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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.

© 2015 Elsevier Ireland Ltd. All rights reserved.
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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.

http://www.genepaint.org
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2. Results

2.1. Foxa2marks the pancreatic epithelium during the secondary transition

To dissect the GRNs in different compartments of the pancreas
during the secondary transition, we utilized our recently generated
knock-in FVF reporter mouse (Burtscher et al., 2013). Immunohisto-
chemistry on pancreatic cryosections combined with laser-scanning
confocal microscopy analysis was performed at E12.5–15.5 (Fig. 1).
We used Pdx1 as a marker for epithelial (Pdx1low) and endocrine pro-
genitors (Pdx1high), as well as Cd49f (Itga6; Integrin alpha 6) as amark-
er for the exocrine (Cd49fhigh) and endocrine (Cd49flow) lineage. Note
that prior to pancreatic lineage segregation Cd49f is expressed at low
levels in the whole epithelium (Sugiyama et al., 2007). The analysis
illustrates extensive FVF co-localization with Pdx1 in the ductal, endo-
crine and exocrine compartments of the pancreas (Fig. 1a), in line
with the notion that Pdx1 is a downstream target of Foxa1 and Foxa2
Fig. 1. FVF marks the pancreatic epithelium during pancreas development. a. Characterization o
epithelialmarker Pdx1 and endocrine (low)/exocrine (high)marker Cd49f showing an overlay o
bars 25 μm. b. Higher magnification of E15.5 with FVF, Pdx1 and Cd49f. Notably, Pdx1high expr
(Gao et al., 2008). This idea is further highlighted by the fact that both
Pdx1 and FVF proteins are strongly upregulated when progenitor cells
commit to the endocrine lineage and leave the ductal epithelium
(Fig. 1b, arrowheads). The FVF negative population (FVF−) represents
the surrounding non-endodermal tissues, mainly mesenchymal cells,
peripheral neurons, blood, and blood vessels. Together, these results
emphasize that the FVF knock-in reportermouse can be utilized to gen-
erate a spatio-temporal transcriptional profile of the distinct pancreatic
tissue compartments during the secondary transition.

2.2. Global gene expression analysis of the secondary transition

To characterize global gene expression changes during pancreatic
lineage allocation, we focused our analysis on the secondary transition
between E12.5–15.5 (Fig. 2a).We isolated pancreata fromheterozygous
FVFmice, generated single cell suspensions using collagenase treatment
and used fluorescence-activated cell sorting (FACS) to separate the
f FVF pancreatic progenitors during the secondary transition (E12.5–15.5) with pancreatic
f FVF and Pdx1 in the pancreatic epithelium.Magnification of boxed area shown in b. Scale
ession correlates with FVFhigh expression (arrowheads). Scale bar 25 μm.



Fig. 2.Workflow of the experimental setup and temporal differences of the two tissue populations. a. Scheme of the experimental setup: The FVFmice were used for mating and the plug
positive mice utilized to prepare the embryonic pancreas during the secondary transition. Successively we accomplished a single cell suspension comprised of FVF+ and FVF− cells
representing the epithelium and the surrounding non-endodermal compartment. After FAC sorting and total mRNA isolation the global gene expression array illustrated 2 distinct cell
populations. b. Principal component analysis of genome-wide profiling. The first component (PC1) clearly distinguishes between FVF+ and FVF− samples. PC2 aligns samples according
to developmental stages. Arrows are drawn in increasing number of embryonic days from respective samplemeans in PC1 and PC2. c. and d. Differential gene expression analysis of both
populations per development day. Histogram of genes significantly regulated (adjusted p-value b 0.01). *Number at E13.5 is lower due to lower samples sizes (n = 2 each). The lower
panel heatmap shows pathway enrichments of spatial tissue differences for the respective timepoints. KEGG pathway enrichment significance is color-coded (red values indicate high
probability (log10(p) b 1 with p b 0.1)). Pathways are hierarchically clustered by their temporal pathway enrichment pattern.
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FVF− and FVF+ cell populations from the pancreas at consecutive
developmental stages (Fig. S1). After total RNA isolation, samples
were subjected to Affymetrix analysis and only microarrays with high
quality data were normalized using robust multi-chip averages and
used further for statistical analysis (normalized expression available at
Table S1, and raw data available at the Gene Expression Onmibus,
GSE66856). Global description of the dataset was obtained by applying
principal component (PC) analysis (Fig. 2b). The first (spatial) PC
explained 68.7% of total variance of the dataset showing that the
endoderm-derived FVF+ and non-endoderm-derived FVF− cell popula-
tions are clearly distinct tissue compartments. The second (temporal)
PC explained 13.3% of total variance and correlated with the different
developmental stages of pancreas development. Note that the global
temporal gene expression changes occur between E13.5–15.5 and that
the non-endodermal compartment undergoes more subtle changes
(smaller range in the second temporal PC), when compared to the
endodermal compartment (Fig. 2b). Taken together, these results
demonstrate dynamic changes in GRNs of the different compartments
of the pancreas during lineage allocation.

2.3. Spatio-temporal analysis of the pancreatic tissue populations

As a next stepwefirst analyzed expression changes between the FVF−

and FVF+ cell compartments individually within each developmental
stage (Figs. 2c and S2a). Differential expression analysis (FDR adjusted
p-value b 0.01) was performed using a linear model, which uses an esti-
mated variance for each gene accounting for low samples sizes of two
and three for pairwise comparison (Ritchie et al., 2015). From E12.5–
15.5 an increasing number of geneswere differentially regulated between
the FVF− and FVF+ populations (Figs. 2c and S2a, Table S1). Up to 7346
genes were significantly regulated between FVF− and FVF+ populations
at E14.5. For the comparison between FVF− and FVF+ populations at
E13.5, the lower number of regulated genes was due to overall higher
p-values (Fig. S2a), which can be influenced by the larger variance in
the second (temporal) PC of E13.5 FVF− samples when compared to
respective E13.5 FVF+ samples (Fig. 2b, dashed box). Thus, we cannot ex-
clude a comparable number of genes actually being regulated at E13.5.

