFP/EGFP

states of Neurog3-activation in Neurog3 and Neurog3 epithelium during the secondary transition. Scale

bars are 15 um in A-D, 20 um in E-H.

We have recently reported that the abnormal NeurogS’EGFP/EGFP

epithelium remodels during late
gestation (E16.5-18.5) to a morphological state essentially indistinguishable from the wild type
condition [211]. This “corrective epithelial remodeling” process suggests that the pancreatic
epithelial morphogenesis program can over-ride early morphological defects caused by the
absence of Neurog3-dependent differentiation, delamination, and Notch-regulated processes.

EGFP/EGFP

The Neurog3 condition thus provides a stringent model to assess the activation

dynamics of Neurog3 in the complete absence of Neurog3 protein, as an initially “abnormal”

III

plexus-state undergoes corrective remodeling toward a “normal” plexus-state. Numerous
inspections of thick-sectioned and Mucl-labeled late-stage (E16.5-onward) embryonic
pancreata confirmed a pervasive corrective remodeling of the epithelium to generate grossly
normal plexus, duct, and branched states by E17.5 (Fig. 5.6A-D). In contrast to the increased cell
densities observed in the plexus at E14.5, the number of Sox9" cells over Mucl® lumen surface
distance was comparable in the plexus between control and mutant samples by E17.5 (Fig.

BELT

5.7A-H). Moreover, the spectrum of F-actin shapes within the corrected plexus was

essentially indistinguishable from the spectrum observed in stage-matched controls.

Surprisingly, we observed periodic F-actin"Ot

structures within the corrected plexus which
demarcated, as in control samples, the narrowed or focalized apical domains of individual
EGFP" cells (Fig. 5.6E-H,])). While the relative number of EGFP" cells in the late-stage

EGFP/EGFP plexus was reduced compared to control, these data indicate an appreciable

Neurog3
rescue of Neurog3-promoter upregulation, up-stream and in the complete absence of Neurog3

protein function, within the correctively remodeled Neurog3-deficient epithelium. Rescue of
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Figure 5.7. Alterations in Sox9" cell-densities in the Neurog3-deficient epithelium are corrected by late gestation.
(A,B) Measurements on the number of Sox9" nuclei along the length of Mucl® lumen Neurog3EGFP/ * versus
Neurog3EGFP/ £GFP epithelium at E14.5 and E17.5, respectively. (C-H) Representative thick sections of Mucl, Sox9 and
EGFP in duct and plexus states at E17.5. Cyan dashed lines in C and F demarcate the duct from the plexus-state, and

white trace marks low EGFP expression in the forming endocrine islets. Scale bars are 20 um in C,D,F,G; 10 um in
E,H.

Neurog3 upregulation was tightly associated with plexus morphology, because non-plexus
ductal and branched states, as in control samples, did not exhibit appreciable numbers of
EGFP™ cells (Fig. 5.8A-D). Taken together these data suggest that there are tight morphological
and tissue-architectural constraints imposed within the plexus that are necessary to direct the
initiating step in endocrine commitment, and that deviations from these constraints can

preclude efficient engagement of the endocrine lineage commitment process (Fig. 5.6K,L).
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NeurogEeF/+

Neurog3EGFp/ecFp

Figure 5.8. Neurog3 is broadly upregulated in cells within the Neurog3-deficeint plexus at late gestation. (A-D)
Wide-field 10x epifluorescent images of thick-sectioned pancreas (30 um) showing Neurog3-expressing cells in the
plexus (blue dashed line), duct (white arrowheads), and peripheral ductal-branches (yellow arrowheads) in
Neurog3EGFP/ “and Neurog3EGFP/ Ferp epithelium at E18.5. Scale bars are 100 um.

Apical narrowing and increased migratory activity at the basal cell-surface demarcate the

LO-HI

Neurog3 transition

To better understand how specific morphogenetic inputs might mediate endocrine

commitment within the plexus, we focused on the precise cell-morphological alterations that
occur as Neurog3-reporter becomes activated (EGFP'°) and then upregulated (EGFP") during

endocrine cell specification and commitment. Using the Neurog3EGFP/+ reporter line, we found at

E14.5 a rare population of EGFP™ cells (6.5%; n = 95; Fig. 5.10A) that did not exhibit a highly-

narrowed apical domain (as judged by the size of the F-actin®"'" relative to the basal surface),
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nor any evidence for delamination-type migratory behavior at the basal cell surface (Fig. 5.9A-
A’). A significant portion of the total EGFP* population showed a narrowed apical domain
(19.3%), and exhibited an EGFP" state (Fig. 5.9B-B’). The remainder of EGFP™ cells (and the
largest portion of the total EGFP* population at 74.2%) exhibited a fully-formed and elongated

FOCAL structure, as well as prevalent migratory activity at the basal cell-surface (Fig. 5.9C-

F-actin
C’; Fig. 5.10A,B). Measurements of mean EGFP intensity in non apically-narrowed, apically
narrowed, and migrating (cells with protrusions at the basal leading edge) cell-states were
consistent with a sequence whereby the Neurog3 is rapidly upregulated in association with the
initiation and then progression of a cell delamination process (Fig. 5.9E; Fig. 5.10C). The
delamination process was finalized upon rear detachment of the apical surface-to-lumen
contact (Fig. 5.9D-D’). To independently confirm these observations, we employed a

BAC transgenic dual-reporter line (hereafter referred to as Neurog3®®), which features

Neurog3
chromatin-localized H2B-mCherry and membrane-localized GPI-GFP fluorophores, and can be
used to precisely monitor the cell-morphological transitions occurring during Neurog3-
activation and upregulation (Matt Bechard, Wright Lab, submitted). Focusing on the
membrane-linked EGFP component of the Neurog3®® reporter, and consistent with the
Neurog.’-}EGFP line, at both E14.5 and E17.5 only a rare population EGFPR®'© cells we found (4.7%
at E14.5, n = 295; 2.3% at E17.5, n = 84), and these exhibited a non apically-narrowed shape
(Fig. 5.9G,G’; Fig. 5.10D,D’). EGFPR®™ cells, however, consistently were apically-narrowed (17%

FOCAL

at E14.5, 17.9% at E17.5), or were associated with an F-actin structure and displaying

prevalent migratory activity at the basal surface (~75%) (Fig. 5.9H-I'). Fully delaminated EGFP"®*

endocrine precursors were rounded in morphology, and exhibited full apical-detachment from

EGFP

the Mucl® lumen surface (Fig. 5.9J,)). Thus, Neurog3 and NeurogS’RG reporter lines

independently confirm that Neurog3 transcriptional upregulation occurs concomitant with an

FOCAL

initial step in apical-narrowing (Neurog3'), followed by formation of an F-actin structure

and increased migratory activity at the basal cell surface (Neurog3™) (Fig. 5.9L).
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Figure 5.9. Neurog3-independent apical narrowing and Neurog3-dependent basal migration guide endocrine cell
birth. (A-D’) NeurogBEGFP/ " reporter-expressing cells showing step-wise progression from a non-apically-narrowed
and non-delaminating Neurog3Lo state, to an apically-narrowed (yellow dashed line) Neurog3H' state, an F-
actin®®-associated migrating (blue dashed line) Neurog3H' state, and finally an apically detached delaminated
state. (E) Mean fluorescence intensity measurements (arbitrary units) in typical cells in non-apically-narrowed,
apically-narrowed, or migrating states. (G-J') Neurogs’RG reporter-expressing cells showing similar progression as A-
D’. (K) Mean fluorescence intensity measurements in typical cells in non-apically-narrowed (green), apically-
narrowed (red), or migrating (blue) states. (L,M) Neurog3-expressing cells in the Neurog3EGFP/ " plexus at E14.5 and
E17.5. (N,0) Neurog3-expressing cells in the Neurog3EGFP/ P plexus at E14.5 and E17.5. (P-S) Percentage of
Neurog3H/ cells in non-apically-narrowed, apically-narrowed, and migrating states at E14.5 and E17.5. (T) Mean
fluorescence intensities from non-apically-narrowed (green), apically-narrowed (red), and migrating (blue)

Neurog3-reporting states in Neurog3EGFP/ " and Neurog3EGFP/ £erp epithelium at E17.5. (U) Schematic showing
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Neurog3-independedt and Neurog3-dependent steps in the process of Neurog3-upregulation during cell
delamination from the plexus. Scale bars are 5 um in A-D’ and L-M, 3 um in G-J'.

Endocrine-cell birth proceeds through Neurog3-independent and Neurog3-dependent steps

Neurog3-deficient cells are incapable of undergoing endocrine differentiation and
delamination, but during corrective remodeling of the plexus can upregulate Neurog3. To

understand when during the endocrine commitment process Neurog3 protein function

EGFP/+

becomes required, we analyzed the progression of control (Neurog3 ) and Neurog3

EGFP/EGFP)

protein-deficient (Neurog3 EGPF-producing cells as they moved through the step-wise

process of apical-narrowing, F-actin™ Ot

formation, and basal migration during cell
delamination. In the E17.5 Neurog3-deficient plexus, most EGFP" exhibited an apically-
narrowed shape (84.7% versus 18% in control; n = 90) (Fig. 5.9L-S, Fig. 5.11A). A significant

FOCAL

portion of EGFP™ cells were associated with and apical F-actin structure (41.6%), but these

were reduced in number (41.5% of total EGFP" cells versus 81.7% in control), and the length of

FOCAL

the F-actin structures was reduced compared to control (Fig. 5.11A-D). Importantly, the F-

