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Abstract: Pancreatic organogenesis is a multistep process that requires the cooperation of several
signaling pathways. In this context, the role of pancreatic mesenchyme is important to define
the epithelium development; nevertheless, the precise space–temporal signaling activation still
needs to be clarified. This study reports a dissection of the pancreatic embryogenesis, highlighting
the molecular network surrounding the epithelium–mesenchyme interaction. To investigate this
crosstalk, pancreatic epithelium and surrounding mesenchyme, at embryonic day 10.5, were collected
through laser capture microdissection (LCM) and characterized based on their global gene expression.
We performed a bioinformatic analysis to hypothesize crosstalk interactions, validating the most
promising genes and verifying the precise localization of their expression in the compartments, by
RNA in situ hybridization (ISH). Our analyses pointed out also the c-Met gene, a very well-known
factor involved in stimulating motility, morphogenesis, and organ regeneration. We also highlighted
the potential crosstalk between Versican (Vcan) and Syndecan4 (Sdc4) since these genes are involved
in pancreatic tissue repair, strengthening the concept that the same signaling pathways required
during pancreatic embryogenesis are also involved in tissue repair. This finding leads to novel
strategies for obtaining functional pancreatic stem cells for cell replacement therapies.

Keywords: pancreatic stem cells; pancreatic disorders; embryonic stem cells; bud; progenitor cells;
laser microdissection; mesenchymal stem cell

1. Introduction

Cell replacement therapies in treatments for pancreatic injury, such as diabetes and pancreatitis,
have the critical point of the limited availability of pancreatic progenitor cells (PPCs). Functional
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pancreatic cells can be generated through different procedures: from embryonic stem cells (ESCs)
or induced pluripotent stem cells (iPSCs) differentiation, from adult stem cells of pancreatic ducts
and islets, by transdifferentiation of other pancreatic cell types [1,2]. Although new knowledge about
signals essential for pancreatic organogenesis has been discovered, the crucial limit is still the lack
of information about the regulation of the key molecular pathways of pancreatic morphogenesis, in
order to improve efficiency and quality of PPCs derived by differentiation protocols [3]. The final
goal is to mimic the in vivo pancreatic ontogenesis enhancing the in vitro signals required for PPC
specification [4].

In mice, pancreatic organogenesis is a multistep progression made up of three stages: primary
regulatory transition, from embryonic day 8.5 to embryonic day 10.5 (E8.5–E10.5), secondary regulatory
transition (E13.5–E16.5), and third regulatory transition (after birth) [5]. The primary regulatory
transition is the key time point for pancreas development: at E10.5 the organ determination
is decided, defined as the conversion of predifferentiated cells to a proto-differentiated state [6].
Molecular mechanisms that regulate the primary transition have been mainly focused on bud intrinsic
signals [3], although also mesenchymal extrinsic signals play an important role: the interaction between
pancreatic bud intrinsic signals and mesenchyme extrinsic signals is defined as crosstalk. Golosow and
Grobstein revealed, for the first time, the concept of crosstalk during morphogenesis, showing that
mesenchyme-free pancreatic epithelium failed to grow and differentiate [7]. Recently, the discovery
that endothelial factors coming from the aorta initiate pancreatic epithelium formation can explain
that, until E9.5, vasculogenesis is the leading biological process that inducts pancreas development; at
E10.5, the dorsal pancreatic epithelium forms a proper bud and after the separation of the aorta from
the mesenchyme layer, mesenchymal signals regulate pancreatic organogenesis through the successive
embryonic stages [8].

The signals that govern pancreatic epithelium–mesenchyme crosstalk are retinoic acid (RA), Wnt,
Hedgehog, FGF, BMP, TGF-β, and EGF [9]. Fgf10, a ligand for FGFR2b detected in the epithelium,
is expressed by pancreatic mesenchyme and it is required between E9.5 and E11.5 for proliferation
of pancreatic epithelial progenitor cells [10,11]. At the same time, Wnt signaling must be inhibited
in the early endoderm for pancreas specification; in fact, constitutive activation of the Wnt pathway
causes a loss of Fgf10 expression in the mesenchyme [12]. In addition, the Wnt signaling activation is
strictly required for pancreas specification, since it has been demonstrated that the ectopic activation of
this pathway leads to the gastric and intestinal aberrant induction in the pancreatic epithelium and
mesenchyme [13]. Furthermore, Raldh2, an enzyme of retinoic acid biosynthesis, is expressed in the
splanchnic mesoderm that surrounds the early budding pancreatic epithelium, thus RA can promote
the outgrowth of the dorsal pancreatic bud and the formation of the early endocrine cells [14,15].
Similarly, BMP and Activin from the splanchnic mesoderm are required for proper specification of
the early ventral pancreas [16]. Still, TGF-β and Notch signaling may act in parallel pathways to
control pancreatic endocrine cell progenitor expansion, although Notch controls cell fate on reciprocal
signaling between adjacent cells in the epithelium and is active in the early pancreatic epithelium [17].
Altogether, this evidence shows that a fine cooperation among these signaling pathways is needed for
pancreatic organogenesis [18].

