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In the mammalian pancreas, endocrine cells undergo lineage allocation upon emergence from a bipotent duct/en-
docrine progenitor pool, which resides in the “trunk epithelium.” Major questions remain regarding how niche
environments are organized within this epithelium to coordinate endocrine differentiation with programs of epi-
thelial growth, maturation, and morphogenesis. We used EdU pulse-chase and 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 is maintained in an epithelial “plexus state,” which is a transient intermediate during epi-
thelial maturation 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 nonau-
tonomously regulate the flux of endocrine cell birth as well as proliferative growth of the bipotent cell population
using Notch-dependent and Notch-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 differ-

entiation is coordinated with the growth and morphogenesis of the developing pancreatic epithelium.
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While we know much about the transcriptional and sig-
naling cues that balance cell differentiation against
progenitor maintenance during organogenesis, little is
known about how developmental programs are coordinat-
ed to guide formation of complex organs. A strategy in-
volved in many if not all developing organs is to localize
and maintain progenitors within “niche” signaling envi-
ronments in which there is coordination of cell communi-
cation and feedback signaling mechanisms that regulate
progression through various developmental processes
(Fuchs et al. 2004; Li and Xie 2005). The present study is
concerned with the spatiotemporal and functional charac-
terization of an epithelial niche that directs feedback con-
trol of progenitor maintenance, differentiation, and
morphogenesis during the secondary transition wave of
pancreatic endocrine cell differentiation.
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The pancreas develops from part of the foregut endo-
derm around embryonic day 8.5 (E8.5)-E9.0. During the
primary transition (E9.0-E12.5), a pancreas-specified and
relatively homogeneous multipotent progenitor cell
(MPC) population evaginates from the naive endodermal
tube and proliferates to form dorsal and ventral buds
(Pan and Wright 2011). Around E11.0, scattered groups
of cells undergo apicobasal polarization to initiate forma-
tion of microlumens, which expand and coalesce to build
a web-like network (or plexus) of epithelial tubes (Hick
et al. 2009; Kesavan et al. 2009; Villasenor et al. 2010).
Within the forming epithelium (approximately El11-
E13.5), progenitors become segregated into “tip” and
“trunk” epithelial domains (Zhou et al. 2007), the latter

© 2015 Bankaitis et al. This article is distributed exclusively by Cold
Spring Harbor Laboratory Press for the first six months after the full-issue
publication date (see http://genesdev.cshlp.org/site/misc/terms.xhtml).
After six months, it is available under a Creative Commons License (At-
tribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.

GENES & DEVELOPMENT 29:2203-2216 Published by Cold Spring Harbor Laboratory Press; ISSN 0890-9369/15; www.genesdev.org 2203


mailto:chris.wright@vanderbilt.edu
mailto:chris.wright@vanderbilt.edu
mailto:chris.wright@vanderbilt.edu
http://www.genesdev.org/cgi/doi/10.1101/gad.267914.115
http://www.genesdev.org/cgi/doi/10.1101/gad.267914.115
http://www.genesdev.org/cgi/doi/10.1101/gad.267914.115
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://genesdev.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genesdev.cshlp.org/site/misc/terms.xhtml

Bankaitis et al.

containing a pool of Sox9" bipotent endocrine/duct
progenitors (Solar et al. 2009; Kopinke et al. 2011; Kopp
et al. 2011). Tip and trunk populations undergo a wave
of differentiation during the secondary transition (E13.5-
E17.5). The trunk progenitor pool derives endocrine prog-
eny that delaminate and cluster into the nascent islets of
Langerhans. Cells that remain behind ultimately form the
mature ductal system, with each ductal tube terminally
capped by digestive enzyme-secreting acinar cells. How
the growth, maintenance, and differentiation behaviors
of endocrine progenitors, particularly those that give rise
to insulin-secreting B cells, are patterned and controlled
within the dynamic trunk environment remains under in-
tense study.

Mounting evidence indicates that Notch-dependent
feedback determines the balance between endocrine dif-
ferentiation and progenitor maintenance (Serup 2012).
While perturbation studies specifically within the trunk
are still needed, it is evident that down-regulation of
Notch activity in pancreatic progenitors will permit endo-
crine commitment. Constitutive activation of Notch in
Pdx1-expressing epithelial cells blocks differentiation in
favor of an undifferentiated progenitor state (Murtaugh
et al. 2003), whereas Notch inactivation results in “de-
fault” acquisition of an endocrine phenotype (Apelqvist
et al. 1999). Genetic inactivation of the transcription
factor and endocrine lineage determinant Neurogenin3
(Ngn3) (Gradwohl et al. 2000; Schwitzgebel et al. 2000;
Gu et al. 2002; Smith et al. 2004) results in reduced Notch
activity and derepression of Ngn3 promoter activity
throughout the trunk, suggesting that inhibitory Notch
signals are derived from the differentiating endocrine cells
(Lammert et al. 2000; Magenheim et al. 2011a; Shih et al.
2012; Qu et al. 2013). Finally, studies in zebrafish suggest
that stepwise decreases in Notch activity regulate states
of mitotic quiescence, progenitor replication, and en-
docrine differentiation, respectively (Ninov et al. 2012).
Substantial gaps remain regarding whether, during diver-
sification of duct and endocrine lineages, Notch activity
operates broadly throughout the trunk or is deployed
within a discrete endocrine progenitor niche.

The existence of an endocrine progenitor niche is sup-
ported by studies showing that the endocrine differen-
tiation program can directly affect and is reciprocally
affected by alterations to the morphological state of the
pancreatic epithelium. Blocking endocrine differentiation
by genetically ablating Ngn3 or accelerating endocrine
differentiation via inhibiting Notch results in altered epi-
thelial branching patterns (Magenheim et al. 2011a). Con-
versely, perturbation of the RhoGTPase Cdc42 showed
that misregulated apicobasal polarization results in incor-
rect allocation of progenitors to a proacinar “tip” over
“trunk” state and an inability to generate normal endo-
crine cell numbers (Kesavan et al. 2009). These defects
were attributed to a non-cell-autonomous function for
Cdc42 in positioning initially multipotent progenitors
within environments conducive for endocrine differen-
tiation. Finally, tissue-specific inactivation of tran-
scription factors expressed in the trunk—such as HNF6
(Pierreux et al. 2006), Prox1 (Wang et al. 2005; Westmore-
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land et al. 2012), or HNF1b (De Vas et al. 2015)—results
in epithelial malformations and concurrent deficits in en-
docrine differentiation. While these outcomes are inter-
preted largely on the basis of upstream transcriptional
effects on Ngn3, they are consistent with the idea that
misregulated epithelial morphology precludes efficient
engagement of the endocrine differentiation program.
We previously proposed that the interdependency be-
tween progenitor maintenance, cell differentiation, and
trunk morphogenesis reflects a programmed niche frame-
work that coordinates the birth of endocrine cells during
organogenesis (Rieck et al. 2012).