FOCAL_associated EGFP™ cells did not display prevalent migratory activity at the basal cell

actin
surface, suggesting that the migratory stages of delamination are dependent on Neurog3
protein function. Notably, a portion of the EGFP™ population at this stage exhibited a non-
delaminating phenotype (15.3% in Neurog.?EGFP/EGFP versus 2.3% in Neurog3EGFP/+; Fig. 5.95-U),
which we interpret as cells that have likely previously entered the initial stages of cell
delamination, have upregulated Neurog3, but have failed to retract the cell rear and then
returned to an epithelial-resident state upon delamination failure [80,164]. These data support
a model whereby Neurog3 upregulation is controlled by morphogenetic factors that regulate

apical narrowing and F-actin"“" formation in the plexus, and suggest that later stages of cell

migration and rear retraction require Neurog3 protein function (Fig. 5.9U).
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Figure 5.10. Quantification of Neurog3-expressing states using Neurog3 knock-in and BAC-transgenic reporter

alleles. (A) Quantification of the proportions of non-apically narrowed (green), apically narrowed (red), and
migrating (blue) Neurog3EGFP/ * cells at E14.5. (B) Neurog3™®* cells in a representative z-stack labeled with Mucl at
E14.5. Yellow arrowhead marks non-apically narrowed EGFP'° cell, cyan arrowheads mark apically narrowed
EGFP™ cells, pink arrowheads mark EGFP" cells associated with fully formed F-actin®™?" structures. Scale bar is 20
um. (C,C’) Percentage of non-apically narrowed (green), apically narrowed (red), and F-actin™“"-associated
migrating (blue) Neurog3RG+ cells at E14.5 and E17.5. (D) Diagram of the principle cell-morphological states
associated with Neurog30FF, Neurog3Lo, and Neurog3H' populations, color coded to match A-C'.
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Figure 5.11. Neurog3-deficeint Neurog3H' cells become apically narrowed and form F-actin structures, but do

not migrate from the epithelium. (A) Proportion of Neurog3H' cells that exhibit a narrowed apical surface versus a

Foca EGFE/+ EGFP/* plexus at E17.5. (B) Images of Neurog3™ cells

FOCAL

fully formed F-actin structure in Neurog3 and Neurog3

in Neurog3EGFP/ * pancreata undergoing Neurog3 upregulation during apical narrowing and F-actin -formation.

Note the migratory protrusions at the basal cell surface (dashed cyan lines). (C) Images of Neurog3” cells in

EGFF/EGFP pancreata undergoing Neurog3 upregulation during apical narrowing and F-actinFOCAL-formation.

FOCAL EGFP/+

Neurog3

(D) Measurements of the lengths of typical F-actin
EGFP/EGFP

structures associated with Neurog3H' cells in Neurog3

epithelium at E14.5 and E17.5. Green dashed line indicates the distinction between an apically-
FOCAL

and Neurog3
narrowed surface (below line; apically narrowed length ~ 0.0 um) versus a fully formed F-actin structure (above

line). Scale bars are 7 um in B,C.
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Evidence for nmMyoll as a regulator of plexus morphogenesis

The molecular motor nmMyoll, which is expressed in lla, Ilb, and llc isoforms in mammals, has
known functions in acting on F-actin substrates to drive processes such as apical constriction
and cell delamination, among others [112]. A high immunofluorescence signal for the active,
phosphorylated nmMyoll light chain (p-nmMpyoll, non-isoform-specific) was enriched at the

apical aspect of epithelial cells, in a pattern consistent with localization along the F-actin®"'

meshwork (Fig. 5.12A,B). P-nmMyoll was detected on most Muc1® F-actin™ "

structures, but
showed significant variation in signal intensity (Fig. 5.12C,D), suggesting a dynamic localization
during the delamination process. High levels of p-nmMyoll were also observed in the large
blood vessels of the pancreas (data not shown), and relatively lower levels were observed
throughout the parenchyma. NmMyolla and Ilb isoforms showed high signal in the large blood
vessels of the pancreas, and was seen at lower levels throughout the mesenchyme (Fig.
5.12K,L). We were unable to detect lla and llb isoforms in the epithelium or in EGFP-expressing
populations using the available reagents. Analysis of nmMyolIC using a GFP-fusion line [212],
however, showed surprisingly selective and intense expression throughout the epithelium at
E14.5. This pattern became largely restricted to the non-acinar epithelium by E17.5 (Fig. 5.12E-
H), though there was a relatively low level of expression in differentiating endocrine cells (data

not shown). These data are consistent with roles for nmMyoll activity in mediating epithelial

morphogenesis and cell differentiation in the plexus.
NmMlyoll activity limits plexus-to-duct remodeling and promotes endocrine differentiation

To evaluate potential functions for nmMpyoll in regulating plexus morphogenesis, we isolated
and explanted plexus-enriched segments of E15.5 dorsal pancreata (Fig. 5.13A), and cultured
them in the presence or absence of the nmMyoll inhibitor blebbistatin (BBS) [213]. In control
samples, the plexus maintained gross morphological features indistinguishable from those
observed in vivo over 36 hours of culture (data not shown). Conversely, under nmMyoll-

inhibited conditions we observed a broad, rapid, and reproducible, albeit abnormal,
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Figure 5.12. NmMlyoll isoforms and are expressed and activated in the embryonic pancreas. (A,B) Split channels of
p-nmMyoll along the Mucl® lumen surface at E14.5. (C,D) P-nmMyoll localization along F-actin®?" structures
(vellow arrowheads) in the Neurog3RG line. Mucl and nuclear H2B-mCherry are shown in red, to indicate the lumen
surface of Neurog3-expressing cells. (E) Localization of nmMyollC-GFP fusion in epithelial cells at E14.5. (F-I)
Evidence for enriched co-localization of nmMyolIC-GFP signal with intense phalloidin signal near the apical surface.
(J) NmMyolIC-GFP signal becomes enriched in the non-acinar epithelium by E17.5 (white dashed line demarcates
acinar clusters). (K-L) nmMyolla and b isofoms detected in the parenchyma (main blood vessels and mesenchyme)
of the embryonic pancreas. EGFP signal is from the Neurog3EGFP/ * knock-in strain. Scale bars are 10 um in A,B,E, 5

u#min C,D,F-I, 20 um in J, and 100 um in K,L.
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Figure 5.13. NmMlyoll activity limits apical expansion and plexus-to-duct transformation. (A) Diagram of plexus
explant culture on microporous filters at the air-liquid interface. (B-G) Mucl and Neurog3 immuno-detection in
plexus explant cultured for 18 hours under vehicle-treated or BBS-treated conditions with manual traces of the
epithelium in D and G. Inset shows a sectional plane from G at higher magnification, with DAPI to indicate position
of nuclei around the duct-like structure. (H,l) Dimensions of F-actin®"" in plexus treated with vehicle or BBS. Blue
line indicates the maximum on the y-axis for F-actin®"" dimensions measured in the plexus in vivo. (J-L) Mucl and
F-actin in explants treated with increasing doses of BBS. (M) Diagram showing morphological transformation of the
plexus-state into a duct-like state under conditions where nmMyoll is inhibited. Scale bars are 50 ym in B-G, 30 um

in inset of G, 20 um in J-L.
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transformation of the plexus into a duct-like state (Fig. 5.13B-G). Within the transformed duct-

BELT

like-states, the F-actin meshwork became dilated compared to the untreated plexus (Fig.

5.13H-L), consistent with known roles for nmMyoll in regulating apical domain shape [112].

50 pM BBS

D Plexus-to-duct transformation in vivo (** 2 days, E15.5-€17.5)

E Plexus-to-duct-like transformation ex vivo (E15.5 + 18 hrs)

Figure 5.14. NmMyoll-inhibition causes an abnormal plexus-to-duct-like transformation. (A) Qualities of the normal
plexus-state in un-treated explants. (B-C) Representative images of abnormal plexus observed in BBS-treated
explants. Qualities of the abnormal plexus state include localized sphere-like dilations of the epithelium (yellow
arrowheads), malformations of the terminal acinar lumens (cyan arrowheads), and diminished numbers of F-

FOCAL

actin structures (red arrowheads). Scale bars are 20um. (D) Proposed diagram depicting the plexus-to-duct

transformations observed under normal (in vivo) and (E) nmMlyoll-inhibited conditions. Note the difference in time
scales. (F) Depiction of the process of acinar lumen dilation observed under nmMlyoll-inhibited conditions.

Much of any remaining plexus exhibited abnormal morphological characteristics, such as
dilation of the acinar lumens, luminal distensions at epithelial intersections within the plexus

web (Fig. 5.14A-F). These BBS-mediated effects on the plexus were dose dependent and
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reversible, because an 18 hour washout of the drug resulted in restoration of normal F-actin®""

morphology, except in locations where plexus had become fully transformed into duct-like
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Figure 5.15. Effects of BBS treatment on the plexus are dose-dependent and reversible. (A) Measurements of the
relative Mucl’ pixel area exhibiting full duct-like transformation (red line), or typical abnormalities in plexus state
morphology (blue line). Mucl and F-actin localization in explants grown for 18 hr in DMSO (B), 18 hrs in 25 M BBS
(C), 36 hrs in DMSO (D), or 18 hrs in 25 uM BBS with a subsequent washout and 18 hr culture in DMSO (D). (F)
Dimensions of F-actin®"" in plexus treated with DMSO for 18 hrs (black dots F,G,H) or 25 pM BBS for 18 hrs (red
dots) used as reference for G,H. (G) Dimensions of F-actin®™" in plexus treated with DMSO for 36 hrs (red dots). (H)
Dimensions of F-actin®*"in plexus treated with 25 M BBS for 18 hrs, with a subsequent washout and 18 hr culture
in DMSO (red dots). Blue line indicates the maximum on the y-axis for F-actin®™"" dimensions measured in the plexus

in vivo. Scale bars are 20 ym.
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states (Fig. 5.15A-H). The effect of nmMpyoll inhibition on plexus morphology was not due to
loss of epithelial cell polarity or epithelial cell-cell contact, as aPKC, the primary cilium marker
gamma-tubulin, and Ecad maintained localization at their respective apical and basal-lateral cell
membranes during these experimental time-frames (Fig. 5.16A-F). Interestingly, along the

Mucl® lumen of transformed duct-like-states in BBS treated explants there was a marked

DMSO 50 nM BBS

DAPI v-tubulin

Mucl Ecad

-

Figure 5.16. Apical polarity and cell contact are maintained under nmMyoll-inhibited conditions. (A-D)
Representative images of E14.5 plexus explants treated for 18 hr with DMSO or 50 uM BBS and labeled with the
apical markers Mucl, and aPKC. (E,F) Untreated and treated samples labeled with the ciliary basal-body marker
gamma tubulin, which is normally localized near the aPKC" apical surface of epithelial cells. (G,H) Ecad localization
in epithelial cells from treated and untreated explants. Scale bars are 10 um.

decrease in the number of Neurog3® cells (Fig. 5.13C,F). In these same samples, epithelium
remaining in the plexus-state remained associated with large numbers of Neurog3™ cells. While
Sox9 expression was reduced in the treated condition, there was no change in the epithelial

expression pattern of Pdx1, suggesting that the changes in Neurog3 production were not the
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result of loss of pancreatic identity. Moreover, the transcription factor Prox1, which represents
an epithelial cell marker with known functions in regulating epithelial identity, was unchanged
(Fig. 5.17A-H) [76]. These experiments show that nmMyoll inhibition causes acute
morphological alterations to the plexus and a block in Neurog3 protein production, suggesting
functions for nmMyoll in limiting plexus-to-duct remodeling and promoting endocrine

differentiation within the plexus (Fig. 5.13M).