The lack of knowledge about how signaling pathways that determine pancreatic epithelium
formation work individually and in combination prompted us to characterize the molecular network
that contributes to the pancreatic crosstalk. Since E10.5 is the fundamental time point at which
cells proliferate without either differentiating or initiating epithelial-to-mesenchymal transition, we
have exploited laser capture microdissection (LCM) technologies to collect the pancreatic bud and
surrounding mesenchyme and characterized their global gene expression profile to discover new
molecules involved in pancreatic crosstalk.
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2. Results

2.1. Global Gene Expression Profiling between Dorsal Pancreatic Bud and Surrounding DPB Mesenchyme

In order to characterize the molecular expression profiles, we dissected mouse dorsal pancreatic
bud (DPB) and DPB mesenchyme (MeDBP) by LCM at E10.5 (Figure 1A) and analyzed the gene
expression profile by RNA high-throughput sequencing (RNAseq). Considering a cutoff of Log2 Fold
Change ≥ 1 and FDR-corrected p-value ≤ 0.05, a total of 1744 significantly differentially expressed
genes were identified, as reported in a volcano plot (Figure 1B). Global gene expression was explored,
reducing the high dimensionality of the data (thousands of variables) in few components by principal
component analysis PCA [19]. Samples were represented in a three-dimensional PCA plot (Figure 1C)
to assess their variability. The strong separation of DPB from MeDPB replicates in the PCA plot
confirmed the specific gene expression profiles that molecularly characterized the two biological
districts. Among these 1744 differentially expressed genes, 931 were specifically enriched in DPB and
813 genes were specifically enriched in MeDPB (Table S1).

To identify specific markers of pancreatic bud and mesenchyme, the gene expression profiles of
murine DPB and MeDPB at E10.5 were analyzed. To quantify transcripts, our analysis was primarily
based on the number of reads that mapped to each transcript sequence. To reduce the variability
derived from sequencing performance, read counts were normalized for library size (millions of reads)
resulting in counts per millions (CPM). We focused our attention on CPM values useful to measure the
expression level of a gene. Among the 1744 differentially expressed genes, we considered the top 50
genes based on replicates variability, with at most 20% in the two conditions, and cutoff of CPM value
of the Pdx1 gene as a positive expressed control for DPB genes and a CPM value of the Nepn gene as a
negative control for the MeDPB genes (Figure 1D).

In Tables 1 and 2 are reported the top 50 genes enriched in DPB and MeDPB, respectively, ordered
by CPM value.

The expression of genes known in literature as epithelial pancreatic markers, such as Nepn, Sox9,
Notch1, Gcg, and Pdx1 [3,20–22] in the DPB list demonstrated RNA-seq analysis quality.

To understand the biological meaning of observed gene expression differences, we performed
a functional enrichment analysis to identify significantly represented Gene Ontology terms (GO).
In particular, DPB and MeDPB were characterized by the expression of specific genes included in
Biological Process terms that discriminate the two compartments (Figure 2 and Tables S2 and S3).
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Figure 1. Capture of dorsal pancreatic bud and dorsal pancreatic mesenchyme by Laser Capture 
Microdissection. (A) Schematic representation of DPB and MeDPB dissection. Samples were collected 
by using the LCM technology at the embryonic stage E10.5. To reduce the biological variability, DPB 
and MeDPB from three embryos were collected and pooled. (B) Volcano plot of differentially 
expressed genes. Each dot on the plot is a single gene feature. Horizontal axis: fold change (in log2 
scale); vertical axis: FDR-corrected p-value (in log10 scale). Color coding is based on the fold change. 