Functional pathway analysis of respective differentially regulated
genes was performed (Fig. 2d). Pathways that were differentially regu-
lated between the two compartments over time were summarized to
understand temporal regulation of cellular and molecular processes
associated with pancreas organogenesis and lineage commitment.
Type 2 diabetes mellitus, protein digestion and absorption, pancreas se-
cretion andmaturity onset diabetes of the young (MODY) are key path-
ways for the physiology and function of the mature pancreas and are
already enriched in the FVF+ pancreatic epithelial population during
development. The pathway analysis encompassed axon guidance in
both populations, which is consistent with previously recognized

ncbieo:GSE66856
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similarity between neuronal and pancreatic progenitors (van
Arensbergen et al., 2010; Schwartz et al., 2013) and might implicate a
role of these class of molecules in coordinated epithelial plexus
remodeling and branching morphogenesis. Differential and dynamic
expressions of extracellular matrix (ECM) and cell adhesion (CAM,
tight junction, adherent junction) molecules indicate morphological re-
modeling of the epithelium into the different pancreatic lineages and
formation of the endocrine lineage by EMT or delamination (Gouzi
et al., 2011; Pan and Wright, 2011). From E14.5 onwards, metabolic
and amino-acid-related biosynthesis pathwayswere differentially regu-
lated between both populations, while the populations reflect similar
expression regarding adherent and tight junctions. Interestingly,
amino acid, sugar and nucleotide metabolism seem differentially regu-
lated in the different compartments in the pancreas while progenitor
cells exit proliferation and differentiate into the lineages. Differences
in complement and coagulation cascades are also detectable, illustrating
that besides the mesenchymal component, the FVF− population also
contains vascular endothelial and blood cells. Taken together, our
spatio-temporal analysis supports the described differential regulation
of key pathways that are involved in development, metabolism and
morphogenesis of the pancreas (Pan and Wright, 2011).

2.4. Temporal progression in tissue formation in endoderm and
non-endoderm compartments of the pancreas

Toassess dynamic transcriptional changeswithin theprogenitor and
differentiating pancreatic populations in both compartments we
analyzed temporal regulation using the above described linear model
and testing between embryonic stages in each population. The number
of differentially regulated genes (FDR adjusted p-value b 0.01) in-
creased during development, peaking in 2196 and 246 genes in FVF+
Fig. 3. Temporal expression changes. Significant expression changes during the specific embryo
panels) indicate number of differentially expressed genes of one developmental day to the next
regulated genes within the FVF+ and FVF− tissue populations are hierarchically clustered b
Histogram on color-scale summarizes number of expression values shown in the heatmap. e. H
visualizes relative expression values of known, MODY and predicted TF genes. TF binding sites
and FVF− populations between E14.5 and E15.5, respectively (Fig. 3a,
b). Note that the transcriptional regulation over time is one order of
magnitude higher in the FVF+ than the FVF− compartment, emphasiz-
ing greater changes in the GRN of the differentiating pancreatic epithe-
lium. The non-endodermal tissue was transcriptionally less
heterogeneous during the secondary transition compared to the
pancreatic epithelium, suggesting that the mesenchyme, vessels and
blood cells undergo less dramatic changes during morphogenesis.
However little is known about the dynamic of pancreatic mesenchyme
during the secondary transition and the identified genes that do under-
go regulation might be of interest for future studies.

Hierarchical clustering of temporal gene regulation identified
clusters with characteristic molecular profiles. Clusters active in FVF+

epithelial progenitors at E12.5–14.5 containmany Notch pathway com-
ponents (Hey1,Notch2,Notch3, Jag1,Hes1) likely essential for progenitor
maintenance and differentiation (Fig. 3c) (Horn et al., 2012, Jensen et al.,
2000, Apelqvist et al., 1999). Interestingly, many of the early active
genes are associated with transcriptional regulation (Hhex, Sox11,
Gata6, Tcf7l1, NeuroD1, Onecut3, Tbx6, Tbx19), miRNA processing
(Drosha), or chromatin regulation (Smarca2, Smarcc1, Smarce1,
Smarcd1, Hdac1), maybe important to maintain or differentiate the
progenitor population. Moreover, GLI-Kruppel family member Gli3,
the main repressor for Hedgehog (Hh) signaling, is downregulated
at E14.5–15.5 and Hh ligand Ihh is upregulated at E15.5, indicating a
switch in Hh pathway activity. Genes that are indicative for endocrine
(Ins1, Ins2, Insrr, Pyy, Npy, Iapp, Sst, Pcsk1-3, Gipr, Sytl1, Sytl4, Glp1r,
Gip, Ghr, Syt7, Syt8, Syt13, Ghrl, Slc2a2) and exocrine differentiation
(Amy2a5, Serpina1a, 1b, 1d, 1e,Mist1,Nr5a2) first appear at E14.5, show-
ing that lineage allocation occurs at this stage in pancreas development.
Interestingly, clusters with gene activation at E15.5 in FVF+ differentiat-
ing cells containmanymembers of theWnt- (Wnt1, 2, 3a, 5a, 6, 10a, 10b
nic stages within the epithelium (a.) and non-endodermal tissue (b.). Histograms (upper
. Note the different y-axis scaling up 200 or 2000 genes. Heatmaps (c. and d.) of temporally
y their relative gene expression (z-scales to mean expression per row) across samples.
eatmap visualizes relative expression values of EMT transcription factors (TF). f. Heatmap
of predicted and conserved TFs in the Ins2 promoter are shown in the lower box.
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and Fzd9, 10) and Fgf-signaling (Fgf6, 8, 15, 20, 23) as well as genes
known to have an important function in mid-hindbrain boundary
formation (Wnt1, Fgf8, Otx2, En1), suggesting that these pathways are
involved in endocrine lineage allocation and trunk-tip patterning.

In the FVF− non-endodermal compartment, generally fewer genes
seem to be regulated as compared to the FVF+ endodermal epithelial
compartment (Fig. 3b, d). ThemiRNApathway (Drosha, Ago1 and sever-
al miRNAs) and chromatin regulation (Smarcc2, Smarca4, Med12,
Med23) seems similarly regulated at early stages of pancreas develop-
ment. At later stages between E14.5–15.5, different ligands of the
Wnt-, Tgfβ- and Fgf-signaling cascades are activated (Wnt4, Fgf7,
Gdf10), suggesting that autocrine and paracrine signaling takes place
between the two tissue compartments. Results of temporal progression
analysis implicate that during pancreatic progenitor differentiation,
morphogenesis and lineage allocation themajor developmental regula-
tory signaling pathways are differentially regulated to remodel the
epigenetic and genetic landscape of progenitor cells.