DMSO 50 nM BBS

Figure 5.17. Selective alterations in epithelial transcription factor expression under nmMlyoll-inhibited conditions.
(A-F) Immunodetection of Sox9 and Pdx1 in plexus explants treated with DMSO or 50 uM BBS for 18 hrs. (G,H)
Expression of Prox1 in plexus explants treated with DMSO or 50 1M BBS for 18 hrs. Scale bars are 10 um.
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ROCK-nmMyoll pathway activity mediates apical narrowing, leading edge migration, and cell

rear retraction in Neurog3-expressing populations

To address how cell morphogenesis influences endocrine cell-fate allocation, we next studied
the effects of two small molecule inhibitors (BBS and Y-27632) on the cell delamination and
Neurog3-activation. BBS inhibits nmMyoll directly by interfering with intrinsic GTPase motor
activity [214], and can thus inhibit all nmMyoll-dependent processes. Y-27632 inhibits ROCK
[215], which is known to limit cell migration (depending on the cell type) by modulating actin
filament stabilization and nmMpyoll activity [146], and is also required for cell rear retraction
[153]. Using the NgnS’RG—reporter line, explants treated with BBS showed reductions in
Neurog3®®* populations along the Mucl® lumen, consistent with the reductions of Neurog3®
cells observed in wild-type explants by immunodetection (Fig. 5.18A-D;Fig. 5.19A-F). In
epithelium where Neurog3"®* cells remained (likely due to reporter-protein purdurance in cells
that had already begun the Neurog3-upregulation process), quantification of the proportion of
non-apically narrowed, apically-narrowed, and migrating RG" cells indicated a shift toward a
non-apically narrowed state, and a flattened cell shape, with little to no migratory activity at
the basal cell surface (Fig. 5.18G,G’). There was also a reduction in Mucl® F-actinfo“At
structures, and the lengths of those remaining were decreased relative to control (Fig.
5.18H,H’). These results are consistent with a requirement for nmMyoll activity in mediating
apical-narrowing, F-actin"“" formation, and basal migration steps during cell delamination and

Neurog3 upregulation.

ROCK-inhibition, like nmMyoll inhibition, had several effects on tissue and cell morphology in

the plexus. Contrary to BBS, Y27632-treated explants showed no evidence of plexus-to-duct-like

RG+

transformation, or any apparent decrease in Neurog3""" cells along the Mucl® lumen (Fig.

5.18E,F,G”). Rather, the plexus was maintained in association with numerous delaminating

RG+ RG+

Neurog3™" cells. The morphology of the Neurog3™" cells themselves, however, was altered.
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Figure 5.18. ROCK-nmMyoll pathway activity mediates steps in endocrine cell birth. (A-F) Mucl® and Neurog3™®
cells in plexus explants treated with DMSO, BBS, or Y-27632 for 18 hrs. Mucl® F-actin®" structures are shown by
yellow arrowheads. Note the reductions in apically-narrowed and migrating populations in the BBS treated
condition. (G) Proportions of non-apically-narrowed, apically-narrowed, and migrating Neurog3-expressing
populations in explants treated with DMSO, BBS, or Y27632. (H) Diagram of non-apically-narrowed, apically-
narrowed, and migrating Neurog3-expressing cells shown in G, and outlining the effects of nmMpyoll versus ROCK
inhibition on the endocrine cell birth process. (I-1”) Measurements of the lengths of typical F-actin™%" structures in
explants treated with DMSO, BBS, or Y27632. Green dashed line indicates the distinction between an apically-

FOCAL FOCAL

narrowed surface (below line; F-actin length ~ 0.0 um) versus a fully formed and lengthened F-actin

structure (above line). (J) Quantification of the defect in tail retraction observed in Y-27632- treated explants by
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EdU pulse-chase. (K-N) Representative images of EdU-labeled RG" cells exhibiting attached (blue arrowheads) or
detached (pink arrowheads) cell rears. Scale bars are 20 um.

Consistent with known functions for ROCK in limiting protrusive migratory activity at the
leading edge of migrating cells, most ROCK-inhibited Neurog3®®* cells were elongated in shape,
and displayed augmented protrusions at their basal cell surface (Fig. 5.19A-I). Live imaging of
pancreatic explants cultured on fibronectin, in the presence or absence of BBS or Y27632,
confirmed that nmMyoll inhibition reduced leading edge protrusive activity, while ROCK-
inhibition augments leading edge protrusive activity (Fig. 5.20). ROCK-inhibition increased the

FOCAL structures distributed across the plexus, suggestive of a

number and lengths of F-actin
known defect in cell rear-retraction caused by reduced ROCK activity [148]. We tested and
confirmed defective cell rear-retraction using EdU pulse chase methodology. Briefly, replicating
progenitor cells incorporate EdU at S-phase, and then differentiate into delaminated endocrine
cells over an estimated 17-18 hour period on average [211, Chapter IlI]. After a one hour
injection of EdU into pregnant dams, pancreas was harvested from E13.5 embryos and explants
cultured in the presence or absence of ROCK-inhibitor for 18 hours. If ROCK-inhibition causes a

RG* cells remaining

defect in cell retraction, then we predict a relative accumulation of Neurog3
attached to Mucl® lumen in the ROCK-inhibited condition, whereas EdU* Neurog3"®* cells in
untreated explants should be able to retract their cell rear and complete epithelial
delamination. Z-stack volumes (~ 20 um thick) of EdU pulse-labeled RG" cells were acquired so
that attached and detached states could be unambiguously scored. In DMSO treated explants,
63.4 + 3.1% of RG" cells were attached to the lumen, 30.6 + 3.9% were detached, and 7.0 +
1.0% could not be definitively categorized as attached or detached (Fig. 5.18J-L). In Y-27632
treated explants, 86.6 + 3.1% of RG' cells were attached to the lumen, 4.8 + 2.9% were
detached, and 8.6 * 2.7% could not be definitively categorized as attached or detached (Fig.
5.18J-N). Collectively, these data indicate that ROCK has functions in limiting protrusive
migration at the basal surface during the early stages of endocrine cell birth, and then functions
to direct retraction of the cell rear from the apical lumen surface upon completion of
delamination. Thus, ROCK-nmMyoll pathway dynamics mediate multiple steps in cell
delamination during endocrine cell birth by regulating initial apical narrowing and F-actin o

formation, basally directed cell migration, and cell rear retraction.
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E15.5 plexus explant, DMSO-treated

E15.5 explant, 10 LM Y27632

GFP-GPI

Figure 5.19. ROCK-nmMyoll pathway inhibitors influence luminal expansion, apical narrowing, and basal

RG+

migration processes during Neurog3 activation and upregulation. (A) Mucl® lumen and Neurog3™®" cell

morphology in untreated, BBS-treated (B-E), and Y27632-treated (F-1) explants. Scale bars are 15 um.

nmMyoll activity mediates escape from Notch signaling

Comparison of the numbers of Neurog3® over Neurog3'Mucl'DAPI" cells in the epithelium of
pancreatic explants treated with BBS or vehicle showed a near 50% reduction in Neurog3™ cells
in the BBS-treated condition, indicating that Neurog3 activation and upregulation is blunted

under conditions where nmMpyoll is inhibited (Fig. 5.21A-B’,E). Because Notch signaling is also
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DMSO Y27632 BBS

Ngn3.H2BmCherryGFpe

Figure 5.20 Live imaging of explants treated with ROCK-nmMyoll pathway inhibitors confirms alterations to apical
narrowing, basal migration, and Neurog3 upregulation. E12.5 Neurog3RG pancreata were grown for 24 hours on
fibronectin coated Met-Tek dishes. DMSO, 10 uM Y27632, and 10 uM BBS were applied for an additional 24 hour
period, while explants were subjected to live imaging. (A-E) One hour snapshots from live imaging during
delamination of Neurog3RG cell in DMSO treated condition. (F-J) One hour snapshots from live imaging during
delamination of Neurog3"® cell in Y27632 treated condition. (K-O) One hour snapshots from live imaging during
delamination of Neurog3RG cell in BBS treated condition. Green arrowheads demarcate the apical domain, and blue
arrowheads demarcate the basal leading edge, of individual Neurog3-expressing cells.

known to block Neurog3 activation, we hypothesized that nmMpyoll might function, at least in
part, to mediate escape from Notch. To test this, we cultured explanted plexus in the presence
of the Notch inhibitor DBZ [170], or BBS and DBZ together (BBS was applied 6 hr before DBZ),
and scored (total Neurog3®)/(total Neurog3'Mucl'DAPI’) cells in each condition. Consistent
with previous reports, pharmacological inhibition of Notch pathway activity in pancreatic
explants caused much of the pancreatic epithelium to become Neurog3® (Fig. 5.21C,C,E)
[72,80]. In explants treated with both BBS and DBZ, Neurog3” cells were increased relative to
DMSO and BBS treated conditions (Fig. 5.21D-E. These results indicate that the block in

Neurog3-activation observed in nmMpyoll-inhibited conditions can be bypassed through
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inhibition of Notch, and suggest that nmMyoll activity mediates escape from repressive Notch

signals.