The pancreas poses challenges in identifying niche
environments. It was recently determined that pancreatic
epithelial morphogenesis—unlike the branching morpho-
genesis observed, for example, in the lungs and salivary
glands (Metzger et al. 2008; Hick et al. 2009)—proceeds
through asynchronous branching and remodeling of an
irregular, web-like plexus intermediate before yield-
ing a typical arborized ductal system (Villasenor et al.
2010). As such, the process of trunk morphogenesis
remains poorly understood. There also remains little
understanding of how endocrine lineage flux is controlled
spatiotemporally within the trunk. Here, we define three-
dimensional (3D) morphological patterns that comprise
trunk epithelial morphogenesis during the secondary
transition and employ EdU pulse-chase analyses and en-
docrine progenitor mapping to pinpoint locations where
endocrine birth is enriched. We found that endocrine pro-
genitors are maintained in an epithelial “plexus state,”
from which the bulk of the endocrine lineage is derived.
Experimental perturbation of endocrine differentiation
and Notch pathway activity uncovered how feedback in-
teractions that are organized locally within the plexus
state coordinate endocrine progenitor maintenance and
differentiation and epithelial morphogenesis to ensure
prolonged endocrine cell production. Our results assign
niche-like properties to the plexus state and provide a
foundation for understanding how genetic regulation of
progenitor behavior interfaces with niche development
and maintenance during pancreas development.

Results

Ngn3" populations show nonrandom localization
patterns within the trunk

To address whether nascent endocrine cells arise preferen-
tially in different locations within the secondary transi-
tion trunk, we evaluated the localization of Ngn3* 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 re-
flects an earlier bias in the location of newly born endo-
crine cells. As previously described, Ngn3™* cells at E15.5
were broadly distributed in a salt and pepper pattern
across the Mucl™ lumen in both the core and periphery
and were absent in Mucl*amylase* proacinar tips (Fig.
1A,C; Zhou et al. 2007). At E17.5, significant portions of
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Figure 1. Ngn3" populations show nonrandom localization pat-
terns within the trunk. (A-D) Epifluorescence images of core
and peripheral regions in 10-um cryosections showing Mucl,
Ngn3, and amylase. (A,C) Ngn3* cells distributed over the
Mucl” lumen surface. (B,D) Regions of lumen where Ngn3™ cells
are reduced in number. (Blue arrowheads in B) Enlarged lumen
in the core; (blue arrowheads in D) lumen interconnecting amy-
lase™ tips. Bars, 50 pm.

epithelium showed a reduction or lack of Ngn3™* cells (Fig.
1B,D). Diminished Ngn3* cell numbers were evident in
the core, especially where lumen diameters were large,
and in the periphery where lumens joined with amylase*
tips. However, there remained frequent instances along
the lumen where the density of Ngn3* cells was compara-
ble with the E15.5 stage. These data outline a nonrandom
localization pattern of endocrine commitment from the
trunk and suggest that endocrine cell birth might be coor-
dinated with specific epithelial morphogenetic states.

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

As a first step toward analyzing relationships between en-
docrine differentiation and epithelial morphogenesis, we
used a whole-mount and thick section-based approach
to categorize epithelial states (derived via lumen morphol-
ogy) existing as the trunk remodels from the initial plexus
to the arborized ductal system (Fig. 2A). At E14.5-E15.5,
consistent with a previous report (Villasenor et al. 2010),
the majority of the core was composed of a complex,
web-like plexus (Fig. 2B). Within the plexus, intersecting
segments of epithelium varied in length and diameter
(Fig. 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 het-
erogeneity across the core (Fig. 2K). There was no evidence
of an extensive arborized ductal structure at these stages.
We found little evidence of multibranched epithelia inter-
connecting proacinar tips except at the outer edges of the
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plexus. Most proacinar 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 ac-
companied 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 with the web-like plex-
us (Fig. 2C,D). This “plexus-to-duct transformation” oc-
curred asynchronously across the organ and was evident
first with the 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 nu-
clei (Supplemental Fig. 1 A-F), consistent with an acquisi-
tion of a ductal phenotype (Grapin-Botton 2005). At E17-
E18.5, connecting interlobular ducts were observed
to form, oriented toward the periphery (Supplemental
Fig. 1 G-I). This process remained incomplete even late
into the secondary transition, and abundant plexus re-
mained in scattered locations at E18.5 (Supplemental
Fig. 2). 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 ar-
bor (Fig. 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. 2A,
E-G). From E14.5 to E18.5, proacinar tips exhibited a vari-
ety of clefted morphologies and appeared to grow and mul-
tiply progressively to generate lobes of interconnected
ductal branches (DBs) linking multiple tips (Fig. 2],M). In-
tervening DB segments multiplied and lengthened over
time, at late stages forming CK19*DBA™ intralobular
ducts and distal CK19"DBA™ intercalating ducts (Supple-
mental Fig. 1J-L; Reichert and Rustgi 2011). DBs were
most advanced in peripheral regions devoid of plexus
but were less so in regions within or approaching the
plexus. Taken together, we detect two disparate patterns
of trunk morphogenesis during the secondary transi-
tion. There is a long-lived plexus expansion followed by
plexus-to-duct transformation in the core, in contrast to
pervasive epithelial branching in the periphery (Fig. 2N,
O). These observations on the spatiotemporal and mor-
phological features of plexus, duct, and branched (DB)
epithelial states provide a basis to map correlations
between endocrine lineage flux and states of epithelial
morphology.