2.5. Mechanistic understanding of pancreatic development

To illustrate, how the transcriptional profile of the secondary
transition can be interrogated, we posed questions advancing the under-
standing of further mechanisms governing early pancreatic develop-
ment. First we were interested if epithelial cells during the secondary
transition undergo a classical EMT. This is still controversial, as a valid al-
ternative option is the delamination of ductal epithelial progenitors com-
mitting to the “pseudo-epithelial” endocrine cells that form the islet of
Fig. 4. GO term and Genepaint in situ analysis of known pancreatic factors. a. Representative GO
expression difference between both tissue populations. The terms include extracellular/located
cilium-related (34 genes) and unknown (31 genes). In total, we found 635 non-redundant gene
mal, epithelial population and the contrast of these two cell populations. b. These genes had be
zation pattern. The patterns demonstrate pancreatic epithelium, tip and pancreatic mesenchy
pattern pancreatic epithelium representative genes include Foxa2, Pdx1, Ngn3, Nkx6.1 and Isl
and Serpina10. For the mesenchymal pattern we found Osr1, Sfrp1, Fgf9, Wnt5a and Pdgfc. d. H
gene expression (z-scales to mean expression per row) across samples.
Langerhans (Kesavan et al., 2014). To investigate timing and location of
EMT during the secondary transitionwe analyzed expression of themas-
ter transcription factors (TFs) Snai1/2, Twist1 and Zeb1/2 (Fig. 3e). Snai1/
2 and Zeb1/2 are highly expressed in the non-endodermal mesenchymal
compartment between E12.5 and E15.5. Surprisingly, in the endodermal
compartment we observe only a slight and transient up-regulation of
Snai2 and Zeb2 at E13.5 suggesting that classical EMT is not amain driver
of endocrine lineage allocation.

Another intriguing question iswhen and how the Insulin promoter is
induced in the endocrine population and are GWAS or MODY gene
products involved in the regulation? We first analyzed the expression
of annotated T1D and T2D GWAS hits during pancreas development
(Fig. S3). Interestingly, a great majority of potential diabetes disease
genes is expressed during pancreas development in the non-
endodermal or endodermal compartment with a subset correlating
with the onset of insulin expression. The Insulin 1 and 2 genes become
highly expressed in the FVF+ epithelial compartment at E14.5
(Fig. 3f). To understand the transcriptional regulation, we interrogate
gene expression of Ins2 promoter regulating TFs. In addition to known
and MODY TFs, we studied TF binding sites on the Ins2 promotor
(−342 to +50 bp relative to the transcriptional start site) (TSS)
(Whelan et al., 1989). In a homology-based screen, we identified a TF
module of the two TF families MAF and AP1 factors as well as RxR het-
erodimer binding sites. When we analyzed the mRNA expression of
the respective genes, we noticed correlated and reciprocal expression
patterns to the Insulin genes (Fig. 3f). Interestingly, the retinoic acid
(RA) and steroid nuclear receptor Rxrg that forms heterodimers with
terms used for the identification of known and novel pancreas-related genes with N2 fold
at plasmamembrane (291 genes), signaling (138 genes), transcription factors (141 genes),
s. The heatmaps reflect the percentage of genes with GO terms either in the non-endoder-
en further analyzed by Genepaint in situs and classified manually to their different locali-
me. c. Known pancreatic genes sorted for their typical Genepaint in situ pattern. For the
1. In addition the tip fraction is reflected by the genes Nr5a2, Onecut1/Hnf6, Mist1, Cela1
eatmap of known pancreatic factors from c. Genes are hierarchically clustered by relative
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the HNF steroid receptors and themajor TF of the canonicalWnt signal-
ing pathway Tcf7l2 are reciprocally expressed to the Insulin genes
between E12.5–15.5. This suggests that RA and Wnt signaling either
maintain progenitor cell populations or suppress Insulin gene expres-
sion during pancreas development. Interestingly, the Vitamin D recep-
tor (Vdr) and Rxrg were predicted to directly regulate Ins2 (Fig. 3f)
and were shown to be implicated in insulin-resistance (Sung et al.,
2012), suggesting that homo- and hetero-dimer formation might posi-
tively or negatively regulate the expression of the Insulin genes. The
high expression of MODY genes (Pdx1, HNF1β, Hnf4a, and NeuroD1)
during the secondary transition suggests that MODY genes have an
impact on endocrine lineage formation already at the pancreatic
progenitor state. Therefore, GRNs and TF programs that are important
for human pancreas development and disease can be analyzed using
control and patient-derived iPSCs differentiated into pancreatic progen-
itors (Weedon et al., 2014).