A ROCK-nmMyoll, Notch and Neurog3 gene-dosage circuit regulates cycles of endocrine cell

birth

A previous study showed that the upregulation of Neurog3 to high levels is required for full
commitment to the endocrine lineage [69]. Cells that are genetically hypomorphic for Neurog3
are more prone to being maintained in the Sox9 epithelium in a Neurog3'© state than their wild
type counterparts, which rapidly progress to a delaminating Neurog3HI state. We thus utilized

EGFP/EG FP)

an allelic series comprised of Neurog3 nullizygous (Neurog3 , hypomorphic

EGFP/flox EGFP/+)

(Neurog3 ), and control (Neurog3 conditions to dissect the relationship between

ROCK-nmMyoll, Notch, and Neurog3 gene dosage functions during the process of endocrine

EGFP

birth. To do this, we analyzed reporter activation (from the Neurog3 ™" allele) in explants from

each genetic condition, and that were treated with ROCK inhibitor, Notch inhibitor, or both in

EGFP/EGFP explants, where the vast majority of the plexus is EGFP',

combination. In Neurog3
neither ROCK inhibition, Notch inhibition, nor both in combination was sufficient to cause
upregulation of Neurog3 to high levels (Fig. 5.21F-1,Q,R). Because Notch signaling is already
reduced in this genetic condition [72,211], these results are consistent with the notion that
Neurog3'® state is acquired in part through escape from Notch, but that escape from Notch is
not sufficient to generate Neurog3™ cells when Neurog3 protein is absent. In explants from
Neurog3 hypomorphs, there was a significant increase in the number of EGFP™ cells in the
Sox9" epithelium, and a significant decrease in the numbers of Sox9 EGFP™ cells, similar to what
has been previously shown [69]. In ROCK-inhibited hypomorphic explants, however, we
observed a large increase in Sox9'EGFP" cells, and a corresponding decrease in Sox9*EGFP'°
cells (Fig. 5.21J,K,Q,R). This indicates that ROCK-inhibition can convert Neurog3LO cells into
Neurog3™ cells when Neurog3 gene dosage is limiting. DBZ treated hypomorphic explants also

showed increased EGFP" cells relative to the DMSO-treated condition, indicating that if

Neurog3 protein is present, escape from Notch results in upregulation of Neurog3 to high levels
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Figure 5.21. ROCK-nmMlyoll, Notch, and Neurog3 gene dosage regulate the progression of cells through Neurog3-
expressing states.(A-D’) Immunodetection of Mucl and Neurog3 protein in E15.5 Neurog3RG+ pancreatic explants
treated with DMSO, 25 uM BBS, 20nM DBZ, or BBS and DBZ. BBS was applied for an 18 hour period. DBZ was
administered 6 hour into the culture period, for a total DBZ culture period of 12 hours. Quantification of the number
of Mucl1®, DAPI" (not shown) cells that are Neurog3™ in each condition (n = 3 for DMSO and BBS, n = 2 for DBZ and
DBZ + BBS). Approximately 30% of each explants was scored for each condition, the numbers of each cell state were
summed, and averaged between each explant for each condition. (F-I) Inmunodetection of Mucl, EGFP, and Sox9
(not shown) in E13.5 Neurog3 ™/ " explants treated with 10 mM Y27632, 20 nM DBZ, or Y27632 and DBZ for 18
hours. (J-L) E13.5 Neurog3EGFP/ﬂ°X explants treated and analyzed according to F-H. (M-P) Immunodetection of Mucl,
EGFP, and Sox9 in E13.5 Neurog3EGFP/ " explants treated according to F-I. (Q) Quantification of endocrine-committed
EGFP"'Sox9- cells over total Sox9" cells in 40x z-stack images (~20 um thick) Neurog3EGFP/ﬂ°X explants treated with
DMSO, Y27632, or DBZ. (R) Quantification of the number of Sox9" cells activating EGFP in Neurog3EGFP/ * explants
treated with DMSO, Y27632, DBZ, or DBZ and Y27632. For Q and R, three explants were imaged (~30% of total
explants by serial thick sections), numbers of cells were scored and summed for each image, and individual images

for each condition were averaged. Error bars are S.E.M. Scale bars are 20 um for A-D’, and 10 um for F-P. Blue lines
demarcate acinar clusters. N.D. No Data.
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(Fig. 5.21L,Q,R). Finally, in the Neurog.’-:’EGFP/+ condition, explants treated with ROCK inhibitor
showed only a minor increase in the number of EGFP" cells relative to the untreated condition
(Fig. 5.21M,N,R), indicating that ROCK inhibition is not sufficient to increase endocrine
differentiation under normal genetic conditions. This suggests that the effect of ROCK inhibition
in pushing cells toward the Neurog3HI state (observed in ROCK-inhibited Neurog3 hypomorphs)
might be limited by the number of Neurog3HI cells. We thus hypothesized that the pro-
endocrine effect of ROCK inhibition could be limited by Notch-inhibition from Neurgo3™ cells.
Consistent with this notion, administration of ROCK and DBZ together resulted in activation of
Neurog3 in the vast majority of the plexus (Fig. 5.210-R). These collective results indicate that
ROCK-nmMyoll, Notch and Neurog3 gene activities together orchestrate the progression of

cells in the plexus through sequential Neurog3 expressing states during endocrine-cell birth.
Adaptive self organization in the plexus confers a robust endocrine differentiation program

The data presented thus far indicate that Neurog3 activity influences epithelial plexus
morphogenesis, and that morphogenetic inputs within the plexus, such as ROCK-nmMpyoll,
influence Neurog3 activity. We therefore hypothesized that, together, endocrine differentiation
and plexus morphogenesis processes feed-forward to confer robustness on the endocrine
lineage allocation program. To test this, we quantified and compared the relative numbers of

EGFP™ cells being born from the plexus (by measuring total EGFP™/Sox9" cells), during a time

EGFP/+

course (E13.5, E16.5, and E18.5) for normal plexus remodeling (Neurog3 ), for Neurog3-

EGFP/EGFP

deficeint corrective plexus remodeling (Neurog3 ), and for an experimental condition

wherein the plexus is supplemented with a sub-commitment dose of Neurog3 (NeurogSEGFP/ﬂ°X)

[69]. In Neurog3EGFP/+ pancreata, endocrine differentiation was robust and prolonged during the

EGFP/EGFP .
GFP/EG pancreata, the early and pervasive

entire course of secondary transition. In Neurog3
defects in Neurog3 upregulation became progressively, but only partially rescued by E16.5 and
E18.5, confirming that Neurog3 dependent processes are necessary for a full restoration of

Neurog3 upregulation in the plexus. In Neurog3 /1"

pancreata, the early and pervasive
defects in Neurog3 upregulation became progressively, and then completely rescued to normal

levels by E18.5. These results indicate that in addition to the feed-back functions for Neurgo3 in
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limiting its own expression domain via Notch, there are also feed-forward functions for

Neurog3 that promote endocrine differentiation from within the remodeling plexus-state.
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Figure 5.22. Adaptive self organization in the plexus confers a robust endocrine differentiation program.
Immunodetection of Mucl, EGFP, and Sox9 (not shown) during a time-course for plexus remodeling in thick-

sectioned (30 um) Neurog 3EGFP/+, N eurogngFP/EGFPI and Neurog gEGFP/flox

pancreata. (J) Quantification of delaminating
endocrine committed EGFP™'Muc1'Sox9 cells over total Sox9'EGFP cells at each stage. Images of plexus were taken
FGFP/* = 11, 10, and 9 images for E13.5, E16,5 and E18.5;
=12, 10, and 9 images for E13.5, E16,5 and E18.5; Neurog3™"""™ = 9, 11, and 14 images for E13.5,

E16,5 and E18.5, respectively). Error bars are S.E.M. Scale bars are 15 ym in A-I.

from n = 3 pancreata at each stage (Neurog3
Neur0g3EGFP/EGFP
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Discussion

In studying the molecular and genetic control of epithelial-plexus remodeling and Neurog3
activation during the pancreatic secondary transition, we arrive at a new model for how
epithelial morphogenesis, progenitor maintenance, and lineage differentiation are integrated
to direct the allocation of pancreatic duct/endocrine tissues. In the absence of Neurog3-
dependent differentiation, delamination, and Notch-pathway activities, essentially all
progenitors in the plexus are maintained in an ‘equivalent' state of low Neurog3 expression.
This Neurog3'™© plexus-state is dependent on nmMyoll activity, because in normal tissue
nmMyoll inhibition results in an epithelial transformation into non-plexus duct-like states, and
causes an acute and early block in Neurog3 activation. The transition from the Neurog3'° to a
Neurog3"" state is controlled by an nmMyoll-dependent narrowing of the apical cell-surface,
which represents the initial step in a cell-delamination program that is specified within the
plexus upstream of Neurog3. Later steps in delamination include basal migration and epithelial
exit, which are nmMyoll-dependent, Neurog3-dependent, and limited by ROCK. ROCK activity
gates the transition of the Neurog3'® to the Neurog3"' state, because its inhibition can promote
both basal migration and Neurog3 upregulation under conditions where Neurog3 is limiting.
Finally, differentiating endocrine cells exert multiple feedback effects on the epithelium to
locally repress endocrine differentiation, but also to augment endocrine lineage allocation from
the plexus as a whole. We propose endocrine differentiation and plexus morphogenesis
programs cross-regulate one another to both achieve and maintain a physiologically optimized
rate for the allocation of duct and endocrine tissues. In this manner, progenitors assembled and
maintained in the plexus can make enough cells, the right type of cell, and place these cells in

the right place and at the right time during organ formation.
Tissue morphogenesis mediates acquisition of states of Neurog3 activation

Our data suggest that states of Neurog3 activation are controlled within the plexus, at least in
part, through regulated changes in cell morphology. In the absence of Neurog3, the normally
heterogeneous spectrum of cells’ apical domain shapes observed within the plexus becomes

misconfigured toward a relatively homogeneous and uniformly ‘circular’ state. This
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reorganization of epithelial structure is associated with a broad acquisition of the Neurog3"

OFF states (E12.5-E15.5). During late-stage

state, and a loss of both the Neurog3™ and Neurog3
‘corrective remodeling’ of the dysmorphic Neurog3-deficeint epithelium (E16.5-E18.5), the
spectrum of apical domain shapes is observed to progressively reconfigure toward a more
normal configuration. As this occurs, cells moving into the Neurog.?»’HI state are observed
throughout the plexus, and appear to form in association with a process of apical narrowing

and basal displacement.