In vivo endocrine progenitor dynamics and
establishment of the Ngn3:Sox9 ratio

In order to identify locations within the trunk that are en-
riched for endocrine progenitor activity, we devised a
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Figure 2. Epithelial morphogenesis compris-
es plexus remodeling in the core and epithelial
branching in the periphery. (A) Composite 10x
images of a 45-pm-thick cryosectioned dorsal
pancreas at E16.75. Green and red dashed lines
bound the core and periphery, respectively. (B—
D) Mucl-labeled 35-pm-thick cryosections
showing typical progression through plexus ex-
pansion and duct transformation in the core.
(E-G) Epithelial branching in the periphery.
(White dashed line) Outer organ boundary.
(H-M) Confocal z-stacks show features of plex-
us (H,K), duct (I,L), and ductal branch (DB] (],
M) states. (I,]) Core (green dashed line) and pe-
riphery (red dashed line) are shown. Small,
unclefted DBs in the core (blue arrowheads),
clefted DBs in the periphery (yellow arrow-
heads in H), lobes of DBs (blue dashed line),
Mucl* lumen of proacinar tips (white arrow-
heads in ), and connecting lumen (red arrow-
heads in ) are shown. (K-M) Line traces of

lumen from H-J. Individual segments of plexus
(dotted light blue lines) and core duct states
(red dashed line) are shown. Note the increase
in lumen diameter and the continuous direc-
tionality across a representative 40x field of
the duct state in L relative to the plexus in K.

(Green arrowheads) Unlabeled cell fields (epi-
thelial and parenchymal) bounded by Mucl

signal. (N,O) Traced representations of the processes of plexus-to-duct transformation in the core and epithelial branching in the periph-

ery. Bars: B,E,H-], 20 ym; C,F, 50 uym; A,D,G, 100 pm.

method, based on the ratio of [differentiating Ngn3™ cells]:
[Sox9* epithelial cells], to quantify the relative local flux
from the Sox9" trunk toward the Ngn3* endocrine lineage.
Sox9 expression is lost upon up-regulation of Ngn3 (Sey-
mour et al. 2008; Kopp et al. 2011). The transient up-regu-
lation of Ngn3 in turn indicates commitment to a post-
mitotic endocrine precursor state (Supplemental Fig. 3A;
Desgraz and Herrera 2009; Miyatsuka et al. 2011). There-
fore, the Ngn3:Sox9 observed at a given time is largely de-
termined by the temporal relationship between (1) the
average cell cycle period of the Sox9" population (epitheli-
al growth/maintenance) and (2) the average duration of the
Ngn3™" period of endocrine commitment (differentiation)
(Supplemental Fig.3B,C). Provided the time frames for
these parameters are comparable, the Ngn3:Sox9 ratio re-
flects the magnitude of endocrine differentiation (endo-
crine flux) from the trunk. To validate the Ngn3:Sox9
ratio, we adapted EdU pulse-chase methods (Salic and
Mitchison 2008) to measure and relate progenitor replica-
tion and endocrine differentiation parameters in vivo
(Supplemental Fig.3D).

Dividing Sox9* populations progress continuously
through an estimated 12-h cell cycle period

When Sox9" cells enter mitosis, we invariably observed
subcellular segregation of Sox9 immunoreactivity away
from condensed DAPI* DNA. These Sox9* mitotic figures
(MFs) are EAU" in cells that have recently undergone S
phase (Fig. 3A-C). To quantify the average cell cycle peri-
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od, we timed the appearance and disappearance of pulse-
administered EAU within the DAPI* DNA of Sox9* pro-
genitors as they passed though rounds of mitosis (Fig.
3G; Fox et al. 2011). Because EdU bioavailability after sin-
gle-pulse administration is short (distribution half-life 1.4
min + 1.7 min; elimination half-life 24 min + 2.9 min at
100 mg/kg) (Cheraghali et al. 1994) and because the MF
state represents a short, transient event during the cell cy-
cle, this method estimates cell cycle periods at a popula-
tion level.

In the Sox9™ epithelium, S-phase indices determined af-
ter 1 h of EAU pulse are similar at E14.5, E16.5, and E18.5
(22% +2.7%, 16% +3.2%, and 16% + 1.8%, respectively)
(Fig. 3D-F). We chose stage E14.5 for a 24-h EdU pulse-
chase analysis of the Sox9* cell cycle period. All Sox9*
MFs were EAU™ 1 h after EdU pulse (Fig. 3H), indicating
that cells incorporating EdU at S phase had not yet entered
M phase. At 2 h, the percentage of Sox9"EdU* MFs re-
mained unchanged, as did the S-phase index in the
Sox9* population, consistent with a <1-h bioavailability
of EdU under these conditions. Between 2-3 h after EAU
pulse, essentially all of the detected Sox9* MFs became
EdU" (75.3% +2.7% at 2 h; 98.3% +2.5% at 3 h), consis-
tent with an asynchronously cycling Sox9* population in-
corporating EdU at different periods along the duration of
S phase and then proceeding over time into mitosis. EdU
saturation in the Sox9* MFs was maintained for ~5 h be-
fore decreasing essentially to 0% between the 8- to 13-h
period (6.3% +2.5% at 8 h; 0% 0% at 12 h; 1.7% =
2.6% at 13 h), consistent with the EdU*Sox9" population
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Figure 3. EdU pulse-chase analysis measured average
cell cycle period in Sox9* cells. (A) Individual Sox9*
EdU" cells captured before and during mitosis. (Left to
right) Sox9* cells not in mitosis and MFs in prophase,
metaphase, anaphase, and cytokinesis. Bar, 10 um. (B,
C) MFs observed in a representative 20x field at
E14.5, 3 h after EAU injection. (Yellow arrowheads)
Sox9"EdU" MFs; (cyan arrowheads) Sox9 EdU" MFs;
(doublet arrowheads) MFs after DNA segregation into

G Sux?’ population
[[Jsox9*EdU* population

EdUpulse,t=1hr t=5hr t=12 hr

@ Sox9*EdU Mitotic Figure (MF)
() Sox9*EdU* Mitotic Figure (MF)

EdU chase EdU chase EdU chase

daughters. Bars, 50 um. (D-F) One-hour S-phase indices
were similar from E14.5-E18.5. Bar, 50 ym. (G) Dia-
gram of EdU pulse chase in replicating Sox9* popula-

t=15 hr tions. Sox9* cells undergoing S phase were labeled by

EdU. EdU*Sox9" populations (white) undergo and com-
plete mitosis (t =5 h) before undergoing a subsequent
round of mitosis (t=12-15 h). Rounds of mitosis can
be tracked by monitoring waves of EAU positivity in

the Sox9" MF states (green and white bar over time).

% EdU+Sox9+ MF
Total Sox9+ MF

Chase Time (Hours)

E18.5 (16 £1.8%) 10hr  2L5hr  115hr

13.5hr 24 hr 10.5 hr

At = cell cycle period (population avg.)