2.6. Gene candidate validation with in situ public database

To validate our dataset and analyze the gene expression in the pan-
creas, we focused on the strongly regulated genes (absolute fold change
N2 between FVF− and FVF+) and filtered for the gene ontology (GO)
terms transcriptional factors, signaling pathway, extracellular/located
at plasma membrane and cilium-related genes (Fig. 4a; details in
Methods section). We manually curated and classified localization pat-
terns of these 635 genes into epithelial, tip, mesenchyme expression
patterns and no expression (Fig. 4b; Tables S2 and S3) as proxies for
predicted function and lineage. For the in situ profiles we explored the
public gene expression database (www.GenePaint.org), which is a
digital atlas and provides in situ expression patterns of the mouse at
E14.5. Known pancreatic factors were used to determine the specific
localization patterns (Fig. 4c). The epithelial localization pattern was
characterized by the pancreatic epithelial markers Pdx1, Foxa2 and en-
docrine markers Ngn3, NK6 homeobox 1 (Nkx6.1) and Islet 1 (Isl1). The
tip localization pattern encompasses the typical exocrine progenitors
Fig. 5. Temporal and spatial analyses of known pancreatic genes including their Genepaint in situ
indicated compartment (average fold-change relative to E12.5). Interesting genes are marked a
the pancreatic epithelium pattern by well described pancreatic marker as Ins2, Nkx2.2, Pax6 an
Cela1, Amy2a5 and Edaradd. c. In addition, a mesenchymal pattern is illustrated by the genes T
as nuclear receptor subfamily 5, group A, member 2 (Nr5a2), one cut
domain, family member 1 (Onecut1/Hnf6), basic helix-loop-helix family,
member a15 (Mist1/Bhlha15), chymotrypsin-like elastase family member
1 (Cela1) and the serpin peptidase inhibitor, clade A, member 10
(Serpina10). The mesenchymal localization pattern contained genes,
such as odd-skipped related 1 (Osr1), secreted frizzled-related protein 1
(Sfrp1), fibroblast growth factor 9 (Fgf9),wingless-type MMTV integration
site family, member 5A (Wnt5a) and platelet derived growth factor C
(Pdgfc). Several of the tissue-characteristic genes were also significantly
regulated in time and space (Fig. 4d). Taken together, these data
illustrate the high quality of the data set in terms of FVF− and FVF+

compartment separation and spatio-temporal regulation of GRNs.
Genes from the GO filtering were analyzed separately with respect

to the manually curated in situ localization pattern and differential reg-
ulation in the endodermal and non-endodermal compartment. The in
situ profile revealed unique distribution in the localization pattern in
the epithelium at E14.5 (Fig. 5a). Irrespective of temporal regulation in
FVF+ and FVF−, all epithelium genes were upregulated in FVF+ when
compared to FVF− compartment at all timepoints (Fig. S4a). Expres-
sions of genes coding for secreted hormones, such as islet amyloid poly-
peptide (Iapp) and insulin 2 (Ins2) were induced during the secondary
transition in the FVF+ endodermal compartment and have a specific
epithelial in situ pattern in the pancreas at E14.5. The RNA expression
profile shows relatively stable expression of TF in the secondary transi-
tion (Pax6, Nkx2-2, Isl1), whereas genes coding for secreted factors or
hormones in differentiated endocrine cells are strongly regulated
(Scgn, Ins2, Iapp, Ghrl). Most importantly these factors are strongly
upregulated during endocrine differentiation and remain expressed in
adult islets of Langerhans (Pan and Wright, 2011).

The in situ pattern for the “tip” highlighted consistently peptidases,
lipases and amylases next to exocrine progenitor markers (Fig. 5b).
Again tip genes were all found to be consistently upregulated in FVF+

when compared to FVF− compartment at all timepoints (Fig. S4b).
The Carboxypeptidase 1 (Cpa1) has very specific in situ pattern in acinar
cells at the ceiling of the pancreas and shows steady expression during
s. a–c. The upper panels describe temporal expression changes of all classified genes in the
nd stated by their names. a. In situ profiling of established pancreatic factors presented for
d Iapp. b. For the typically tip pattern we depicted intrinsic exocrine progenitors as Cpa1,
hbs2, Lum, Igfbp4 and Igfbp5.

http://www.GenePaint.org
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the secondary transition. Zhou et al. already showed that Cpa1mRNA is
detected at E9.5 with protein expression at E10.5 marking the
multipotent progenitors (MPC). Similarity in the in situ expression
pattern is obvious for the protease Chymotrypsin-like elastase family
member 1 (Cela1), the Amylase 2a5 (Amy2a5), and the Ectodysplasin-A
receptor-associated adapter protein (Edaradd) in the acinar compartment
of the pancreas at E14.5. All of these genes show increased expression
intensity towards the end of the secondary transition. Interestingly,
the Serpina family (1a, 1b, 1d, and 1e) is a syn-expression group that
clusters together on chromosome 12 and is collectively downregulated
towards the end of the secondary transition, suggesting that these
negative regulators of endopeptidases have a role in pancreas differen-
tiation or morphogenesis. Indeed, null-mutants for the alpha1-
antitrypsin (A1AT) Serpina1a die prior to E8.5, indicating a critical role
in regulation of in utero development (Wang et al., 2011).

The non-endodermal in situ pattern reflected a specific pattern in the
mesenchyme around the pancreas epithelium (Fig. 5c) and genes were
all found to be consistently downregulated in FVF+ when compared to
FVF− compartment at all timepoints (Fig. S4c). As a gene with strong
temporal expression we found thrombospondin 2 (Thbs2) with an in
situ expression in the surrounding mesenchyme of the pancreas.
Thbs2 is a homotrimeric glycoprotein that mediates cell-to-cell and
cell-to-matrix interactions and homozygous knock-out mutants die
due to marked structural and functional abnormalities in a variety of
connective tissues (Kyriakides et al., 1998). Additionally, Lumican
(Lum) reflects a similar dynamic expression pattern in the non-
endodermal compartment and knock-out mice have disorganized
extracellular matrix (Chakravarti et al., 1998). These data suggests
that genes strongly regulated in the non-endoderm compartment are
essential for ECMmodulation and cell–cell and cell–matrix interactions.
Interestingly insulin-like growth factor binding protein 4 (Igfbp4) and
Fig. 6. Temporal and spatial analyses of novel pancreatic genes including their Genepaint in situ
indicated compartment (average fold-change relative to E12.5). Interesting genes aremarked a
known to play a role in pancreatic lineage allocations and are either in the GO terms or classified
related genes are arranged into the different patterns due to their unique in situ expression patt
epithelial in situ pattern illustrates the unidentified pancreatic related genes Grb7, Tmem171, Vwa
genes Slc38a3, Rbm47, Cldn10 and 2210010C04Rik. c. Furthermore the mesenchymal population
Igfbp5 show stable expression in the non-endodermal compartment
verified by the in situ pattern. On the other hand, insulin-like growth
factor 1 (Igf1) is strongly upregulated at E14.5–15.5 (Fig. 3c), suggesting
activation of the Igf1 pathway to enhance growth and proliferation
during the end of the secondary transition.
2.7. Novel candidates shaping transcriptional landscape of the secondary
transition

As a next step we examined factors, which were previously not
annotated as functional genes in pancreas development or disease.
The criteria for these factors comprised strong regulation during the
secondary transition (absolute fold change N2 between FVF− and
FVF+) as well as a regional strong and specific pancreatic in situ
expression pattern at E14.5 (Fig. 6; Tables S2 and S3).