Apical narrowing or basal displacements have been previously proposed mechanisms for how
epithelial progenitor populations escape from repressive Notch signals [218,245,246]. Our data
showing that Notch inhibition does not induce Neurog3™ cells in the dysmorphic Neurog3-
deficient plexus explants at E13.5, however, combined with our data showing that Nuerogé’HI
cells form in the correctively remodeled Neurog3-deficient plexus from E16.5-E18.5 in vivo, rule
out that Notch or Neurog3 are required for the conversion of the Neurog3' state to Neurog3™.
We suspect, rather, that an nmMpyoll-dependent process of apical narrowing and basal
displacement, which is specified periodically within the normal plexus state, mediates (in
addition to escape from Notch) the exposure of individual progenitor cells to a pro-endocrine
cue(s) located at or near the basal ECM. NmMyoll inhibition blocks Neurog3 activation in
normal explants, and consistent with a role for nmMpyoll in mediating escape from Notch,
administration of the Notch-inhibitor DBZ to nmMpyoll-inhibited explants results in activation of
Neurog3. The degree of Neurog3 activation, however, is reduced in comparison to explants
treated with DBZ alone, suggesting that nmMyoll also mediates access to a pro-endocrine
cue(s). The idea that states of Neurog3 activation might be mediated by apical versus basal
positioning within the epithelium, is in line with a previous study showing that the cell polarity
determinant Cdc42 plays important roles in regulating epithelial tubulogenesis as well as
endocrine differentiation in the pancreas [25]. We envision that further investigations in the
polarity regulators such as Rho and Rac, which have known functions in regulating actomyosin
contractility [109-125], actin dynamics [128,132-134], and apical versus basal polarization in
numerous cell types [146,147], could provide new entry points into dissecting the

morphogenetic regulation of endocrine cell birth. The idea that ROCK, which is activated by Rho

148



and has been shown in some cell types to inhibit cell migration [140,146,150-154], limits the
conversion of Neurog3® to Neurog3™ cells in Neurog3 hypomorphs, is consistent with the
notion that cell polarity pathways represents important mediators of endocrine fate allocation
in the pancreas [25,259,260,261]. Collectively, these data support the concept that provided
the right environmental conditions, small molecule manipulations on the activity of
morphogenetic determinants could be a productive avenue toward guiding cell fate transitions
during the artificial directed differentiation of embryonic stem cells toward the endocrine

lineage.
Transcriptional determinants of cell fate regulate tissue and cellular morphogenesis

Tissue-specific inactivation of transcriptional regulators — such as HNF1b [74], HNF6 [73], Prox1
[75,76] Neurog3 [72,211], and Pdx1 [13,258] — in the pancreatic epithelium all cause epithelial
malformations concurrent with defects in endocrine cell lineage allocation. While the
interpretations of these phenotypes have been based largely on direct transcriptional effects at
promoter targets such as Neurog3, they are equally consistent with the idea that alterations to
epithelial morphology can preclude efficient engagement of the endocrine-differentiation
program. In animals deficient for Pdx1, which is a master regulator of pancreas formation and
lineage specification, early dorsal evagination from the foregut, cell polarization, and
microlumen-formation all occur [24,258], but there is a complete failure in pancreas-specified
cells to subsequently assemble into a plexus. Thus, transcriptional regulators of cell fate are
likely to have both direct and indirect roles in building and regulating precise states of tissue
architecture, which in turn mediate the placement of the right types and numbers of organ
specific lineages. In the future, a movement toward building increasingly integrated network
models linking epithelial morphogenesis, gene transcription, and intracellular signaling as
obligatory principle components of a larger “niche-framework” will improve our understanding
of how specificity, robustness, and heterogeneity in multicellular behaviors are achieved during

organ self-assembly.
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Feedback control of progenitor maintenance, differentiation, and morphogenesis within a

transient niche during organogenesis

While the structure and function of stem-cell niches in homeostatic and regenerative systems
[2,3,4,5,6] are becoming relatively well understood, the transient nature of organ-specific
progenitors, and the complexity underlying the process of organ formation itself, has hindered
our ability to build niche-based paradigms for how organ progenitors are regulated. Our data
suggest that the epithelial plexus represents a niche for differentiating endocrine cells, and that
differentiating endocrine cells represent a type niche ‘support cell’ for the epithelial plexus. In
line with this, our studies and others have shown that Neurog3 functions not only as an
endocrine lineage determinant and effector of Notch [34]. Rather, Neurog3 has broad functions
in influencing multiple developmental programs in the plexus. These include supporting robust
progenitor replication, regulating gene expression patterning, maintaining undifferentiated
progenitors, shaping and maintaining a precise multicellular architecture of the plexus state,
and stimulating endocrine differentiation [72,80,211]. While the mechanisms that directly or
indirectly link these multiple processes together remain to be defined, it appears they are all
guided by, or responding to, the Neurog3-dependent process of endocrine cell birth. Thus,
Neurog3 represents an executive feedback-determinant that instructs multiple developmental

processes within the plexus.

Within the plexus, we proved evidence that a feedback-control circuit comprised of
ROCK/nmMpyoll, Notch, and Neurog3 gene dosage integrates differentiation, growth, and
epithelial morphogenesis. This circuit functions to regulate the timely progression of cells from
the plexus into a delaminating endocrine-committed state, and directs an appropriate growth,
gene expression patterning, and morphogenesis in the plexus progenitor pool. We suspect that
the process of cell delamination itself may represent a major contributor to the feedback
effects than Neurog3 expressing cells exert on the epithelial environment. Conceivably, cell
delamination could influence the developmental properties of the plexus through the
transmission of mechanical cues [223-231,242-244], through the regulation of density

dependent growth [232-234], the cell-cycle dependent regulation of transcription factor
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stability [235-238], and/or through the sub-cellular trafficking of signaling molecules such as
Notch ligands/receptors [216,217], among others. Another particular point relevant to
feedback-control in the plexus is our observation that a Neurog3-dependent and pro-endocrine
‘community effect’” [79] appears to promote a sustained and robust population-level flux
toward the endocrine lineage. This suggests that the feedback mechanisms regulating
endocrine progenitor growth, differentiation, and morphogenesis, are carefully metered to run
at an optimal rate, and are capable of adaptively self organizing within the plexus to achieve
and maintain a necessary level of productivity [240,241]. Understanding the minimum
requirements necessary to stimulate this intrinsic property of self-organization within a
multicellular context could be critical in moving forward artificial directed differentiation

protocols for the study and treatment of diabetes.
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CHAPTER VI
SUMMARY OF MAIN FINDINGS AND CONCLUSIONS
The plexus is an epithelial niche for pancreatic endocrine progenitors

Our mapping and kinetic analyses on endocrine-progenitor dynamics showed that endocrine
cells are continually born from a transient, but long-lived, epithelial intermediate comprised by
the plexus state. Our measurements indicate that the bulk of the endocrine lineage is born
from the plexus, that the plexus allocates roughly one-quarter to one-third of its cell mass
toward the endocrine lineage every twelve hours, and that this endocrine differentiation “flux’
is balanced by a roughly twelve-hour cell cycle in the Sox9" progenitors that remain behind in
the growing, remodeling epithelium. Our in utero Notch-inhibition studies indicate that cells in
the plexus are maintained in a Notch-responsive state and are, as a population, poised to
activate Neurog3 upon escape from Notch-mediated repression. As the plexus undergoes its
later-stage maturation and becomes remodeled into non-plexus states — that is, ducts and
ductal branches — the window for endocrine lineage allocation becomes closed. Thus, the
plexus represents a highly dynamic epithelial niche wherein endocrine progenitors are
assembled and maintained, and where their growth and differentiation properties are

regulated, during the process of pancreas organogenesis.
Newly born endocrine cells are ‘support cells’ for the plexus niche

Our studies on the manifold consequences of Neurog3 deficiency on progenitor growth, gene
expression patterning, and epithelial morphogenesis in the plexus suggest that Neurog3 is not
simply an endocrine fate determinant and effector of Notch signaling. Rather, our data suggest
that Neurog3 functions broadly as a feedback determinant whose expression is tightly
responsive to, but at the same time also instructive in, multiple aspects of the developmental
programs that occur within the plexus. Neurog3-dependent processes support robust
replication in the Sox9" epithelium, diversify gene expression (which includes non-autonomous

OFF

regulation of the Neurog3-'", Neurog3LO, and Neurog3™ states), and shapes, maintains, and

propagates the plexus tissue from which duct and endocrine tissues are derived. Consequently,
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when Neurog3 is removed from the system, developmental programs of morphogenesis,
differentiation and growth become mis-regulated, the diversity of cellular states within the
epithelium is lost, and the plexus regresses into what appears to be a relatively inert ‘ground
state’. Therefore, we propose that the differentiating endocrine cell represents a type of niche
‘support cell’ for the plexus. We believe this is consistent with the concept that during
development, transient ‘support cells’ regulate organ-specific progenitor states that are

assembled, maintained, and regulated within interim niche environments.
Endocrine cell-fate allocation is guided by the plexus morphogenesis program

We have shown that at both tissue and cellular scales, specific states of epithelial cell
morphology are associated with specific states of Neurog3 activity. We find that the transition
along the spectrum of Neurog3 OFF-LO-HI is associated with a progressive apical narrowing and
focalization of the cell’s apical domain, which represents the first phase in an epithelial
delamination process that is specified within the plexus. Possibly our most interesting finding in
this respect is that, even in the absence of Neurog3 protein, cells in the plexus that undergo this
initial step in cell delamination activate Neurog3 gene expression to high levels. This suggests a
new model where endocrine cell-birth is initiated by morphogenetic transitions that are
encoded intrinsically within, and possibly patterned by, the plexus morphogenesis program. We
propose that an optimum efficiency rate for endocrine-cell production from the epithelium
requires that tight epithelial and cell-morphological constraints be imposed and maintained

within the plexus.