A B I N

Avg. At
[11.3 +0.68 hr]

Time differences (“At”s) are determined from intervals
between waves of EdU" MFs. (H) Twenty-four-hour
EdU pulse-chase analysis of cell cycle period in Sox9*
populations, with “At”s represented by a dashed light-
red line. (I) Calculation of average At from pulse-chase
measurements in H. Error bars are SEM.

completing M phase of the cell cycle. Subsequent time
points (13-15 h) showed rapid and saturating re-entry of
EdU" DNA in Sox9* MFs. After this population passed
through mitosis (indicated by a second reduction in EdU
positivity in Sox9* MFs), a third M phase was detected
at 24 h. At late time points, EAU saturation of the Sox9*
MEF population was shorter in duration, reflecting an ex-
pected DNA replication-dependent dilution of EdU sig-
nal. These results demonstrate that EAU pulse chase
reproducibly detects a labeled portion of the Sox9* popula-
tion moving through three consecutive and largely coher-
ent cell cycle periods with average of ~11.3-h +0.68-h
time intervals.

Endocrine-committing populations take an average
12 h to move through the Ngn3” state

To determine the average duration of the Ngn3* period of
endocrine commitment, we used EdU pulse chase to mon-
itor EdU* DNA from initial incorporation in the replicating
Ngn3 Sox9" progenitors through marker-defined, chrono-
logical stages of endocrine commitment (Fig. 4A-A”;
Gouzhi et al. 2011). These include the initial trunk-resi-
dent Sox9*Ngn3* state, the post-delamination Sox9~
Ngn3™ state, and the late Sox9 Ngn3™© state (Seymour
etal. 2008; Kopp et al. 2011; Shih et al. 2012). The baseline

EdU"index in all Ngn3* statesat 1 hof EdAU pulse was ~1%,
consistent with their largely post-mitotic status. At 2 h of
EdU pulse, the percentage of Sox9"Ngn3"EdU™" cells re-
mained unchanged (Fig. 4F), indicating that Sox9"Ngn3~
cells incorporating EdU at S phase had not yet progressed
into the initial Sox9"Ngn3* state. At 3 h, we observed an ac-
cumulation of EdU* DNA in the Sox9"Ngn3* population.
At 6 h, the EdU" index in Sox9"Ngn3* cells reached 22%

+2.7%, as expected, because this quantity reflects the
baseline EdU" index in Ngn3~Sox9" progenitors from
which Ngn3* cells arise. Similar accumulation of EAU in
the Sox9~Ngn3™ state reached 22% at 10 h, followed by
the late Sox9 Ngn3"© state at 15 h (Fig. 4B,C). Finally, at
17h, EdU* DNA was detected in Pdx17™Ngn3~ cells, which
represent a state (likely B cell, the principle cell type pro-
duced at this stage) arising after down-regulation of Ngn3
(Fig. 4D,E; Supplemental Fig. 4A-F; Gradwohl et al. 2000;
Wang et al. 2010). By measuring the time difference (At) be-
tween the curves demarcating the early and late Ngn3*
state (between Sox9"Ngn3* and Sox9 Ngn3"“) bounded
within the range defining the minimum and maximum
baselines for EAU incorporation in the Ngn3~Sox9" and
Sox9*Ngn3™© cell states (Sox9*Ngn3* <y > Ngn3~Sox9*)
(Fig. 4F, gray shaded area), these data indicate an average
duration of ~12.3 h + 1.03 h (Fig. 4G) for the Ngn3™ period
of endocrine commitment.
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These analyses indicate that the Sox9* cell cycle period
and the duration of the Ngn3* period of endocrine com-
mitment are similar (11.3h +0.68 hand 12.3 h + 1.03 h, re-
spectively). Therefore, the Ngn3:Sox9 ratio estimates
quantitatively the relative magnitude of endocrine differ-
entiation occurring from the trunk at a given sampling
time. For simplicity, we converted Ngn3:Sox9 here to
the fractional term “endocrine yield” (given as total
Ngn3™ cells/total Sox9* cells) (Fig. 4H-H").

Endocrine yield is robust throughout the secondary
transition

Previous measurements from whole pancreas mRNA or
from limited quantifications of Ngn3* cell numbers sug-
gest that endocrine birth peaks around E14.5-E15.5 and
reduces thereafter (Gradwohl et al. 2000; Schwitzgebel
et al. 2000; Villasenor et al. 2008). However, these mea-
surements do not take into account the direct relationship
between cells undergoing endocrine lineage commitment
(Ngn3*) versus maintenance and growth as Sox9* progen-
itors. To address this, we quantified endocrine yield in
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17 hrs post-injection

G TR Sox9’
Ngn3* Ngn3'°

Avg.12.33+1.03 hrs

H’ Temporal Relationship H”  Interpretation

Cell Cycle

(O*.*O) . Endocrine

Figure 4. EdU pulse chase measures dura-
tion of the Ngn3* period of endocrine com-
mitment. (A-A") Pulsed EdU was
incorporated in Sox9" cells at S phase and
chased (EdU" DNA in white) through mark-
er-defined stages of Ngn3 positivity. (B,C)
EdU captured in cells of various Ngn3*
states.  (Yellow  arrowheads)  Early
Sox9"Ngn3" cells; (red arrowheads)
Sox9 Ngn3™ cells; (white arrowheads) late
Sox9™Ngn3™© cells. (D,E) EdU in
Ngn3 Pdx1™ cells (blue arrowheads). (F)
Time course for EAU pulse-chase analysis
of the Ngn3" period. The graph indicates
the percentage of EAU" cells in Sox9"Ngn3*
(vellow line), Sox9 Ngn3™ (red line), or
Sox9 Ngn3™© (orange line) states at the
time points indicated. The blue dashed
line shows a 1-h EdU incorporation baseline
for Sox9*Ngn3~ cells (22% +2.7%). (Black

15 hr 13 hr

o o dashed line) One-hour EAU incorporation
g £ baseline for Sox9*Ngn3* cells (8.5% =

17 hr 11hr 2.8%). Blue shading with arrows indicates

the period when EAU" DNA becomes in-
creasingly observed in Ngn3 Pdx1™ popu-
lations (indicating the end of the Ngn3*
period). The gray shaded area indicates the
domain and range of data points used to es-
timate the Ngn3* period. (G) Calculation of
if At (brown dashed lines in F) from the lines
~ At demarcating Sox9*Ngn3* and Sox9 Ngn3™©
cell states. Error bars indicate standard devi-
ations. N=3 pancreata. (H-H") Derivation
then of endocrine yield as a quantitative measure
of the relative magnitude of endocrine dif-
ferentiation from the trunk domain.