Figure 1. Capture of dorsal pancreatic bud and dorsal pancreatic mesenchyme by Laser Capture
Microdissection. (A) Schematic representation of DPB and MeDPB dissection. Samples were collected
by using the LCM technology at the embryonic stage E10.5. To reduce the biological variability, DPB
and MeDPB from three embryos were collected and pooled. (B) Volcano plot of differentially expressed
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genes. Each dot on the plot is a single gene feature. Horizontal axis: fold change (in log2 scale); vertical
axis: FDR-corrected p-value (in log10 scale). Color coding is based on the fold change. Thick vertical
lines highlight fold changes of −2 and +2, while a thick horizontal line represents a p-value of 0.05.
(C) PCA plot. Samples were represented in three-dimensional PCA plot. (D) Flowchart adopted to
identify enriched genes in DPB (left panel) and MeDPB (right panel). According to RNA-seq analysis
among 1744 genes significantly differentially expressed (absolute log2 Fold Change ≥ 1 and FDR
corrected p-value ≤ 0.05), 931 and 813 genes were specifically highly expressed in DPB and in MeDPB,
respectively. We consider genes based on their low variability (v) between replicates (0.8 ≤ v ≤ 1.2 about
20% in the two conditions) and a cutoff of CPM value of Pdx1 gene as a positive expressed control for
DPB genes and a CPM value of Nepn gene as a negative control for the MeDPB genes.

Table 1. List of the enriched DPB genes in mouse embryo at E10.5.

Gene Name CPM DPB Mean Gene Name CPM DPB Mean

Peg3 3769.3 Fryl 187.7
Rian 728.7 Zim1 167.5
Nepn 686.2 Rap1gap2 167.0
Ptprf 638.4 Etl4 161.1
Gcg 571.5 Itga6 159.2

Meg3 567.0 Lama5 157.4
Myh9 376.5 Epcam 155.1
Frem2 369.1 Nav2 154.0
Fras1 356.4 Appl2 153.5
Ccnd1 322.5 Nr5a2 152.6
Prox1 308.0 Svil 143.9
Spon1 303.3 Parm1 135.8
Cdh1 291.1 Itpr3 135.7

Ptpn13 281.9 Abcc8 135.5
Slc38a5 275.5 Plk2 129.4

Dlk1 266.3 Fbxo21 128.0
Chst2 243.9 Wnk3 127.6

Adamts1 230.2 Lrba 120.0
Dlg5 229.1 Arg1 119.5
Dsp 225.8 Wnk2 118.5

Notch1 214.6 Jmy 114.6
Sox9 210.0 Cep170b 113.2

Ankrd50 189.5 Rnf213 111.9
Pam 189.4 Fndc3b 110.4
Aes 188.9 Gatsl2 109.5

Table 2. List of the enriched MeDPB genes in mouse embryo at E10.5.

Gene Name CPM MeDPB Mean Gene Name CPM MeDPB Mean

Mest 589.9 Akap12 85.67
Fbn2 401.2 Efnb2 83.16

Zfp462 352.5 Oxct1 80.50
Zfhx4 217.0 Epha4 78.03
Sulf2 164.1 Zfp423 77.27
Cdh11 157.5 Fbn1 75.36
Dpysl3 157.0 Sacs 75.36
Nefm 144.0 Arhgef40 71.37

Fndc3c1 140.0 Aff3 70.69
Slit2 131.7 Runx1t1 67.79
Basp1 122.1 Lin28b 67.29
Gli3 117.3 Dennd5b 66.06
Nid1 116.7 Cachd1 64.35
Cald1 111.8 Kdr 64.18
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Table 2. Cont.

Gene Name CPM MeDPB Mean Gene Name CPM MeDPB Mean

Amot 108.9 Phf6 64.12
Msn 105.8 Nefl 62.98
Zeb2 101.9 Foxp2 62.41

2810417H13Rik 95.3 Map1a 60.62
Hdgfrp3 92.8 Ets1 60.32

Nhsl2 90.4 Far1 59.52
Flnc 88.6 Col11a1 55.89

Col5a1 88.5 Mmp2 55.79
Phactr2 87.8 Cdh5 55.58
Hmcn1 86.9 Atp11c 55.41
Pcdh18 86.7 Adam19 55.25Int. J. Mol. Sci. 2019, 20, x 7 of 20 

 