Cycles of endocrine-cell birth are governed by a ROCK-nmMlyoll, Notch, and Neurog3 gene

dosage circuit
We have used an allelic series for Neurog3 gene dosage, comprised of Neurog3EGFP/EGFP (null),

EGFP/fl EGFP/+

Neurog3 (hypomorph), and Neurog3 (heterozygous) conditions, to demonstrate the

sequential requirements for ROCK-nmMyoll, Notch, and activity thresholds of Neurog3 in
guiding the process of endocrine cell birth. We show that ROCK-nmMyoll, Notch, and Neurog3
represent three principal components in a regulatory circuit governing the step-wise and re-

OFF

iterative progression of cells through Neurog3°™, Neurog3'®, Neurog3", and delaminated
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endocrine precursor states. Importantly, we show that at every transition point along this
progression (OFF-LO, LO-HI, Hl-delaminated), each of these principle components requires a

OFF-LO

change in the activity of one or both of the other components. Briefly, Neurog3 and

LO-HI

Neurog3 require nmMpyoll-activity and escape from Notch, but do not require Neurog3.

Escape from Notch is sufficient to cause Neurog3'®™

only in the presence of Neurog3, and
nmMpyoll activity is largely dispensable in this context. ROCK inhibition can cause the Neurog3L0'
" conversion in the presence of even low doses of Neurog3, but like Notch, cannot do so in the
complete absence of Neurog3. ROCK activity is required again at the Neurog3""deieminated
transition to regulate retraction and detachment of the cell’s rear from the apical surface,
which similarly requires Neurog3. Finally, we provide evidence that successful completion of
rear-surface retraction is important for disengaging Notch-mediated repression from the
Neurog3"|I state. Thus, ROCK-nmMyoll, Notch, and Neurog3 threshold-based functions are
mechanistically coupled to, first, guide the cell-autonomous process of endocrine cell birth and,

second, to mediate the deployment of Neurog3-dependent feedback influences that regulate

both the form and function of the plexus niche.
Adaptive self-organization of organ growth, morphogenesis, and differentiation in the plexus
According to Jamie A. Davies’ Mechanisms of Morphogenesis [240]:

“The addition of feedback to a self-assembling system gives it a property far more powerful
than mere self-assembly. This property is referred to as ‘adaptive self-organization’. Systems
that show adaptive self-organization can arrange their structures in ways not simply dictated by
the properties of the structures’ subunits, but also according to the unpredictable environment

in which they find themselves [240].”

Our investigations suggest that differentiation, morphogenesis, and progenitor growth
processes are coupled through feedback-control mechanisms to regulate the self-assembly of
the duct and endocrine pancreas. Our analyses on Neurog3 gene activation and expression
upregulation (OFF-LO-HI) as a function of normal (E13-E18.5; Neurog3EGFP/+), abnormal (E13.5-
E15.5; Neurog3 EGFP/flox & EGFP/EGFP), or “corrective” plexus remodeling (E16.5-E18.5; Neurog3
EGFP/flox & EGFP/EGFP

), indicate that there are cross-regulatory interactions administered between
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the plexus morphogenesis program and the endocrine differentiation program, that are
designed to both achieve and maintain a physiologically optimized ‘run rate’ for the
developmental processes that result in the proper allocation of duct and endocrine tissues.
While the molecular and cell-biological details of these feedback mechanisms remain to be
investigated (discussed below), we propose that the tight integration between plexus form and
plexus function reflect a genetically encoded, robust, and adaptive organ ‘self-assembly’
program that is deployed within the confines of a highly organized niche. In this manner, the
developmental program of the pancreas ensures that enough cells, and of the right types, are

distributed at the correct place and time as duct and endocrine tissues are generated.

155



CHAPTER VII
FUTURE DIRECTIONS
A working model for duct/endocrine pancreas formation

In studying the regulation of the expansion of the endocrine-progenitor population, its
differentiation, and morphogenesis during the secondary transition, we have arrived at a new
working model for how pancreatic duct and endocrine tissues are formed from a plexus niche
during pancreas organogenesis. In the absence of Neurog3-dependent feedback, essentially the
whole plexus assumes an abnormal ‘ground state’ where essentially all progenitors exhibit sub-
commitment levels of transcriptional activity at the Neurog3 promoter (Neurog3'). Alterations
to the morphology of cells within this ‘ground state’ result in changes in Neurog3
transcriptional activity. Cells which are instructed to initiate basally directed delamination will
activate Neurog3 to high levels, whereas cells that undergo flattening and apical expansion will
turn off Neurog3 and adopt a duct cell fate. In the Neurog3-deficient plexus, upregulation of
Neurog3 only occurs during late-gestation when the plexus has moved well into a phase of
autonomous ‘corrective remodeling’ to form a more ‘normal’ epithelial architecture. While
Neurog3 protein is not required for cells to initiate the first part of the delamination program
and to upregulate Neurog3 in this context, later steps in leading-edge protrusive/exploratory
behavior, rear retraction, and epithelial exit require Neurog3. Neurog3 functions cell-
autonomously to drive the process of endocrine cell birth from the plexus, and non-cell-
autonomously to regulate tissue morphogenesis, progenitor growth, and gene expression
patterning within the plexus. The collective functions for Neurog3 ensure that a ‘normal’ plexus
state is assembled, maintained and propagated over time, and as the organ grows substantially
in size, to ensure a processive allocation of endocrine cells for the duration of the secondary

transition.
On the fundamental unit(s) of endocrine cell birth

In his book Self-Organization in Biological Systems [241], Scott Camazine writes: “In biological

systems self-organization is a process in which global patterns in a system emerge solely from
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numerous interactions among the lower-level components of the system. The rules specifying
interactions among the system’s components are executed using only local information,

without reference to the global pattern.”

The concept of self-organization (in terms of what one defines as ‘global patterns,” ‘lower-level
components of a system,” and ‘local information’) is directly relevant to how we will need to
approach future investigations into the cell-biological regulatory mechanisms and networks of
regulatory mechanisms that function within the plexus niche. A central tenet of our “Niche
Framework” model was that the developmental programs guiding organ formation must be
coupled by feedback mechanisms that are deployed within organized “units” of cells. In an ideal
case, each organized “unit” of cells would comprise a “fundamental unit” of endocrine-cell
birth. Our data suggest that, by a relatively loose definition, the plexus as a whole can be
considered a ‘fundamental unit’ of endocrine-cell birth. This definition, however, does not
account for the possibility that there may be ‘sub-units’ of cells tiled within the plexus that
themselves can function independently as niche-environments for endocrine progenitors.
Below, | propose several lines of investigation that could shed light on what are the basic,
minimum requirements for a functional “fundamental unit” that can drive cycles of endocrine-
cell birth. First, | discuss how we might come to understand what collections of factors lead to
specification of a single NeurogS'HI state in the plexus when Neurog3 is absent (endocrine-cell
birth initiation). Second, | focus on how we might move towards a better definition of the
nature and scale of the intra-epithelial feedback that individual endocrine-cell birth events
exert on the surrounding microenvironment. Last, | discuss how it might be incorrect to
conceive of a ‘fundamental unit’ of endocrine-cell birth as a stable (or perhaps metastable),
long lived, and independently functioning group of cells that is patterned in neat units
throughout the epithelium. Rather, we propose that the ‘fundamental unit’ of endocrine-cell
birth might be best represented as an interconnected multi-cellular field of somewhat
interdependent subunits. In this case, morphogenesis, growth, and differentiation signals are
relayed and sensed between subunits by a precisely geared and extensive ‘community effect’
[79] within the tissue, which is designed to achieve and maintain an efficient and optimized rate

of endocrine birth and progenitor growth.
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LO-HI

Initiation of Neurog3 in the Neurog3-deficient condition

In the absence of Neurog3 and all Neurog3-dependent feedback effects on the epithelium, the
plexus assumes a ‘ground state’ (discussed above) wherein essentially all cells have become
more phenotypically ‘equivalent’ (for instance, all cells become Neurog3'°). Although this
‘ground state’ is an abnormal condition, it represents an extremely powerful system for
interrogating how pro-endocrine niche environments are built, and how they operate, within
the plexus. We showed that numerous and scattered populations of cells can upregulate
Neurog3 to high levels in the absence of Neurog3 protein function, but that this process
appears to require the initially morphologically abnormal ‘ground state’ to undergo ‘corrective
remodeling’, and a process of apical-narrowing and basally-directed epithelial displacement.
Thus, in both a local and global sense, there appear to be precise morphological constraints
imposed within the plexus that are important for moving cells from Neurog3'° through to
Neurog3™ states. A major point of interest here centers on understanding what causes a cell
within the ‘ground state’ to decide to initiate apical-narrowing, basal displacement, and
Neurog3"'. We have shown that Notch inhibition is not in and of itself sufficient to drive this
process in the absence of Neurog3 (Chapter V). We suspect, rather, that there are specific types
of Neurog3-independent cellular re-arrangements that precede and then guide the transition to
the NeurogS'HI state. One important future direction will be to understand the patterns of cell
movements, especially with respect to one another, in cells upregulating Neurog3 and their
neighbors. We propose that the Neurog3-deficient epithelium represents a useful platform for
such studies, because changes in Neurog3 activity can be monitored as a function of both
abnormal (E13.5-E15.5) and ‘normal’ (E16.5-E18.5) plexus morphogenesis. In these settings,
one could use a membrane-localized fluorescence reporter (for instance Sox9 driving GPI-linked