+
Ngn3 Period

[12.3+1.03 hr]

- Yield
Ngn3:Sox9
Measured fractional
Ngn3:Sox9 term

sections representing ~33% of the dorsal pancreas from
the E14.5 to E18.5 stages as a bulk measure of endocrine
differentiation dynamics. We detected essentially a cons-
tant endocrine yield throughout the E14.5-E17.5 stages;
this trend reversed—relatively sharply—only at E18.5
(Fig. 5A). At all time points, we detected no significant
change in the relative number of early (Ngn3*Sox9*) ver-
sus late (Ngn3*Sox9~) endocrine-committing cell states,
indicating that new endocrine cells are being generated
at all stages (Supplemental Fig. 5). 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
(Supplemental Fig. 6A-L).

Endocrine differentiation is enriched in the plexus

To ascertain whether Ngn3* populations have specific lo-
calization patterns within the remodeling epithelium,
we compared endocrine yield between the plexus, duct,
and DB states from E14.5 to E18.5. Epithelial cells in
the plexus, duct, and DB states showed similar Sox9
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immunoreactivity (Supplemental Fig. 7A-F). Low Sox9
signal was observed in proacinar tip cells, which were ex-
cluded from our analysis. From E14.5 to E18.5, endocrine
yield was highest in the plexus and significantly lower or
absent in ducts and DBs (Fig. 5B-J). Endocrine yields mea-
sured selectively from samples of the plexus consistently
exceeded those measured from bulk sectional analyses,
indicating that endocrine yield is enriched in the plexus.
At E18.5, there were scattered yet extensive remainders
of the plexus, which were invariably associated with large
numbers of Ngn3* cells, indicating that a high level of en-
docrine differentiation is consistently maintained in the
plexus, independent of stage (Supplemental Fig. SA-D).
Sharp boundaries demarcating high and low endocrine
yields were commonly observed at the interface between
the 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 enriched with-
in the plexus during the entire secondary transition and is
rapidly down-regulated upon plexus-to-duct transforma-
tion in the core or engagement of epithelial branching in
the periphery.

Notch-responsive endocrine progenitors are enriched
in the plexus state

Consistent with a proposed model for lateral Notch path-
way activation by Ngn3-producing cells (Metzger et al.
2012; Shih et al. 2012; Qu et al. 2013), genetic ablation
of Ngn3, as reported previously (Magenheim et al. 2011a),
caused loss of Hesl (a Notch transcriptional effector) sig-
nal in Sox9™ epithelial cells, suggesting that Notch path-
way activity is Ngn3-dependent and is engaged locally
in the plexus state (Supplemental Fig. 9A-D). Consistent
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Figure 5. Endocrine differentiation is enriched
in the plexus state. (A) Bulk endocrine yields de-
termined from analysis of 10-pm sections. Thir-
ty percent of the dorsal pancreas was scored.
Error bars are SEM. (*) P=0.1161; (**) P=
0.0249, Student’s t-test. (B) Comparison of endo-
crine yield in the plexus, duct, and DB states.
Each point represents endocrine yield summed
from individual 35- to 50-um-thick 40x z-stacks.
E14.5-E18.5 plexus versus DB, P <0.0001; E17.5
and E18.5 plexus versus duct, P <0.0001; E16.5
plexus versus duct, P=0.0019. Error bars are
SEM; Student’s t-test. Bulk endocrine yield as
determined in A (black dashed line). (C-]) Repre-
sentative images of Ngn3* cells in relation to the
plexus (blue dashed box), duct (red dashed box),
and DB (green dashed box) states. Bars, 20 pm.

with this notion, immunodetection of Hesl showed rela-
tively pervasive expression in the plexus compared with
regions of fully resolved core ducts and peripheral DBs,
suggesting that Notch-responding cells are enriched with-
in the plexus (Fig. 6A,B). Because Notch-Hes1 signaling
blocks endocrine differentiation, we hypothesized that
Sox9* populations in the plexus would show an increased
endocrine differentiation response, compared with duct
and DB states, under conditions where Notch is inhibited.
To test this, we compared endocrine yield in E17.5 embry-
os from pregnant dams injected each day for 2 d with the y-
secretase inhibitor DBZ, which blocks Notch signaling
(Milano et al. 2004; van Es et al. 2005). Similar to a previ-
ous report showing dose-dependent reductions in Hes1
and Sox9 expression in Notch-inhibited pancreatic ex-
plants (Shih et al. 2012), increasing DBZ doses elicited re-
producible, progressive reductions in pancreatic HesI and
Sox9 expression, as measured by quantitative RT-PCR
(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 with Sox9 (0.88 =
0.18 and 0.43 +0.18 at 12 and 20 pmol/kg DBZ relative
to control) (Fig. 6H). We chose the 12 ymol/kg DBZ condi-
tion for analysis of endocrine yield due to the minimal ef-
fect registered on Sox9. Endocrine yield from the plexus
was robustly increased in response to DBZ (Fig. 6C-F)
and consistently approached a near threefold increase rel-
ative to the vehicle-treated condition. Assuming the ab-
sence of a proliferation effect on Sox9* cells, this increase
indicates that approximately half of the plexus population
(endocrine yield =1 indicates 1:1 Ngn3:Sox9) defaults to
the endocrine lineage under these conditions (Fig. 6G). In
contrast, Sox9* cells in the duct and DB states showed mar-
ginal and variable responses to DBZ, indicating that Sox9*
cells in these states are largely refractory to endocrine
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Figure 6. 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). Bar, 50 ym. (B)
Mean nuclear intensity of Hesl signal in indi-
vidual Sox9* cells. N=102 plexus; N=91
DBs, ([*] P<0.0001); N=52 duct (P<0.0001)
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from three separate z-stack volumes. Error
bars are SEM; Student’s t-test. (C—F) Represen-
tative images of Mucl and Ngn3 in the plexus
and duct states under vehicle or DBZ treat-
ment. Blue arrowheads delineate the plexus
in C and D, yellow arrowheads indicate the
surface of ductal states in E and F, and dashed
magenta lines delineate locations where the
Ngn3-rich plexus intersects with the duct
state. Bar, 20 pm. (G) Endocrine yield in the
plexus, duct, and DB states under vehicle or
DBZ treatment. Each point represents endo-
crine yields summed from individual 40x z-
stack volumes (~35-50 um thick). N =11 plex-
us; N = 12 duct; N = 15 DB in vehicle control. N
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differentiation. These expression data and inhibition stud-
ies suggest that the plexus state is enriched for a Notch-re-
sponsive Sox9* progenitor pool that is poised to adopt the
endocrine lineage under normal conditions.