 
Figure 2. Gene Ontology analysis. The functional characterization of the specific gene expression 
profiles identified in the two compartments, DPB and MeDPB, was achieved by the annotation of 
differentially expressed genes with Gene Ontology (GO) terms including Biological Processes (BP), 
Cellular Components (CC), and Molecular Functions (MF). Over-representation test and False 
Discovery Rate (FDR) correction were performed to identify the most significantly enriched GO terms 
in DBP and MeDPB. In the dot plots, the top significant terms (defined as the ten with the lowest FDR-
adjusted p-value) were reported on the y-axes, whereas gene ratio (defined as the fraction of 
overlapping genes) were indicated on the x-axes. Gene count (defined as the number of overlapping 
genes) and FDR-adjusted p-value were also represented in the plots by dot size and color, 
respectively. 

2.2. In Vitro and In Vivo Characterization of Enriched Intrinsic Factors 

To identify DPB- and MeDPB-specific markers, we further analyzed the differentially expressed 
genes based on their Expressed Sequence Tag (EST) profile of these candidates [23]. We chose genes 
that showed an annotated expression in adult pancreas or during embryogenesis and that were 
poorly distributed in other compartments or developmental stages (data not shown). Among all 51 
enriched genes in DPB, we selected 5 genes: Frem2 (Fras1-related extracellular matrix protein 2), 

Figure 2. Gene Ontology analysis. The functional characterization of the specific gene expression
profiles identified in the two compartments, DPB and MeDPB, was achieved by the annotation of
differentially expressed genes with Gene Ontology (GO) terms including Biological Processes (BP),



Int. J. Mol. Sci. 2019, 20, 4900 7 of 20

Cellular Components (CC), and Molecular Functions (MF). Over-representation test and False Discovery
Rate (FDR) correction were performed to identify the most significantly enriched GO terms in DBP and
MeDPB. In the dot plots, the top significant terms (defined as the ten with the lowest FDR-adjusted
p-value) were reported on the y-axes, whereas gene ratio (defined as the fraction of overlapping
genes) were indicated on the x-axes. Gene count (defined as the number of overlapping genes) and
FDR-adjusted p-value were also represented in the plots by dot size and color, respectively.

2.2. In Vitro and In Vivo Characterization of Enriched Intrinsic Factors

To identify DPB- and MeDPB-specific markers, we further analyzed the differentially expressed
genes based on their Expressed Sequence Tag (EST) profile of these candidates [23]. We chose genes
that showed an annotated expression in adult pancreas or during embryogenesis and that were
poorly distributed in other compartments or developmental stages (data not shown). Among all 51
enriched genes in DPB, we selected 5 genes: Frem2 (Fras1-related extracellular matrix protein 2), which
was not known to be expressed in the pancreas but it was annotated in the embryonic tissue [24];
Chst2 (carbohydrate sulfotransferase 2), whose expression was indicated both in the pancreas and
in organogenesis [25]; Dsp (Desmoplakin), whose expression in the EST profile was not indicated
either in the adult pancreas or in organogenesis, but it was required for the integrity of the mouse
embryo [26,27]; Zim1 (Zinc finger, imprinted 1), an imprinted gene required during development [28];
and Wnk3 (WNK lysine-deficient protein kinase 3), whose EST profile indicated an expression in
organogenesis and embryonic tissue but not in the adult pancreas.

In order to validate their expression in pancreatic cells, we used ESCs to pancreatic differentiation
as an in vitro model [3] (Figure S1). The expression levels of the selected five genes were analyzed
by real-time PCR at day 0, day 4, and day 8 of the differentiation protocol. We used Nepn as a bona
fide marker for pancreatic differentiation. Among the enriched genes of DPB, the expression of Chst2
and Zim1 had a strong enrichment at the posterior foregut endoderm (PFE) stage (D8) compared to
D0 (mESCs) and D4 (definitive endoderm DE) (Figure 3A). More in detail, the expression of Zim1
was upregulated about 300 folds at D8 compared to D0 and the expression of Chst2 was upregulated
approximately 40 folds at D8 compared to D0. Instead, the expression of Frem2, Wnk3, and Dsp was
slightly upregulated at D8 compared to D4 and D0 (Figure 3A).

Therefore, to identify new putative markers of DPB, Zim1 and Chst2 that showed a significative
upregulation at D8 were selected for the following analyses.

In order to evaluate whether the new enriched pancreatic candidates marked the bud at E10.5, we
performed RNA in situ hybridization (ISH) on frozen E10.5 mouse embryo sections.