For the “epithelial” in situ pattern we identified genes with unique
expression in the pancreas (Fig. 6a) and validated expressionwith inde-
pendent in situ stainings as well as qPCR (Fig. 7). The novel pancreatic
factor growth factor receptor bound protein 7 (Grb7) had steady expres-
sion during pancreas development with typical epithelial in situ pattern
(Fig. 7). Further, we observed decreasing mRNA expression and a weak
in situ pattern for the novel transmembrane protein 171 (Tmem171) dur-
ing the secondary transition. As a new putative pancreatic gene von
Willebrand factor A domain containing 5B2 (Vwa5b2) was identified to
be upregulated in FVF+ with in situ expression in the epithelium, only
(Fig. 7). As a potential endocrine factor we discovered Synaptotagmin
13 (Syt13) with a similar in situ pattern compared to Ngn3 (Figs. 4c,
S5) and increasing expression during the ongoing secondary transition
(Fig. 7). Interestingly, Syt13 was shown to be absent in Ngn3 knockout
mice (Juhl et al., 2008). Syt13 is a member of the Synaptotagmin family,
s. a–c. The upper panels describe temporal expression changes of all classified genes in the
nd stated by their names. The genes described aremanually depicted genes previously un-
as unknown.With the advantage of the in situ database Genepaint, unidentified pancreatic
ern. a. For the epithelium, expression changes during the secondary transition with unique
5b2 and Syt13. b. In the section of the tip there are typical expression patterns for the novel
discloses pancreas specific unfamiliar candidates such as Syt6, Tenc1, Srpx2 and Il11ra2.



Fig. 7. Confirmation of selected candidate genes inpancreatic tissue bywholemount in situhybridization and quantitative PCR. a)Wholemount in situhybridization of the candidate genes
Syt13, Scgn, Grb7, Vwa5b2 and Srpx2 at E12.5 (n= 3), E13.5 (n= 2), E14.5 (n= 3) and E15.0 (n= 2). Scale bar= 250 μm. b) qPCR of selected candidate genes between E12.5 to E14.5.
Y-axis shows the fold change values (mean ± SEM) relative to E12.5. Two-tails unpaired t-test, * significant at p b 0.05, *** significant at p b 0.001, ns = not significant.
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known to play a role in vesicle-mediated transport and vesicle exocyto-
sis (Xu et al., 2009).

For novel pancreatic genes with the in situ expression profile proc-
essed as “tip” the RNA expression of solute carrier family 38 (Slc38a3)
and RNA binding motif protein 47 (Rbm47) declines in the epithelium
during the secondary transition as illustrated by the weak pancreatic
in situ expression patterns (Fig. 6b). Nevertheless, the putative pancre-
atic gene Claudin-10 (Cldn10) shows increasing expression during
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pancreas developmentwith unique in situ expression in the acinar com-
partment of the pancreas. As a novel pancreatic genewe found the gene
2210010C04Rik with rising expression during the secondary transition
and clear in situ pattern at the ceiling of the pancreas, a genewhich like-
ly codes for a peptidase.

The “mesenchymal” localization contains an additional Synaptotagmin
(Syt6), Tensin-like C1 domain-containing phosphatase (Tenc1) and Sushi
repeat-containing protein X-linked 2 (Srpx2; Fig. 7) and Interleukin 11 re-
ceptor alpha chain 2 (Il11ra2) (Fig. 6c). All the non-endodermal genes
show constant expression over time and clear in situ expression pattern
in close proximity to the pancreas epithelium. Interestingly, Tenc1 defi-
cient mice show abnormal assembly and maturation of the basement
membrane in the kidney, likely due to a specific role of Tenc1 in the
integrin pathway (Uchio-Yamada et al., 2013). It might be interesting
in the future to analyze the function of the vesicle fusion regulators of
Fig. 8. Transcription factor binding and distribution of histone modifications at loci of known a
factor binding patterns in the vicinity of the human homologs of known and novel pancreati
by several endocrine specific transcription factors (FOXA2, PDX1,NKX2.2, NKX6.1 andMAFB) an
H3K4me3, H3K4me1 and H3K27ac. In linewith PDX1, the loci of the novel pancreatic factors SY
marked by H3K4me3, H3K4me1 and H3K27ac. Additionally, RNA-seq data shows that PDX1, a
the Synaptotagmin family or any other of these novel and interesting
genes during pancreas development.

2.8. Transcription factor binding and epigenetic signatures in human islets
at known and novel loci

Finally, we were seeking evidence for the regulation and function of
knownandnewly identified developmental genes in thehuman islets of
Langerhans as a first step of translation to human biology and disease.
Therefore, we used the ChIP-seq data from adult islets (Pasquali et al.,
2014;Morán et al., 2012) and compared histonemodifications and tran-
scription factor occupancy at the human homologs of our identified
genes (Fig. 8). The PDX1 locus, serving as example for a typical pancre-
atic gene, is marked by the histone modifications H3K4me3, H3K4me1
and H3K27ac, which are associated with active promoters, active
nd novel pancreatic factors in adult human islets. Histone modification and transcription
c factors from publicly available ChIP-seq data. a–d. In adult human islets PDX1 is bound
d shows an active chromatin configuration,which is indicatedby thehistonemodifications
T13, SCGN and LRP11 are bound by at least three of the shown transcription factors and are
s well as SYT13, SCGN and LRP11 are well expressed in adult human islets.
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enhancers and chromatin accessibility, respectively. In addition, the
promoter is bound by several transcription factors (FOXA2, NKX2.2,
NKX6.1, MAFB, and PDX1), known to be important to establish and
maintain the neuroendocrine cell fate, that co-occupy several sites
(Fig. 8a). Interestingly, the novel pancreatic genes SYT13, SCGN and
LRP11 show a similar pattern of active chromatin marks and their
gene bodies were bound by a similar set of transcription factors
(FOXA2, NKX2.2, NKX6.1 and PDX1) that co-occupy multiple sites in
the promoter and at intronic enhancers (Fig. 8b–d). In contrast, the
homologs loci of genes, expressed in the acinar or mesenchymal com-
partment, such as AMY2B (Fig. S6a) and SFRP1 (Fig. S6b), show no
signs of activity at the chromatin level and are not bound by any of
the evaluated pancreatic transcription factors in islets of Langerhans
as expected. Thus, the ChIP-seq data from adult human islets highlights
the quality of our data set and the relevance of the identified novel
pancreatic genes also for human islet biology.