Sox9" cell replication is uncoupled from Ngn3-dependent
Notch inhibition of endocrine differentiation

Notch signaling has been linked to the regulation of mito-
genic cell cycle progression (Kageyama et al. 2008; Pierfe-
lice et al. 2011; Ninov et al. 2012). We analyzed whether
the Notch function in maintaining the undifferentiated
progenitor state is coupled with the maintenance of prolif-
erative growth in Sox9™ cells. We evaluated EdU uptake in
embryonic pancreata taken from DBZ-treated dams. For
both the 12 and 20 pmol/kg doses, we observed no change
in the proportion of Sox9* cells replicating DNA after 2 d
of DBZ administration (Fig. 61,]). Because these DBZ doses
reduced Notch activity by an amount similar to or beyond
that caused by Ngn3 deficiency (Fig. 6H), we conclude that
bulk epithelial proliferation behaviors are not signifi-
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12 umol/kg 20 umol/kg
bBZ

T =16 plexus; N=11 duct; N=15DB in the DBZ-
treated group. n=23 for both conditions. Error
bars are SEM. (**) P <0.0001; (***) P=0.0149;
(****) P=0.0013, Student’s t-test. (H) Normal-
ized gene expression for Sox9 and Hes1 under
control, Ngn3-deficient, and DBZ-treated con-
ditions. Error bars are SEM. n > 3 for each con-
dition. (*) P=0.0373. (I,J]) One-hour EdU
indices in Sox9* populations under control or
DBZ treatment. Error bars are SEM. n = 3.

DBZ

cantly affected by reduced Notch activity under these
conditions.

Ngn3 deficiency causes reduced Sox9* progenitor
replication and precocious remodeling of the plexus

To evaluate cell-nonautonomous functions for Ngn3 in
regulating the growth of the epithelial progenitor pool,
we compared cell replication behaviors in Ngn3EGFr/*
and Ngn3"SFY/EGFP hancreata. Analysis of S-phase indices
indicated a 50% decrease in EAU labeling of Sox9* progen-
itors when Ngn3islost. This decrease was evidentat E13.5,
when the vast majority of the trunk is in the plexus state,
and also at E16.5, when plexus-to-duct transformation be-
gins in the organ core (Fig. 7A-C). Thisreduction in EdU la-
beling was not a general feature of all pancreatic epithelial
cells. S-phase indices in proacinar cells were unchanged,
and because they represent the major cell type during
mid to late gestation, no gross organ hypoplasia was evi-
dent at any stage (Supplemental Fig 10A-C; data not
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shown). These results demonstrate a previously unreport-
ed function for Ngn3 in supporting robust replication in
the Sox9* trunk thatis, based on the DBZ treatment results
above, largely independent of Notch pathway activity.
Given the reduction in progenitor replication observed
under Ngn3 deficiency, we assessed potential defects in
the maintenance of the plexus by comparing the time
course for Ngn3-deficient plexus remodeling into the
ductand DBstates. AnalysesatE14.5 confirmed previously
reported increases in lumen diameters and moderate de-
creases in peripheral branching (Fig. 7D,E; Magenheim
et al. 2011a). Surprisingly, we also found frequent DB-like
structures emerging in peripheral locations normally com-
prised of the plexus at this stage, indicating a precocious re-
modeling of plexus morphology into nonplexus states
under Ngn3-deficient conditions. At E16.0, a time point
just before the plexus normally undergoes transformation
into core duct and peripheral DB states, we observed
multiple regions where plexus morphology was dimin-
ished or completely lost relative to control (Fig. 7G-M).
Consistent with this, the relative area of the plexus com-
pared with duct-like states was significantly decreased at
E14.5,E16.5,and E18.5 in Ngn3-null tissue (Fig. 7F). These
results indicate that Ngn3 functions to not only determine
a normal plexus morphology but also maintain and propa-
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Figure 7. Ngn3 deficiency causes reduced cell repli-
cation and precocious loss of the plexus state. (A,B) S-
phase indices in Sox9* cells from Ngn3®S™/* and
Ngn3EGFPEGEY samples. (C) Quantification of A and
B (E16.5) plus measurements at E13.5. Error bars are
SEM. n=2 E13.5 ([*] P=0.0277); n=3 E16.5 ([**] P=

E16.5 0.0048) with 30% of dorsal pancreas scored, Student’s
t-test. (D,E) Dorsal pancreas from E14.5 Ngn3E¢F/+
W ngn3esre and Ngn3ECGFP/EGEP gamples at E14.5. (Red arrow-

heads) Regions where the plexus is lost in
Ngn3EGFPEGEY animals compared with control;
(green arrowheads) core locations where the plexus
becomes dysmorphic in Ngn3"*/ESF gnimals com-
pared with control. (F) Quantification of the plexus-
to-duct transformation in core Ngn3®¢F"/* and
NgnSEGFP/ EGFP pancreata. Error bars are SEM. n=3
all stages. (*) P<0.01; (**) P=0.119. The entire dorsal
pancreas core was analyzed in serial thick sections (40
pm). (G) Analysis of precocious loss of the plexus at
E16.0. (G) Regions a, b, and c in the cartoon corre-
spond to the images in H-M. (H-M) Mucl and insulin
immune detection in similar locations in Ngn3 St/
and Ngn3ECGFP/ECFP ittermates. Bars: A,B, 20 pm; D, E,
50 um; H-M, 40 um.

E185

gate the plexus by limiting its remodeling into nonplexus
states.

Late stage autonomous epithelial remodeling
in the Ngn3-deficient plexus

While a limited amount of precocious remodeling and al-
teration of the Ngn3-null plexus morphology was observed
at midgestation, there was no grossly aberrant phenotype
at late gestation, suggesting that the mechanisms guiding
epithelial remodeling could eventually override the earlier
defect. Consistent with this, Mucl and insulin (to label the
endocrine cell mass derived from the epithelium) detec-
tion in equivalent organ regions from El14.5 to E17.5
showed a progressive normalization of the Ngn3-null epi-
thelium (Supplemental Fig. 11A-F). Specifically, the ex-
pansive enlargements of Ngn3"SFP/ESFP plexus lumens
seen at E14.5 underwent remodeling toward a morphology
largely indistinguishable from control by E17.5. Further-
more, the previously reported moderate reduction in
peripheral branching in Ngn3-nulls (Magenheim et al.
2011a) was also corrected (Supplemental Fig. 11M,N).
The plexus morphology at E12.5 was similar between
Ngn3ECFP/* and Ngn3PCFP/EGFP (data not shown), indicat-
ing that the perturbed morphology of the Ngn3-deficient
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plexus manifests most severely during the peak of endo-
crine (B-cell) birth (Johansson et al. 2007). These analyses
show that a late stage process of autonomous epithelial re-
modeling occurs in the absence of Ngn3-dependent differ-
entiation, delamination, and Notch-regulated processes.