As shown in Figure 3B, the ISH experiment at E10.5 showed interesting results. Zim1 expression
was detected in the epithelium of the DPB and in the posterior foregut cells, which give rise to the DPB
showing an expression pattern very similar to Pdx1, comparing this result with immunohistochemistry
data. On the other hand, Chst2 showed expression in several tissues including the pancreatic bud.
In each experiment, we used Nepn antisense RNA as ISH-positive control. Thus, these data prove that
Zim1 and Chst2 are novel embryonic pancreatic markers.
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Figure 3. (A) qPCR of the selected enriched genes of DPB (Frem2, Chst2, Zim1, Dsp, and Wnk3) 
during mESCs differentiation. mESCs were plated at day 0 in a prodifferentiative medium 
supplemented with Matrigel and Activin A to induce the DE formation (D4). The cells were then 
treated with retinoic acid and FGF10 until the end of protocol to promote the Posterior Foregut 
Endoderm (PFE) formation. Total RNA was extracted at D0, D4, and D8 to perform qPCR. White, 
gray, and black histograms represent D0, D4, and D8, respectively. Nepn expression is used as bona 
fide marker for pancreatic differentiation. Gapdh expression level is used as reference gene. The data 
reported are normalized on Gapdh expression. Statistical analyses were performed using Student’s t-
test, with p < 0.05 considered significant. (* p < 0.05, ** p < 0.01, *** p < 0.001, n.s p > 0.05). Values are 
shown as means of three independent RT-qPCR experiments ± SD in triplicates. (B) In situ 
hybridization of the selected DPB gene on mouse embryos at E10.5. In situ hybridization was 

Figure 3. (A) qPCR of the selected enriched genes of DPB (Frem2, Chst2, Zim1, Dsp, and Wnk3) during
mESCs differentiation. mESCs were plated at day 0 in a prodifferentiative medium supplemented with
Matrigel and Activin A to induce the DE formation (D4). The cells were then treated with retinoic
acid and FGF10 until the end of protocol to promote the Posterior Foregut Endoderm (PFE) formation.
Total RNA was extracted at D0, D4, and D8 to perform qPCR. White, gray, and black histograms
represent D0, D4, and D8, respectively. Nepn expression is used as bona fide marker for pancreatic
differentiation. Gapdh expression level is used as reference gene. The data reported are normalized on
Gapdh expression. Statistical analyses were performed using Student’s t-test, with p < 0.05 considered
significant. (* p < 0.05, ** p < 0.01, *** p < 0.001, n.s p > 0.05). Values are shown as means of three independent
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RT-qPCR experiments ± SD in triplicates. (B) In situ hybridization of the selected DPB gene on mouse
embryos at E10.5. In situ hybridization was performed on frozen sections with a probe recognizing
Nepn (positive control), Zim1, and Chrst2 genes. Bud pancreas is positive for all genes tested. For each
probe, three different magnifications are shown: 25×, 100×, and 200×. Right column shows IHC
for Pdx1 on the same in situ slides. DPB: dorsal pancreatic bud (indicated by a circle). Data are
representative of three independent experiments.

2.3. Validation of Enriched Intrinsic Factors and Characterization of Molecular Crosstalk between DPB and
MeDPB at E10.5

To disclose the molecular crosstalk between the two districts during the primary transition phase
of pancreatic organogenesis, the gene expression profiles of murine DPB and MeDPB at E10.5 were
compared (Supplementary Table S1). Using a bioinformatics workflow, we analyzed the differential
gene expression data to identify potential interactions across bud and mesenchyme molecules. We
selected all secreted and cell-surface-bound products of analyzed transcriptome, based on Gene
Ontology annotations, extracellular space (GO:0005615), and cell surface (GO:0009986) respectively.
The interactions between secretory and receptor molecules were investigated querying STRING [29],
one of the most accurate protein–protein associations database including both known and predicted
interactions. We searched among secretory and receptor proteins significantly expressed in DPB or
MeDPB for highest confidence score interactions (score ≥ 0.9). Each interaction was ranked on the basis
of its potential involvement in bud and mesenchyme crosstalk. We assigned a priority score using
three criteria: (i) mode of regulation–reverse regulation directions for two members of interaction
(positive for member A and negative for member B or vice versa); (ii) size of regulation–fold change
threshold significance (log2FC ≥ 1 or log2FC ≤ −1) for both members; (iii) cellular localization: cell
surface for member A and extra-cellular space for member B, or vice versa. The highest score indicated
the most interesting interactions occurring between a secreted molecule with a membrane receptor
inversely expressed between two compartments Adopting these criteria, we obtained a list of 33
putative interacting molecules (16 DPB and 17 MeDPB) with the highest score characterized by a rank
equal to 1 (Table 3).
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Table 3. List of the crosstalk between pancreatic bud and mesenchyme. According to their scores
(rank = 1), we obtained putative crosstalking interactions (16 bud and 17 mesenchymal proteins).