3. Discussion

In this study we have separated the endodermal from the
non-endodermal compartment of the pancreas during the secondary
transition when multipotent progenitor cells commit to the endocrine,
exocrine and ductal lineages. The overall goal was to capture genome-
wide expression changes in multipotent progenitor cells and the neigh-
boring tissue to better annotate the cellular andmolecular processes as-
sociated with pancreas organogenesis. Neighboring tissue interactions
are important to orchestrate differentiation and morphogenesis of the
pancreas and our extensive statistical analyses clearly identified distinct
spatio-temporal regulation of GRNs in both tissue compartments. Our
results indicate that the overall expression landscape is less heteroge-
neous in the non-endoderm compartment. Although many important
chromatin regulators, transcription factors, and signaling molecules
are differentially expressed in this compartment, the function of most
of these factors is not yet functionally annotated in pancreas develop-
ment. One reason is certainly the lack of conditional gene targeting
information in the non-endodermal compartment due to the lack of
pancreas mesenchyme specific Cre-driver lines. The enrichment analy-
sis of molecular processes and the transcriptional profile in the epitheli-
um, however, clearly identified known factors involved in pancreas
development and disease, but also provided additional information on
spatio-temporal gene regulation and discovered novel genes that are
differentially regulated and regionally expressed. Thus, our transcrip-
tional profile of the different pancreas compartments during the
secondary transition is a rich resource to explore molecular processes,
when differentiation and morphogenesis are actively taking place. In
the further discussion we highlight several interesting details we
observed during our exploration of the comprehensive data set.

3.1. Foxa2 marks multipotent pancreatic progenitors

Foxa2 is a pioneer factor that is expressed and functionally impor-
tant for early endoderm and pancreas development (Burtscher and
Lickert, 2009; Gao et al., 2008). Our Foxa2 and Pdx1 co-localization
study revealed that both factors are co-expressed to a large extent in
the entire epithelium at the beginning of the secondary transition and
get upregulated when progenitor cells leave the ductal epithelium to
commit to the endocrine lineage. The uniform and ubiquitous expres-
sion of several key transcription factors and MODY genes that regulate
cell lineage determination in the FVF+ population, suggests that Foxa2
marks multipotent epithelial progenitors while they commit to ductal,
exocrine and endocrine fate (Pan and Wright, 2011). This is in line
with conditional deletion of Foxa1 and Foxa2 in the Pdx1+ pancreas
epithelium, which leads to complete loss of Pdx1 expression and pan-
creatic hyperplasia, emphasizing the role of Foxa2 as a pioneer factor
to activate a pancreatic gene regulatory program (Lee et al., 2002).
3.2. Tissue remodeling and patterning during the secondary transition

The high-resolution gene expression profile captured characteristics
of autonomous and non-autonomous determination of the pancreatic
epithelium and the surrounding non-endodermal compartment. Al-
most all known critical regulators of pancreas development were iden-
tified in the mRNA gene expression profiling and were verified by our
Genepaint in situ analysis to be expressed in the pancreatic epithelium
at E14.5. However, the distinct tissue compartments clearly showed
different temporal gene expression dynamics associated with distinct
molecular functions. The pathway analysis of both tissue populations
expectedly identified extracellular matrix-receptor interactions
correlated with regulation of cell adhesion molecules, focal adhesion,
and actin cytoskeleton regulation, indicating that during the secondary
transition large tissue remodeling is taking place including branching
morphogenesis and tip-trunk patterning. Interestingly, different
microRNAs are downregulated in the non-endodermal population at
E15.5. With increasing evidence that microRNAs participate in pancreatic
development by regulation of pluripotency, differentiation and morpho-
genesis (Hinton et al., 2012;Wei et al., 2013), it is important to further ex-
plore microRNA function in both the endodermal and non-endodermal
compartments.

Furthermore, pathway analyses identified a link between pancreas
development and axon guidance. The striking similarities between
neuronal and neuroendocrine lineage formation are exemplified by
the large overlap of shared transcription factor networks that regulate
differentiation. However, axon guidance molecules have not been
extensively studied during pancreas development, but likely play a
role during branchingmorphogenesis or islet neogenesis, where coordi-
nated cell movements occur. Interestingly, we also identified several
genes known tohave an important function inmid–hindbrain boundary
formation activated sequentially in FVF+ differentiating cells at E14.5–
15.5. Most prominently, the En1, Otx2, Six3 and Pax6 transcription
factors known to be important for mid–hindbrain patterning, as well
as the Fgf, Shh andWnt signaling components get strongly upregulated
at E14.5–15.5 (Wurst and Bally-Cuif, 2001). These results suggest that
during tip-trunk patterning of the pancreatic epithelium conserved
molecular machineries generate tissue boundaries.

Our gene expression resource captured a shortwave of EMT (epithe-
lial–mesenchymal-transition) transcription factor expression around
E12.5–13.5, which could be accountable for endocrine lineage forma-
tion. If ductal progenitors give rise to endocrine cells by EMT or delam-
ination is still controversial, however, accumulating evidence suggests
the later scenario (Kesavan et al., 2014). Our results show that EMT
TFs are far higher expressed in the surrounding non-endodermal com-
partment and are only transiently activated at low levels in the pancreas
epithelium. Since we analyze a large number of cells per sample, the
low signal of EMT TF expression could be explained by only a fraction
of endocrine progenitors undergoing EMT, a hypothesis, which is sup-
ported by the transient expression of Ngn3 in a minor subpopulation
of the ductal epithelial cells (Gradwohl et al., 2000; Schwitzgebel
et al., 2000). We speculate that EMT TF expression is only necessary
for endocrine cells to delaminate from the ductal epithelium, but not
to undergo a classical epithelial–mesenchymal transition, where cells
transform to amesenchymal fate. Instead, ductal progenitors very likely
stay in a pseudo-epithelial state when they leave the epithelium and
directly contribute to the islets of Langerhans (Pictet et al., 1972).

