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Pancreas organogenesis is a highly dynamic process where neighboring tissue interactions lead to dynamic
changes in gene regulatory networks that orchestrate endocrine, exocrine, and ductal lineage formation. To
understand the spatio-temporal regulatory logic we have used the Forkhead transcription factor Foxa2-Venus
fusion (FVF) knock-in reporter mouse to separate the FVF+ pancreatic epithelium from the FVF− surrounding
tissue (mesenchyme, neurons, blood, and blood vessels) to perform a genome-wide mRNA expression profiling
at embryonic days (E) 12.5–15.5. Annotating genes and molecular processes suggest that FVF marks endoderm-
derived multipotent epithelial progenitors at several lineage restriction steps, when the bulk of endocrine,
exocrine and ductal cells are formed during the secondary transition. In the pancreatic epithelial compartment,
we identified most known endocrine and exocrine lineage determining factors and diabetes-associated genes,
but also unknown genes with spatio-temporal regulated pancreatic expression. In the non-endoderm-derived
compartment, we identified many well-described regulatory genes that are not yet functionally annotated in
pancreas development, emphasizing that neighboring tissue interactions are still ill defined. Pancreatic expres-
sion of over 635 geneswas analyzedwith themRNA in situ hybridizationGenepaint public database. This validat-
ed the quality of the profiling data set and identified hundreds of genes with spatially restricted expression
patterns in the pancreas. Some of these genes are also targeted by pancreatic transcription factors and show
active chromatin marks in human islets of Langerhans. Thus, with the highest spatio-temporal resolution of a
global gene expression profile during the secondary transition, our study enables to shed light on neighboring
tissue interactions, developmental timing and diabetes gene regulation.
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1. Introduction

Diabetes is an epidemic disease and caused 4.9 million deaths world-
wide in 2014 (IDFDiabetes Atlas 2014). Type 1 (T1D) and type 2 diabetes
(T2D) are triggered by autoimmune destruction of insulin-producing
β-cells or by acquired insulin resistancewith steady decline of functional
β-cell mass, respectively. Current treatments significantly improve life
quality of patients, however, they do not provide full glycemic control
leading to long-term micro- and macro-vascular complications. New
treatment strategies aiming at restoration ofβ-cellmass could normalize
blood glucose control andeliminate disease complications (Bonner-Weir
and Weir, 2005).

The insulin-producingβ-cells are part of the endocrine pancreas, the
islets of Langerhans, which also consists of glucagon-producingα-cells,
somatostatin-producing δ-cells, ghrelin-producing ε-cells and pancre-
atic polypeptide-producing PP-cells (In't Veld and Marichal, 2010).
These endocrine cells secrete hormones into the blood stream to
regulate nutrient metabolism and glucose homeostasis. The exocrine
compartment of the pancreas produces digestive enzymes from
its acinar cells, which are then drained via a ductal system into the
duodenum.

The Forkhead transcription factor Foxa2 regulates endoderm forma-
tion and epithelialization during gastrulation (Burtscher and Lickert,
2009). Foxa1 and Foxa2 are crucial upstream regulators of the pancreat-
ic and duodenal homeobox 1 (Pdx1) transcription factor (Gao et al.,
2008). Pancreas development starts with the patterning of the foregut
endoderm and the specification of the pre-pancreatic field marked by
Pdx1 (Jensen, 2004; Pan and Wright, 2011; Zorn and Wells, 2009). By
E9.5, the first visible pancreatic epithelial buds emerge from the dorsal
and ventral foregut and expand into the surrounding mesenchyme.
Growth and expansion of the pancreatic buds are associated with the
first wave of differentiation and appearance of glucagon-positive cells
during the so-called primary transition (E9.5–12.5). By the end of the
primary transition, these two buds rotate and fuse together and active
growth and epithelial remodeling shape the future pancreas. During
the secondary transition (E12.5–15.5), multipotent pancreatic progeni-
tors become committed to the ductal, endocrine and acinar lineages.
Several transcription factors such as Pdx1, Ptf1a, Hnf1a, Hnf1b, Hnf4a,
Nkx6.1, and Sox9, as well as signaling molecules, such as FGF, EGF,
Wnt, Bmp, Shh and Notch have been shown to coordinate commitment
and differentiation of the pancreatic lineages concomitant with epithe-
lial branching morphogenesis (Puri and Hebrok, 2010; Pan andWright,
2011; Raducanu and Lickert, 2012; Pagliuca and Melton, 2013; Shih
et al., 2013; Migliorini et al., 2014). Inductive instructions relayed

from the surrounding mesenchyme as well as epithelial polarization
contribute to the patterning of the pancreatic epithelium into distinct
trunk and tip domains. The tip domain, at least for a certain period of
time, is the supplier of multipotent progenitors that can generate the
endocrine pool as well as ductal and acinar cells (Zhou et al., 2007).
Endocrine lineage segregation is initiated by the induction of Neurogenin
3 (Ngn3), whichmarks the cells that are committed to an endocrine fate
and will start migrating out from the ductal epithelium into the
surroundingmesenchymewhere they cluster together to form the islets
of Langerhans (Gradwohl et al., 2000; Schwitzgebel et al., 2000). Cell
delamination, asymmetric cell division and epithelial–mesenchymal
transition (EMT) have been proposed to govern the endocrine precur-
sors' delineation from the trunk epithelium, however, the mechanisms
of pancreatic lineage segregation and neighboring tissue interactions
are only beginning to be understood.

To systematically profile pancreas development, we captured the
spatio-temporal global gene expression of the endoderm-derived
epithelial and non-endodermal compartments during the secondary
transition. Pancreatic organs were isolated, dissociated and sorted for
epithelial (Foxa2-Venus fusion positive, FVF+) and non-endodermal
(FVF−) populations and subjected for mRNA profiling on four consecu-
tive days between E12.5–15.5. Extensive statistical analyses, using
principal component analysis and linear regression modeling, clearly
identified two distinct tissue compartments solely based on their tran-
scriptional profile. Subsequent bioinformatical analyses, using pathway
analysis of the profiles, underpin the importance of the established
spatio-temporal genome-wide expression resource. We demonstrate
how the provided data resource can be mined to advance mechanistic
understanding of the secondary transition, neighboring tissue interac-
tions, and diabetes gene regulation. For further validation, we analyzed
and classified mRNA expression patterns using the Genepaint database
(www.genepaint.org) of 635 regulated genes in embryos and pancreata
at E14.5. This enabled us to identify almost all known regulators of
pancreas development and to propose gene regulatory networks
(GRNs) for genome-wide association study (GWAS)-annotated
diabetes genes. We further analyzed publicly available chromatin-
immunoprecipitation sequencing (ChIP-seq) data sets of human islets
of Langerhans (Pasquali et al., 2014; Morán et al., 2012) and analyzed
the regulation of newly identified genes by pancreatic transcription
factors. Importantly, many potential regulators of development and
disease were identified in the endodermal and non-endodermal
compartments of the pancreas, which provides a high spatio-temporal
resolution of the GRNs involved in pancreatic lineage allocation for future
functional interrogation.
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