Genes Expressed in Pancreatic Bud

Gene Name Description

Gcg glucagon [Source:MGI Symbol;Acc:MGI:95674]
Bmp7 bone morphogenetic protein 7 [Source:MGI Symbol;Acc:MGI:103302]
Met met proto-oncogene [Source:MGI Symbol;Acc:MGI:96969]
Spp1 secreted phosphoprotein 1 [Source:MGI Symbol;Acc:MGI:98389]

Pcsk9 proproteinconvertasesubtilisin/kexin type 9 [Source:MGI
Symbol;Acc:MGI:2140260]

Clu clusterin [Source:MGI Symbol;Acc:MGI:88423]
Pyy peptide YY [Source:MGI Symbol;Acc:MGI:99924]

Edn3 endothelin 3 [Source:MGI Symbol;Acc:MGI:95285]
Sdc4 syndecan 4 [Source:MGI Symbol;Acc:MGI:1349164]

Serpinf2 serine (or cysteine) peptidase inhibitor, clade F, member 2 [Source:MGI
Symbol;Acc:MGI:107173]

Pcsk6 proproteinconvertasesubtilisin/kexin type 6 [Source:MGI
Symbol;Acc:MGI:102897]

F5 coagulation factor V [Source:MGI Symbol;Acc:MGI:88382]
Iapp islet amyloid polypeptide [Source:MGI Symbol;Acc:MGI:96382]
Casr calcium-sensing receptor [Source:MGI Symbol;Acc:MGI:1351351]
Cck cholecystokinin [Source:MGI Symbol;Acc:MGI:88297]
Sct secretin [Source:MGI Symbol;Acc:MGI:99466]

Gene Name Description

Vcan versican [Source:MGI Symbol;Acc:MGI:102889]
Tnc tenascin C [Source:MGI Symbol;Acc:MGI:101922]
Igf1 insulin-like growth factor 1 [Source:MGI Symbol;Acc:MGI:96432]

Cxcl12 chemokine (C-X-C motif) ligand 12 [Source:MGI
Symbol;Acc:MGI:103556]

Tgfb2 transforming growth factor, beta 2 [Source:MGI Symbol;Acc:MGI:98726]
Thbs1 thrombospondin 1 [Source:MGI Symbol;Acc:MGI:98737]
Itga8 integrin alpha 8 [Source:MGI Symbol;Acc:MGI:109442]
Lpar1 lysophosphatidic acid receptor 1 [Source:MGI Symbol;Acc:MGI:108429]

Pcsk5 proproteinconvertasesubtilisin/kexin type 5 [Source:MGI
Symbol;Acc:MGI:97515]

Apob apolipoprotein B [Source:MGI Symbol;Acc:MGI:88052]

Adcyap1r1 adenylate cyclase activating polypeptide 1 receptor 1 [Source:MGI
Symbol;Acc:MGI:108449]

Cxcr4 chemokine (C-X-C motif) receptor 4 [Source:MGI
Symbol;Acc:MGI:109563]

Dcn decorin [Source:MGI Symbol;Acc:MGI:94872]
Thbd thrombomodulin [Source:MGI Symbol;Acc:MGI:98736]
Hgf hepatocyte growth factor [Source:MGI Symbol;Acc:MGI:96079]

Ntsr1 neurotensin receptor 1 [Source:MGI Symbol;Acc:MGI:97386]
Bmp2 bonemorphogeneticprotein2 [Source:MGI Symbol;Acc:MGI:88177]