It has long been proposed that epithelial–mesenchymal cross talk is
important for epithelial proliferation, differentiation and morphogene-
sis (Golosow and Grobstein, 1962). Specifically, if the mesenchyme is
stripped away from early pancreatic epithelial buds at E11.5, the epithe-
lium stops proliferating and by “default” differentiates into the endo-
crine lineage (Gittes et al., 1996). These results suggest that mitogenic
factors as well as signals thatmaintainmultipotent progenitors are pro-
vided from the mesenchyme. Our analysis captured gene expression
changes in both compartments during the secondary transition.
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Interestingly, we find TGFβ-, Nodal/Activin-, Bmp-, Fgf-, Wnt-, and
Notch-signaling mainly regulated in the pancreas epithelium, suggest-
ing that autocrine self-regulatory epithelial interactions are the main
driver for pancreatic epithelial patterning and differentiation. This idea
is further supported by the fact that pancreatic budswithout themesen-
chyme placed under the kidney capsule formed clusters of mature islets
(Gittes et al., 1996). However, in the non-endoderm compartment we
have also identified Fgf7, Wnt4, Gdf10, and Pgf being significantly
regulated, offering a few signaling pathways that act in a paracrine
fashion. Indeed Fgf1, 7, and 10 were suggested to signal via Fgf receptor
2b to stimulate epithelial growth, differentiation and morphogenesis
(Miralles et al., 1999). Importantly, a multitude of transcription factors
and signaling molecules identified in both compartments are certainly
important for pancreas development, but so far not functionally
annotated. Further mining and characterization of the pancreatic tran-
scriptional profile will help to precisely explore repetitively used signal
cascades, such as Notch signaling that is essential for progenitormainte-
nance (Apelqvist et al., 1999; Fujikura et al., 2006; Cras-Méneur et al.,
2009) and endocrine differentiation (Horn et al., 2012). In the future,
this will allow to better device in vitro differentiation protocols for the
generation of β-cells from pluripotent stem cells.

3.3. Understanding pancreas development to unravel pathomechanisms of
diabetes

Recent genome-wide association studies have identified amultitude
of genes associated with type 1 (T1D) and type 2 (T2D) diabetes
(Marullo et al., 2014; Evangelou et al., 2014). For a long time it is
known that monogenic forms of diabetes, such asmaturity onset diabe-
tes of the young (MODY) andneonatal diabetes are caused bymutations
in developmental regulatory genes that control pancreas development
(Schwitzgebel, 2014). Defects can either cause β-cell dysfunction
when the genes regulate cell homeostasis, glucose sensing or insulin
secretion, or cause a reduction in β-cell number when the genes act
early during β-cell development. The pathogenesis of T1D is less well
understood, but might also be caused by defects in β-cell development
or function. We have compared our gene expression profile to T1D and
T2D GWAS hits and found that the great majority of genes are either
expressed in the non-endodermal or endodermal compartment of the
pancreas. Many of the T2D GWAS genes important for glucose sensing,
insulin secretion and metabolic regulation of the β-cell, such as Pcsk1,
Slc2a2, Slc30a8, Gck, Gipr and G6pc2 are expressed during late stage
differentiation of β-cells and the expression correlates with the sharp
onset of Ins1 and Ins2 mRNA expression at E14.5. The expression of
many MODY genes, such as PDX1, HNF1b, HNF4a, HNF4b, NEUROD1
and PAX4is exclusively expressed in the pancreas epithelium through-
out the secondary transition, suggesting that they are actively involved
in β-cell differentiation and mutations lead to congenital defects in
β-cell development and islet neogenesis. Interestingly, the mouse ho-
mologs gene for one of themajor T2D GWAS hits, Tcf7l2, shows recipro-
cal expression to Ins1 and Ins2mRNA gene expression. During pancreas
development the function of Tcf7l2 is still controversial. Whereas the
whole body knock-out suggests that Tcf7l2 is not necessary for β-cell
development (Boj et al., 2012), conditional deletion of Tcf7l2 in Pdx1
progenitors or Ins1 positive cells leads to a decreased β-cell mass and
function (da Silva Xavier et al., 2012; Mitchell et al., 2015). The recipro-
cal expression of Tcf7l2 to Ins1 and Ins2mRNAmight either suggest that
Tcf7l2 suppresses insulin gene activation or that Wnt/β-catenin
signaling maintains multipotent progenitor proliferation. The latter
hypothesis is in line with results obtained from the adult pancreas
whereWnt/β-catenin signaling via the downstream transcription factor
Tcf7l2 is suggested to regulate Glp1-mediated β-cell proliferation and
SDF1-mediated β-cell survival (Liu and Habener, 2008). However,
TCF7L2 was also suggested to be a master regulator of insulin produc-
tion and processing (Zhou et al., 2014). The reciprocal expression of
several of the predicted TCF7L2-regulated transcriptional target genes
(ISL1, PCSK1, SLC30A8) in our data set, suggests differences in mouse
and human pancreas development or distinct target gene sets in
development and adult β-cells. Taken together, careful analysis of
GWAS genes and their associated gene regulatory networks may shed
light on the pathomechanisms of diabetes.

4. Conclusion

Our comprehensive study of the global gene expression profile of
the secondary transition during pancreas development dissected devel-
opmental mechanisms and subsequently suggested novel pancreatic
factors. Further mining of this valuable resource might reveal mecha-
nisms of pancreas development, neighboring tissue interactions and
pathomechanisms of diabetes.

5. Methods

5.1. Immunohistochemistry

The pancreas of the different embryonic stages E12.5 until E15.5 had
been dissected, fixed for 20 min in 4% PFA and after sucrose gradient
sectioned into 10 μm slices.