EGFP/EGFP ..
GFP/EG condition, and then

mCherry) to label the membranes of epithelial cells in the Neurog3
visualize using live imaging and 3-dimensional reconstructions the patterns of cell movement
that presage a Neurog3 upregulation event. Interestingly, the precise localization of nmMyoll
along the sub-apical cell cortices of groups of cells, at least in some experimental systems, is
proposed to reflect, if not precede (and thus predict), generic types of cellular re-arrangements

occurring in an epithelium [111,242,243]. Our data showing that the nmMyolIC isoform is
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relatively selectively expressed in the epithelium suggests that live imaging of nmMyolIC-GFP
pancreatic epithelium, in combination with reporter alleles for Neurog3, could be a productive
avenue to observe the patterns of group-cell morphogenesis that underlie the generation of a
Neurog3™ cell. Lastly, a more detailed mapping of precisely where within the plexus Neurog3
becomes activated could be informative. For instance, destabilized short half-life reporters for
Neurog3 could enable a better resolution on whether Neurog3 activation occurs preferentially
close to or far from the epithelial ‘nodes’ of the plexus (where multiple segments of epithelium
intersect), within ‘inter-node’ segments of epithelium, and at specific distances away from
other cells activating Neurog3. By these methods, we might gain important insights, especially
when coupled with functional interventions, on how candidate ‘units’ of cells in the epithelium

coordinate patterns of local cell re-arrangements to mediate endocrine commitment.

One very important remaining question is what cue(s) actually cause(s) Neurog3 to become
upregulated? We have shown that a morphogenetic process of delamination initiation, and
basal-ward displacement of the cell body, mediates movement into the Neurog3HI condition
(this occurs upstream of Neurog3 protein function). However, we still do not know the identity
of the extrinsic signaling factor(s) that stimulate the Neurog3 promoter. We also do not know
whether the process of delamination initiation is regulated upstream by epithelium-extrinsic
factors, whether it is controlled solely by such processes, or whether the morphogenetic events
that lead to Neurog3" are mechanistically coupled to the factors that instruct the cell to turn
on Neurog3. We discuss these topics in more detail below, in sections entitled “The plexus as an
asymmetric niche” and “Identifying biochemical regulators of endocrine differentiation”. In sum,
a major point of investigation on the ‘fundamental unit’ of endocrine cell birth will be to try and
understand the minimum cellular components and signaling processes required to drive

initiation of Neurog3™ within the plexus.
Local feedback from the delaminating Neurog3"' state

Another angle from which to study a proposed ‘fundamental unit’ of endocrine-cell birth will be
to try and understand the nature and scale of the local feedback effects individual Neurog3”*

cells exert on their surrounding epithelial neighbors, the detailed molecular mechanisms of
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such feedback, and how temporal control is achieved with respect to those cells that must wait
their turn to differentiate. We have shown that the absence of delaminating endocrine cells,
and in some cases simple reductions in their numbers (as is the case for the Neurog3
hypomorphs), causes alterations in gene expression, replication, and cell and tissue
morphology. Future investigations could focus on understanding how individual delaminating
endocrine cells influence gene expression, replication behaviors, and morphogenesis in
neighboring cells, or even in cells at a distance. We designed the Neurog3°® model (Chapter 1)
specifically for getting at questions such as these. As discussed previously, especially when done
in a Neurog3-deficient genetic condition, the Neurog3°® model (or similar models) should
enable clonal-type analyses on how a single delaminating endocrine cell influences its
surrounding environment during the process of endocrine cell birth. One could use this system
(Neurog3®® in the Neurog3-deficient ‘ground-state’ plexus) to document, for instance, whether
single delaminating endocrine cells cause Hesl protein to become expressed in surrounding
cells, and if so, how many. Does Hesl become activated in non-neighboring cells? One could
use similar approaches to ask: How do Neurog3" cells alter the morphology of surrounding cells
as they undergo, and then complete, delamination? Do Neurog3™ cells influence the cycling
properties of surrounding cells? It should be possible to understand when and how, and how
robustly, Neurog3" cells influence programs of morphogenesis, differentiation and progenitor

growth in the epithelium.

We suspect that biomechanical influences (discussed below) will represent a major mediator of
feedback influences emanating from Neurog3® cells —an attractive subject for a number of
reasons. For instance, the effective communication of Notch signals between cells is proposed
to involve endocytosis-driven tension-dependent cleavage of Notch ligands as a critical step in
Notch signal transduction to the cell nucleus [244]. Thus, as a cell begins to delaminate from
the epithelium, it could ‘pull’ on neighboring cells in a manner that generates tension, which
could be linked to Notch signal processing and lateral inhibition to repress Neurog3. In addition,

LO-Hl transitions in the

our data show that Neurog3-dependent processes also stimulate Neurog3
plexus. Does this non-autonomous stimulatory effect modulation or direct instruction by

biomechanical mechanisms (discussed in more detail later)? It will be important to use models
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such as Neurog3®® to study and gain control over this previously undocumented stimulatory
effect, and to bring in interventions targeting the activity of biomechanical mediators such as
nmMyoll, or tension-sensitive signaling pathways such as Hippo, to study the mechanistic basis

of Neurog3-dependent feedback [223-228,230,231].
Adaptive self-assembly and ‘community effect’ in the niche

An appealing way to think about a ‘fundamental unit’ of endocrine-cell birth is to ask, what are
the minimum molecular and cellular requirements necessary to generate a system that can: 1)
feed-forward to drive endocrine cell birth; 2) feed-back to ensure progenitors are maintained;
3) establish an optimum balance, over significant lengths of time, between differentiation and
maintenance. As previously discussed, a very important finding from our studies is that
Neurog3® cells do not function simply to repress Neurog3 activation in surrounding progenitors
via Notch, but that they also have functions in stimulating continued endocrine differentiation
from the epithelium. Thus, while Neurog3-dependent Notch-mediated lateral inhibition is a
simple model that explains how endocrine differentiation might be balanced with progenitor
growth in local ‘units’ of neighboring cells, this model does not explain the stimulatory effects
of Neurog3. A different way of looking at this issue is to propose that the ‘fundamental unit’ of
endocrine-cell birth might actually comprise a much larger ‘fundamental network’ of
interconnected cells (or cell groups), rather than a collection of spatially distributed clusters of
independently operating cells similar to that seen, for instance, in the developing notum of
Drosophila [217]. Our data argue that a major role for Neurog3 protein is to generate a
‘community effect’” within the epithelium. This community effect appears to be comprised of
very carefully metered feedback and feed-forward interactions, which determine a
physiologically optimized rate at which endocrine cells are differentiated, and progenitor cells
are replicated. It is unclear at this time how large or small of a population of cells is needed to
generate and maintain this community effect, but it is interesting to imagine how a critical mass
of committing endocrine cells (although one should remember that this could even work with a
relatively small number) within the epithelium could set in motion, and progressively amplify, a

much more robust endocrine differentiation program. It will be important in the future to
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understand the nature, scale, and mechanistic underpinnings of this proposed community

effect, as a basis to define ‘fundamental unit(s)’ of endocrine-cell birth.
Cellular components in the plexus that regulate endocrine lineage differentiation

While we have presented coherent arguments that the plexus represents a niche for endocrine
progenitors, and that Neurog3-expressing cells represent support cells for the niche, there are
still many unknowns regarding what signaling factors regulate states of Neurog3 activation. We
note that in the Neurog3-deficient condition, there is a very broad expression of low level
Neurog3, but a focalized distribution of a subset of these cells that activate Neurog3 to high
levels. This suggests that the signals activating low levels of Neurog3 are distributed broadly
throughout the plexus, but that the signals activating Neurog3 to high levels appear to be either
administered or interpreted in a more scattered and dispersed pattern. It will be important to
determine the degree to which these observations on a mutant, perturbed condition are
transferable to the normal developmental context. And to address these issues: if there are
distinct extrinsic signals that regulate the Neurog3'® and Neurog3" states, or whether each
state is controlled by a quantized exposure to the same signal(s). As | describe next, there are

several interesting avenues of investigation to be pursued in this regard.
The plexus as an asymmetric niche

A common feature of the stem-cell niche in invertebrates and mammals is one of structurally
asymmetry [1]. For example, factors that maintain the stem cell in an undifferentiated state
could be localized near the apical surface of the stem cell, while factors that promote
differentiation could be localized more basally. By this design, any process that regulates the
exposure of the stem cell to apical or basal cues (by delamination or ACD, for instance) could
potentially determine the stem-cell phenotype. One interpretation of our studies on the
morphogenetic control of endocrine commitment is that the plexus is a niche environment
where pro-maintenance and pro-differentiation cues are localized at or near the apical and
basal surfaces of the epithelium, respectively. Our data suggest that the architecture of the
plexus aligns progenitors at a balance point between epithelial maintenance versus
differentiation outcomes (the Neurog3'™© expression state is the default state in the plexus
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when Neurog3 protein is removed). Upon Neurog3-upregulation and delamination initiation by
apical narrowing (which occurs in a relatively scattered pattern), Neurog3™ cells become basally
displaced, suggesting that apical versus basal positioning might mediate responses to
oppositely localized cues. Studies in the zebrafish retina have shown, for instance, that
neurogenesis is substantially controlled by the regulation of interkinetic nuclear migration
along an apical-to-basal Notch signaling gradient [245]. Moreover, with respect to apically
localized maintenance cues, studies in vertebrate neuroepithelium indicate that regulation of
apical domain size and polarity modulates the strength of Notch activity [218,245,246]. Similar
mechanisms could influence pancreas cell-fates, because high, medium, and low levels of Notch
are known to influence duct, bipotent progenitor, or endocrine cell fates [41, 80], which we
have shown are each associated with large, intermediate, or reduced apical domain sizes,
respectively. Lastly, ROCK has been implicated as a regulator of transitions in cell migration and
cell polarity [129,146], and so its downregulation within the plexus may represent a key
symmetry-breaking step in the decision to be maintained as an undifferentiated progenitor, or
to acquire an endocrine fate through basally directed migration. This is consistent with our data
showing that ROCK inhibition can convert low Neurog3-expressers into high Neurog3-
expressers under conditions where Neurog3 gene dosage is limiting. Ongoing investigations
into how polarity molecules such a Cdc42, Rac, and RhoA function, in concert with their
downstream regulators and effectors, to establish and maintain a properly apically and basally
‘tuned’ epithelium, will be vital in defining if asymmetric distribution of developmental cues is

used within the plexus niche.
Identifying biochemical regulators of endocrine-cell birth