In order to evaluate whether newly selected DPB and MeDPB molecular crosstalk candidates
could play a role during in vitro pancreatic differentiation, as previously, we used ESCs to pancreatic
differentiation as an in vitro model [3]. The gene Spp1 showed a downregulation, suggesting that this
gene was essentially expressed at the ESCs stage (D0). The Tnc was upregulated more than 100-fold at
the DE stage (D4) and then slightly decreased at D8. The Pcsk9 was upregulated 34-fold at the PF stage
(D8). The Cxcl12 showed an upregulation of more than 70-fold already at D4 of differentiation protocol.
Bmp7, Hgf, and c-Met had a correlation with the in vitro pancreatic differentiation pattern but their
expression levels were very low. The Sdc4 did not show any induction during the differentiation
protocols (Figure 4A).
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0.05). Values are shown as means of three independent RT-qPCR experiments ± SD in triplicates. (B) 
In situ hybridization for candidate MeDPB genes on mouse embryos at E10.5. In situ hybridization 
was performed on frozen sections with a probe recognizing Vcan, Tnc, and Sdc4 genes. Vcan and Tnc 
are expressed in the mesenchyme surrounding pancreatic bud and Sdc4 is expressed in the pancreatic 

Figure 4. (A) RT qPCR of the selected novel candidate genes for DPB and MeDPB crosstalking (Spp1,
Pcsk9, Cxcl12, Bmp7, Hgf, c-Met, Vcan, Sdc4, Tnc) during mESCs differentiations. Nepn expression is
used as bona fide marker for pancreatic differentiation. Gapdh expression level is used as reference
gene. The data reported are normalized on Gapdh expression. Statistical analyses were performed
using Student’s t-test, with p < 0.05 considered significant. (* p < 0.05, ** p < 0.01, *** p < 0.001, n.s
p > 0.05). Values are shown as means of three independent RT-qPCR experiments ± SD in triplicates.
(B) In situ hybridization for candidate MeDPB genes on mouse embryos at E10.5. In situ hybridization
was performed on frozen sections with a probe recognizing Vcan, Tnc, and Sdc4 genes. Vcan and Tnc
are expressed in the mesenchyme surrounding pancreatic bud and Sdc4 is expressed in the pancreatic
bud. For each probe, two different magnifications are shown: 100× and 200×. Right column shows ISH
for Pdx1 on the serial slides. DPB: dorsal pancreatic bud (indicated by dark circle), Me: mesenchyme.
Data are representative of three independent experiments.
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In order to validate our analysis, among the resulting interactions, we selected three genes: Sdc4
for DPB, and Vcan and Tnc for MeDPB.

As shown in Figure 4B, ISH experiments at E10.5 showed that Vcan and Tnc expressions were
detected in the mesenchyme (Me) around the pancreatic bud area and Sdc4 at the pancreatic bud
(DPB), comparing ISH results with Pdx1 immunohistochemistry data. These results confirmed that
Vcan and Tnc were expressed in the mesenchyme surrounding the pancreatic bud. No ISH signal was
detected for Vcan and Tnc in the DPB. The ISH result of Sdc4 displayed that although not exclusive, it
is expressed in the pancreatic bud.

3. Discussion

Pancreatic organogenesis requires signals coming from the surrounding mesenchyme in order
to define the proper morphogenesis of the epithelium. Despite several studies about the pathways
governing this biological mechanism, the tight temporal signaling needs to be clarified. The lack
of knowledge concerning the crucial role of the mesenchyme in the early pancreatic epithelium
development has encouraged many research groups to investigate and describe the sequence of
events essential to drive the pancreatic organogenesis from the early stages until the birth. In 2011,
Landsman et al. performed the ablation of the pancreatic mesenchyme through diphtheria toxin
employment in vivo, giving the first confirmation that the mesenchyme can sustain the pancreatic
epithelium formation both at the early and late development stages [30]. Later, in 2013, Guo et al.
demonstrated that the pancreatic mesenchyme, at E11.5, can activate signals to promote specific stem
cells’ differentiation to pancreatic progenitors [31]. Furthermore, many studies have highlighted that
the most important signaling pathways, contributing to the pancreas development, can be activated
again in pathological conditions, such as during cellular damage in order to regenerate the tissue [32],
in pancreatic cell necrosis with consequent fibrosis deposition [33], and in the pancreatic tumorigenesis
process [34]. In addition, much evidence suggests the involvement of the same pathways in metastasis,
by activating, in an aberrant manner in the adult tissue, the signaling required for the branching
morphogenesis during pancreatic development [35]. All these considerations prompted us to dissect
the mouse embryonic pancreas organogenesis, analyzing the contribution of novel genes in driving
this process, by concert with signals from the mesenchyme.