The tissue had been permeabilized for 20 min (0.1 M Glycine, 0.2%
Triton X-100) and incubated overnight in blocking solution containing
0.1% Tween-20, 10% FCS, 0.1% BSA and 3% donkey serum in PBS
(phosphate buffered saline). The first antibody had been diluted in the
blocking solution for 6 h at RT, and after 2 washing steps with PBST
(0.7% Tween-20) the second antibody had been incubated. After wash-
ing with PBST for 5 min twice, the tissue sections were mounted with
ProLong Gold Antifade with DAPI (Invitrogen).

Antibodies used: Chicken anti-GFP (Aves Lab#GFP-1020— 1:1000),
Rabbit anti-Pdx1 (NEB # 5679 — 1:300) and Rat anti-Cd49f (BD #
555736— 1:200).

5.2. Expression profiling

Total RNA was isolated employing the RNeasy Mini kit (Qiagen) in-
cluding digestion of remaining gDNA. The Agilent 2100 Bioanalyzer
was used to assess RNA quality and only high quality RNA (RIN N 7)
was used for microarray analysis.

Total RNA (100 ng) was amplified using the WT Expression kit
(Ambion) and the WT Terminal labeling and Fragmentation Kit
(Affymetrix). 2 μg of amplified cDNA was hybridized on Affymetrix
Mouse Gene ST 1.0 arrays containing about 29,000 probe sets. Staining
(Fluidics script FS450_0007) and scanning was done according to the
Affymetrix expression protocol. In total, 21 samples were analyzed at
4 time points (E12.5, E13.5, E14.5, E15.5) in two different populations
(FVF− and FVF). Due to low quality we removed two samples from
further analysis. Raw array data were submitted to Gene Expression
Omnibus (GSE66856) and a link for referees has been created:

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=
gnubwesiphanjiv&acc=GSE66856

5.3. Statistical transcriptome analysis

Expression console (Affymetrix) was used for quality control and to
obtain annotated normalized RMA gene-level data (standard settings
including sketch-quantile normalization). Principle component analysis
was performed on the global transcriptional profiles. The first two
principle components explained most of the variance in the data set.
To analyze significant gene regulation, we applied a linear regression
model with the Limma package (Ritchie et al., 2015). Probeset expres-
sion values yi were modeled to be explained by embryonic days ed
(E12.5, E13.5, E14.5, E15.5) and tissue population t (FVF+, FVF−). Con-
trasts of regression coefficients were used to determine differential ex-
pression. For example temporal regulation of FVF+ between E12.5 and

ncbieo:GSE66856
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?tokennubwesiphanjiv&amp;acc=SE66856
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?tokennubwesiphanjiv&amp;acc=SE66856
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E13.5 was performed using samples (ed = E12.5 & t = FVF+) versus
(ed = E13.5 & t = FVF+). The significance threshold of Benjamini–
Hochberg adjusted p-values b 0.01 was implemented. All analyses
were performed in R Statistical software (www.r-project.org).

5.4. Functional analysis

Pathway enrichment analysis was performed with KEGG (excluding
human disease pathways) and hypergtest packages fromR/Bioconductor.
Pathways were considered enriched with BH-adjusted p-value b 0.01.

5.5. Insulin binding site analysis

To predict novel transcription factor (TF) binding insulin we ana-
lyzed the Ins2 promoter −342 to +8 bp around the transcription
start site. We used Genomatix software to search for common TF bind-
ing sites (TFBS) using conserved TFBS across vertebrates (Cartharius
et al., 2005). Three TF families were common across species: RXR
heterodimer binding sites, TATA binding factors and AP1/MAF related
factors. For Tata factors, no respective gene was measured on the chip.

5.6. Candidate gene selection

First, gene ontology (GO) term enrichment for transcription factors,
cilium related, extracellular/located at plasma membrane and signaling
molecules arranged the genes into their cluster. Afterwards Genepaint
in situs ofwholemount embryo and Zoom into the region of the pancre-
as had been performed. Selection of known pancreatic factors disclosed
the advantage of typical in situ patterns for the different pancreas
specific lineages. Using this outlook, novel pancreatic genes had been
arranged to their in situ pattern and therefore to their predicted lineage
in the pancreas.

5.7. Processing and visualization of ChIP-seq and RNA-seq data

Sequenced reads from ChIP-seq and RNA-seq experiments were
downloaded from ArrayExpress (E-MTAB-1919 and E-MTAB-1294).
For a complete list of all processed files see Table S4. Reads from ChIP-
seq experiments were mapped to the human genome (hg19) using
bowtie (v1.0.0) with default mapping settings and SAM format output.
Replicate reads from different lanes were combined prior to the align-
ment. SAM files were then converted to BAM files using samtools
(v0.1.18). Reads from the RNA-seq experiment were mapped using
the Subread aligner (Liao et al., 2013) in paired-end mode and default
setting and the−u,−H and BAM output options. The hg19 index was
generated using default settings and the −F option. For all BAM-files,
duplicate reads were removed and BAM-files were sorted and indexed
using samtools (v0.1.18). Processed BAM-files were then visualized
using the R package Gviz.

5.8. Whole mount in situ hybridization

ISH probes were generated from FANTOM and I.M.A.G.E full length
cDNA clones. For hybridizations organs were processed as described
(Lickert et al., 2001)with the followingmodifications. After rehydration
organs were bleached with 3% H2O2 in PBT for 20 min in the dark,
washed in PBT and incubated with proteinase K (10 μg/ml in PBT) for
3 min.

5.9. qPCR

For each stage total mRNA from five to ten pancreata (three biolog-
ical replicates) was isolated using miRNeasy micro kit (Qiagen). cDNA
reverse transcription was carried out using the “SuperScript® VILO™
cDNA Synthesis Kit” (Invitrogen). For each qPCR reaction 20 ng of
cDNA was used. TaqMan® qPCR was assessed by using the following
probes according to the manufacturing instruction. TaqMan
probes: Grb7 (Mm01306734_m1), Vwa5b2 (Mm00725391_m1),
Srpx2 (Mm01354530_m1), Syt13 (Mm00600526_m1), Scgn
(Mm00520475_m1), Gapdh (Mm99999915_g1). For each biological
replicate three technical replicates were analyzed. Relative expression
levels were normalized to Gapdh and fold change values were calculat-
ed relative to the mean expression level of E12.5.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.mod.2015.11.004.
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