Discussion

Understanding how niche environments direct progenitor
activities is fundamental to uncovering the basic princi-
ples underlying complex organ formation and function
and predisposition to disease. In studying endocrine pro-
genitor activity during the secondary transition of pan-
creatic organogenesis, we discovered that endocrine
progenitors are largely constrained within an epithelial
plexus state. Although the plexus is transient, it is main-
tained 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 pharmaco-
logical interference tests indicate that endocrine pro-
genitor expansion, differentiation, and morphogenesis
processes are coordinated by local feedback effects within
the plexus. These effects derive largely from differentiat-
ing Ngn3™ cells but can be uncoupled on the basis of
Ngn3-dependent differentiation/delamination functions
supporting progenitor replication and Notch-dependent
functions in maintaining an undifferentiated progenitor
state. Together, these feedback interactions serve to prop-
agate the plexus and the large numbers of endocrine pro-
genitor cells maintained therein late into gestation.
Ultimately, as the plexus remodels into the duct and DB
states, endocrine differentiation and progenitor mainte-
nance behaviors are reduced and then lost. We propose
that the epithelial plexus functions as a niche environ-
ment where endocrine progenitors are assembled and
maintained and where local differentiation-dependent
feedback interactions are deployed to direct the genesis
of the endocrine pancreas (Supplemental Fig. 12).

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 sepa-
rate zones of the organ. In the core, plexus expansion and
growth from E12.5 to E15.5, accompanied by plexus-to-
duct transformation from E16.5 to E18.5, represent the
principal mode by which ductal tissues analogous to the
trunk and main limbs of a tree are generated. In the periph-
ery, however, an “epithelial branching” mode remodels the
epithelium, apparently by a clefting and outgrowth pro-
cess, to eventually generate tightly packed peripheral lob-
ules of interconnected DB structures (Fig. 2). This dual-
mode program, especially the major contribution from
plexus expansion and resolution, diverges greatly from
the classical and more stereotypically defined branching
morphogenesisinvolvedin the growth of otherendodermal
organs (Hogan 1999; Metzger et al. 2008; Hick et al. 2009).

Because the plexus remodeling process occurs asyn-
chronously across the organ, it will be important to deter-
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mine what influences (cellular or otherwise) cause some
plexus regions to undertake expansion while remaining
unresolved (and in a high endocrine yield state), while oth-
ers begin transformation toward the mature duct-like
states. We did not find evidence at any stage of plexus
resolution that would suggest that remodeling is accom-
plished through breakage and regression of epithelial seg-
ments, as reported for vascular plexus remodeling (Franco
et al. 2015). Rather, we observed an apparent progressive
consolidation of epithelial plexus segments that effective-
ly reduces the complexity of, and eventually eliminates,
the plexus web to generate the final ductal tree. Our anal-
ysis of Ngn3~/~ pancreata allows us to rule out a model in
which plexus remodeling is primarily driven by epithelial
cell departure (delamination) of Ngn3* endocrine precur-
sors. While Ngn3-dependent processes are clearly impor-
tant for regulating and propagating a “normal” plexus
state, the observation of the late stage corrective remodel-
ing demonstrates that the epithelial remodeling program,
albeit with substantial delay, eventually enforces a rela-
tively normal morphogenesis even in the absence of
Ngn3. Therefore, in normal tissue, we propose that the
function of Ngn3 in maintaining and propagating the pro-
genitor-rich plexus is balanced with an opposing and
apparently self-organizing epithelial morphogenesis pro-
cess 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, especial-
ly those derived from epithelium-extrinsic sources such as
the mesenchyme (Hart et al. 2003; Kobberup et al. 2010;
Landsman et al. 2011) and vasculature (Magenheim et al.
2011b; Villasenor and Cleaver 2012), contribute to local-
ized epithelial remodeling patterns during plexus growth,
plexus-to-duct transformation, and epithelial branch spec-
ification and outgrowth. We propose that the detailed anal-
ysis of the dual-mode morphogenesis program reported
here should enable future connection of such extrinsic
cues to specific epithelial remodeling outcomes.

Endocrine progenitor dynamics during the secondary
transition

Our EdU pulse-chase and endocrine yield analyses quanti-
fied in vivo the balance between endocrine differentiation
and maintenance/growth of the epithelial progenitor pool.
Our population-based measurements leverage a high tem-
poral resolution enabled by a short bioavailability of EAU,
a known injection time, and a set of directly detected and
marker-defined cell states that arise during progenitor
replication and endocrine commitment (Figs. 3, 4). We es-
timate ~12 h for both the cell cycle period and Ngn3
protein-positive period in vivo. Consistent with recent re-
porter-based single-cell live-imaging analyses in explants
(Kim et al. 2015), the rapid EAU acquisition in Ngn3* pop-
ulations indicates that a large portion of endocrine-
committing cells acquire Ngn3 immunoreactivity shortly
after a division event (Fig. 4). Our measurements suggest
that, as a population, upward of a one-third fraction of pro-
genitors in the plexus is allocated to the Ngn3* state



approximately every 12 h (Fig. 5). These data are consistent
with a highly processive plexus state from which endocrine
cells are continuously born. The increased understanding
of endocrine progenitor dynamics in the context of plexus
remodeling should provide a foundation for deeper analy-
ses of the distribution, timing, potency, and molecular reg-
ulation of individual differentiation events.

Notch and endocrine differentiation-mediated
feedback effects regulate distinct endocrine progenitor
behaviors

Our finding that Hesl production is maintained locally
within the plexus even at late gestational stages (Fig. 6)
leads to interesting questions regarding how duct versus
endocrine cell fate allocation might be dynamically influ-
enced by Notch activity. Our data showing that Hesl, sim-
ilar to Ngn3, is enriched in the plexus and that Notch
inhibition by DBZ increases the portion of the plexus cell
population activating Ngn3 expression fit a model in
which Notch-based signals derived locally from Ngn3*
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 periph-
eral DB) down-regulate Hes1 and Sox9 and become a poor
source of Ngn3* cells both normally and under Notch-
inhibited conditions, consistent with the idea that
nonplexus state cells have truly entered a ductal differenti-
ation program. Our observations thus begin to outline spa-
tial 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. Identifying markers that dis-
tinguish states of pro-duct specification versus undifferen-
tiated bipotent progenitors will likely aid in defining the
non-cell-autonomous cues that instruct duct specification
or maintain the bipotent pool, perhaps as obligatory fea-
tures of developmental coordination in the plexus.