While our field has been very successful in identifying the function of the transcription factors
that control lineage allocation, to date there is no extrinsic cue that has been identified as a
direct positive regulator of endocrine commitment. Because we have found that Neurog3
upregulation can occur in the absence of Neurog3 protein function, we propose that it should
be possible to identify the biochemical signals that cause Neurog3 upregulation to occur. One

line of investigation, arguably significantly under-developed in the “pancreas developmental
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biology” community, centers on identifying the signaling pathways that become activated
within the cell during Neurog3 upregulation. It will be beneficial to evaluate the
phosphorylation states of molecules downstream of, for example, receptor tyrosine kinase,
integrin, Wnt, and TGF-beta signaling pathways, as a basis to name and test candidate inputs
that direct the initial step in endocrine birth. Such investigations could focus on proteomics-

based approaches, in sorted cells or in intact tissue, to analyze the active signaling pathways in

EGFP/+ EGFP/flox EGFP/EGFP

Neurog3' and Neurog3" populations in Neurog3*®"*, Neurog3 , and Neurog3
pancreata. Ideally, such approaches will fill in a number of gaps in our understanding of the
biochemical mechanisms regulating states of Neurog3 activation, and how they converge on
the Neurog3 promoter to regulate a seemingly very rapid process of transcriptional
upregulation. We suspect that a potentially fruitful direction will be to understand the
molecular composition and function of signals embedded within the basal ECM, as a potential

source for pro-endocrine cues regulating both the Neurog3' and Neurog3™ states.
The cell biology of delamination: a conserved process linking epithelial niche form and function?

The process of cellular delamination from an epithelium is associated with the acquisition of
cell fate during numerous developmental processes distributed across many phyla [248-255].
Our studies on endocrine-cell birth from the plexus argue for two important functions for cell
delamination in the pancreas. First, sequential steps in cell delamination are vital for cell-
autonomously pushing progenitors into and through distinct states of Neurog3 activation.
Second, the process of cell delamination is mechanistically coupled to the deployment of
feedback signals emanating from Neurog3® cells. These data together suggest the cell-
autonomous function for cell delamination in driving cell-fate acquisition, and its connection
back to the regulation of the form and function of the epithelial niche from which these cells
are derived, could represent a conserved mechanism through which organ formation is
coordinated, and through which increasing complex organ systems have evolved. We propose
that a major unexplored territory in pancreas development is to understand how the cellular
mechanisms regulating distinct transitions in the cell delamination process are linked to the

transmission of regulatory signals that guide different cell behaviors in the epithelium.
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Cell delamination coupled to Notch Signaling

It will be important to understand whether and how Notch ligands and receptors are shuttled
to different cellular compartments of the cell during cell delamination. In Drosophila sensory-
organ precursors, Notch is trafficked during cytokinesis from the basal cell cortex to sub-apical
endosomes [216]. In this subcellular location, Notch-receptor recycling becomes inhibited, and
the cell escapes from Notch to differentiate. Studies in the Drosophila notum suggest that
dynamic basal actin-based filopodial protrusions are important for sending transient Notch
signals through membrane-bound Delta to refine bristle patterning [217]. These reports and
others suggest that the regulated trafficking and sub-cellular localization of Notch/Notch
ligands is important for mediating activation or inactivation of Notch pathway signaling
[218,219]. In the pancreas, it remains unclear where Notch signal components localize within
the plexus epithelium, or within cells that are undergoing commitment toward the endocrine
lineage. As discussed previously, one interesting subcellular structure to investigate is the
narrowed apical domain of differentiating endocrine cells. Our ROCK-inhibition studies argue
that, in normal explants, blockade of the cell-rear retraction step in delamination appears to
block entry of additional cells into the Neurog3HI condition. This suggests that timely rear
retraction might be connected to how Notch-inhibitory signals are turned off, so that additional
rounds of endocrine specification can occur. Initial entry points into such studies could focus on
whether the Notch ligands produced by Neurog3-expressing cells become concentrated at the
narrowed apical domain of these cells. Later investigations might be geared toward
understanding if Notch signals deployed during delamination contribute to the periodicity or
amplitude of Neurog3 or Hes1 oscillations [262]. Such knowledge will provide a foundation on
which to dissect the mechanistic connections between Notch signaling and cell delamination,
but will likely require the generation of new tools such as EGFP-fusions to Notch pathway

components and good antibodies that target these proteins.
Cell delamination couples tissue morphogenesis and differentiation

One interesting idea is that the Neurog3-dependent cell-morphological changes that occur

FOCAL

during cell delamination (basal migration, elongation of the F-actin apical lumen contact,
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and epithelial exit) result in the transmission of intraepithelial forces that can be sensed and
interpreted by cells that are adjacent and even at a distance. A growing body of evidence has
shown that contraction of the actomyosin cytoskeleton in relatively small numbers of cells, for
instance, can transmit forces across cell-cell adhesion sites [223] to non-autonomously control
large-scale tissue-morphogenetic processes [229]. Also, the control of cell-shape change, or the
modulation of tensile properties in a cell’s environment, has also long been known to influence
cell proliferation and fate [220,221,222]. While these biological principles are becoming firmly
established from work in simple systems and in culture, their participation in regulating much
more complex processes such as organogenesis in mammals remains unclear. With the
identification of the plexus as an endocrine-progenitor niche, and the documentation of
numerous influences that delaminating endocrine cells have on the surrounding tissue
environment, we propose that a movement in the direction of biomechanics and
mechanotransduction could vyield fundamental insights into how organ systems build
themselves during development. While there are numerous challenges currently in obtaining
useful tools to study biomechanical mechanisms regulating endocrine progenitors, there are a
few ready entry points. The activity of YAP (Yes-associated protein) and TAZ (transcriptional co-
activator with PDZ-binding motif) have been extensively linked to the transmission of
mechanical signals to the nucleus [224,225,226]. YAP and TAZ are transcription factors that, in
response to mechanical signals, shuttle between nuclear or cytoplasmic compartments to
regulate gene expression [227,228]. YAP and TAZ associate primarily with the TEAD (TEA
domain family member) transcription factors to regulate genes involved in proliferation,
survival, differentiation, and organ size determination [223]. It was recently found that TEAD
binding motifs represent a core component of cis-regulatory elements in certain pancreatic-
progenitor-defining genes, where they function in early pancreas development to regulate the
growth program of the MPC [230]. Moreover, these authors and others were able to show that
YAP-TEAD becomes inactivated upon differentiation, and that YAP protein is lost from the
nucleus in Neurog3” cells [231]. Therefore, there is evidence to suggest that factors with known
functions in sensing and transmitting mechanical cues are present during differentiation

transitions in the pancreas. While pancreas-specific deletions of the kinases Mst1l and Mst2,
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which regulate YAP activity, early in development result in reductions in pancreas size, and
lineage-allocation/differentiation defects throughout the organ, new highly pertinent and more
specific information will likely be gained from studying YAP and TAZ activity specifically in the

CreER or other trunk-

plexus. Genetic interventions might be enabled through the use of Sox9
selective CreER-driver alleles. Analysis of YAP/TAZ expression and function in the Neurog3 null
condition, as well as in a Neurog3-null condition where cells can be induced to ectopically
express Neurog3 protein (such as described for Neurog3°F, in Chapter 111), could shed light on
how Neurog3-dependent processes such as cell delamination drive tension-dependent changes

in gene expression and activity within the niche.
Cell delamination coupled to progenitor growth

It has been demonstrated in the fly notum that live-cell delamination counterbalances epithelial
growth to limit tissue overcrowding [232]. The induction of forced cell delamination or cell-
extrusion in over-crowded tissues [233], are proposed mechanisms that tightly balance
epithelial growth in order to ensure the well-ordered cell packing during development. This
function for cell delamination in limiting tissue overcrowding is likely to impact proliferation
rates in epithelia as well, and it has been successfully demonstrated that spatial constraints
imposed on epithelial cells via experimental alterations in boundary conditions, stretching, and
compression, have acute effects on cell proliferation [234]. Thus, consistent with the findings
reported in Chapter IV, we propose that Neurog3-dependent cell delamination could have
functions in directly or indirectly supporting robust mitotic states in the plexus. One implication
is that the Neurog3'© state, as a prospective replicating intermediate progenitor state, could be
regulated by indirect influences from cell-delaminating cells that confer a precise duration for
the cell cycle in these cells. The length of time that cells spend in the G1 phase of the cell cycle
has been linked to the likelihood that a cell will be maintained in an undifferentiated state or
will undergo differentiation [235,236,237,238]. Cell cycle progression in neural progenitors has
been linked as well to the regulation of Neurog2 stability, which has important functions in
regulating neuronal differentiation, apparently through cell-cycle regulated and level-

dependent binding (or binding ON-OFF rates) to different ‘suites’ of pre- or pro-lineage-
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commitment genes [239,263]. This suggests that Neurog3 may be similarly regulated by cell
cycle properties during pancreas development. It is interesting to think about how Neurog3
deficiency (where there is no cell delamination) causes reduced replication rates in Sox9" cells,
and whether this change in replication status is connected to the spatial spreading of the
Neurog3LO state within the epithelium. Thus, future investigations into the direct and indirect
roles, and Notch-dependent and independent roles, for cell delamination in mediating
replication rates in the progenitor epithelium as a prospective mechanism to non-cell

autonomously control the levels of Neurog3 gene expression in neighboring cells should be

pursued.
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