We observed profound reductions in progenitor replica-
tion under conditions where Ngn3 is inactivated but not
when Notch signal processing is inhibited. While spatio-
temporally more precise Notch perturbation may uncover
roles in regulating the replicative amplification of endo-
crine progenitors in mice, our results raise the possibility
that a delamination function for Ngn3 may determine rep-
lication rates in the epithelial population. Indeed, studies
in Drosophila demonstrate that cell delamination limits
tissue overcrowding and promotes epithelial growth (Mar-
inari et al. 2012), suggesting that biomechanical mecha-
nisms and/or pathways regulating cell shape-dependent
or density-dependent growth (Huang and Ingber 1999)
could be critical determinants of pancreatic progenitor
growth and replication.

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
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by the number of MPCs initially allocated to the pan-
creatic anlagen (Stanger et al. 2007). We speculate that an
internally regulated, feedback-rich process of plexus mor-
phogenesis from its initial establishment to maturation
as a ductal arbor could explain how endocrine lineage out-
put is “predetermined” by founder MPC number. Endo-
crine yield is robust within the plexus at all stages but is
rapidly reduced upon its transformation into nonplexus
states. The initial number of MPCs allocated to the initial
plexus state could influence how long the plexus is main-
tained and thereby prolong or shorten the period of endo-
crine lineage allocation. Of relevance is the effect of
ectopic Nkx6.1 expression in pancreatic MPCs. During
stages concomitant with plexus formation, Nkx6.1 antag-
onizes the protip gene Ptfla, diverting MPCs toward
bipotent trunk progenitors (Schaffer et al. 2010). This tran-
scriptional antagonism effect on tissue compartment allo-
cation is Notch-regulated, providing a potential link
between the timing and/or levels of Notch in the
Nkx6.1* MPCs during initial plexus formation and the fi-
nal endocrine cell output (Afelik et al. 2012, Qu et al.
2013). Current translational objectives regarding the dif-
ferentiation of pluripotent cells toward the endocrine cell
fate in vitro could benefit from investigating how the size
of the “initiating plexus” and the duration of its mainte-
nance impact the final size and composition of the endo-
crine pancreas and whether these parameters can be
controlled by modulation of Notch, Nkx6.1, and Ptfla.

Our data put forward the possibility that endocrine dif-
ferentiation 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 subtype
specification, a previous study (Johansson et al. 2007)
showed that competence windows for the differentiation
of endocrine cell subtypes are regulated by factors intrin-
sic to the pancreatic epithelium. Such windows of compe-
tence could be connected to specific tissue-level or cell-
biological alterations associated with plexus formation,
expansion, and remodeling phases. (The a-cell compe-
tence window could correlate with initial plexus forma-
tion [E9.5-E12.5]; B-cell birth, more with the mid-
gestation plexus expansion phase [E12.5-E15.5]; and the
later production of §/¢/PP cells with plexus-to-duct trans-
formation [E16.5-E18.5].) We envisage the future testing
of the idea that specific and perhaps relatively subtle per-
turbations to the plexus morphogenesis program might al-
ter 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-medi-
ated apicobasal polarization has already been linked to the
generation of an endocrine differentiation-competent pro-
genitor pool (Kesavan et al. 2009) and could thus be
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considered as a central contributor to the generation of
the plexus. Additionally, ablation of Strad13, a negative
regulator of RhoA-ROCK-nmMyoll, reduces the size
and replicative activity of pancreatic MPCs (Petzold
etal. 2013), and defects in planar cell polarity are associat-
ed with reduced Ngn3™ cell numbers (Cortijo et al. 2012).
While the detailed mechanistic underpinnings causing de-
fective endocrine lineage development in these cases re-
main unclear, the picture emerging is that insights into
how endocrine progenitors and committed endocrine
precursors are efficiently maintained and generated, re-
spectively, may be gleaned from characterizing, with
increased spatiotemporal resolution, how cytoskeletal dy-
namics, 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.

Materials and methods

Mice

Ngn3"S*? knock-in mice from Guogiang Gu (Vanderbilt Univer-
sity) were genotyped as described (Lee et al. 2001). Ngn3=GF/+
and Ngn3EGTP/ECY embryos were phenotyped by EGEP fluores-
cence and lack of endocrine cells. Wild-type mice were of mixed
genotypes. All protocols were approved by the Vanderbilt Univer-
sity Institutional Animal Care and Use Committee. See Supple-
mental Table 3 for a list of genotyping primers.

Immunodetection

Embryonic pancreata were paraformaldehyde-fixed (4%) for 4-6 h
at 4°C. For cryosectioning, samples were sucrose-equilibrated
(30%) overnight at 4°C and OCT-embedded (Tissue-Tek). Thick
cryosections (30-45 pm) were obtained on a Leica CM3050
S. For whole mounts, pancreata were manually divided into
core and peripheral regions and processed as described (Ahnfelt-
Ronne et al. 2007). See Supplemental Table 2 for a list of the an-
tibodies used.

gRT-PCR

Total RNA was TRIzol-isolated from dorsal pancreata, and cDNA
was 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. See Supplemental Table 3 for a list primer sequences.

DBZ and EdU administration and quantification

DBZ (Cayman Chemical) was resuspended finely in ME4M slow-
delivery vehicle (Methocell) using a motorized pestle and was in-
jected intraperitoneally. EAU (10 mg/kg) (Life Technologies) was
given intraperitoneally and was detected by the Click-iT Plus
EdU 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 are in
the figure legends), and 3D reconstructions were rendered using
Imaris software.
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Quantification and statistical analyses

Mucl* plexus and duct areas were traced manually as indicated in
the figure legends. Pixel areas were obtained using Image]. All
sectional analyses covered ~30% of the dorsal pancreas. For endo-
crine yield measurements within the plexus, duct, and DB states,
the morphology types were based on the Mucl lumen structure.
Sox9" and Ngn3* 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 Image]. For Sox9 immunofluorescence,
mean pixel intensity was determined using Imaris image analysis
software (dots function, 4-um nuclear sphere).
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