By RNAseq analysis, we not only defined genes enriched in the DPB and MeDPB at E10.5, but
using a bioinformatics workflow, the whole gene expression profiles of these two compartments were
analyzed to disclose the molecular crosstalk between the two districts during the primary transition
phase of pancreatic organogenesis. This approach allowed us to identify potential interactions across
bud and mesenchyme molecules.

Among them, Spp1 has a different expression distribution during developmental stages
and is also expressed in adult pancreas during regeneration processes [36]. Moreover, PCSK9
(proproteinconvertasesubtilisin/kexin type 9) is involved in pancreatic β-cell development and, in
particular, in glucose metabolism by cleavage of pro-insulin to produce the insulin active form; the
knockout mouse model for PCSK9 shows defects in pancreatic β-cell development. Furthermore,
CXCL12 is a chemokine that binds the CXCR4 receptor activating a signaling pathway that plays
a crucial role during embryogenesis and, in particular, in pancreatic organogenesis [37]; the axis
CXCL12/CXCR4 is also involved in tissue repair [38]. Tenascin C (Tnc) is an extracellular matrix
glycoprotein and, in the adult organism, is expressed during physiological and pathological conditions
where cell migration and tissue remodeling are involved, like in the wound healing process [39]. Sdc4
is expressed in the murine foregut progenitors at E8.5 and E9.0, coordinating the activation of Wnt and
BMP pathways during organogenesis [40], attesting to the involvement and the importance of this gene
in foregut development. On the other hand, the pancreatic mesenchyme gene Vcan is an extracellular
matrix protein and its expression is induced by TGF-β in cellular remodeling processes [41].

In our crosstalk analysis, the putative interaction between c-Met and HGF has been revealed,
consistent with literature data [42]. It is very intriguing that c-MET/HGF signaling is a very
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well-studied pathway in tumorigenesis and metastasis, and could also play a crucial role during
pancreas organogenesis.

Overall, we selected three genes as novel interesting candidates for DPB and MeDPB crosstalking:
Vcan, Tnc and Sdc4. Vcan and Tnc encode ECM proteins that bind epithelial receptors (integrins) and
other ECM molecules, such as fibronectin.

TNC is an ECM protein that, with its structure, is able to interact with a high number of highly
diverse ligands. In the embryo, TNC is found in the outer mesenchyme and in several connective
tissues, such as bone and cartilage [43]. TNC is known as an adhesion-modulating ECM protein that
binds to fibronectin and it also binds cell surface receptors, like integrins [44], which interact with
cytosolic components, such as actin-binding proteins [45], inducing cell adhesion and proliferation.

Vcan is expressed in the ECM of various tissues and organs, such as brain and breast. Vcan
interacts with collagen and fibronectin of the ECM [46], promoting cell adhesion. Sdc4 has been shown
to regulate adhesion assembly and cytoskeletal organization in response to fibronectin or other ECM
proteins [47]. Modifications in Sdc4 sequence decrease RhoA activation and its related functions, such
as adhesion and spreading, to promote cell migration [48]. In situ hybridization experiments showed
that Tnc and Vcan are expressed in MeDPB.

In particular, the crosstalk between Sdc4 and Vcan is an intriguing interaction hypothesis between
DPB and MeDPB because their contribution in cancer progression is known, playing a crucial role in
mediating the EMT process [49,50].

Considering that those novel pancreas development biomarkers were also detected during
pancreatic in vitro mESCs differentiation, our work opens future perspectives to further understand
how to improve stem cell programming and reprogramming toward functional pancreatic cells. The
improvement of differentiation protocol will lead to obtaining functional pancreatic cells, which could
be used in cell replacement therapy after pancreatic injuries.

4. Materials and Methods

4.1. Ethics Statements

All animal experiments were performed in accordance with the regulations and guidelines of
Italy and the European Union and were approved by the local ethical committee “Comitato Etico per
la Sperimentazione Animale” (CESA) of IRSG. Biogem (384/2017-PR; 8 May 2017).

4.2. Mouse Strains and Husbandry

All mice were handled according to protocols approved by the Italian Ministry of Health. Mouse
strain C57BL/6J (herein referred to as B6) was purchased from Charles River Laboratories. Animals
were housed in an animal house under controlled conditions of temperature (22 ± 1 ◦C), humidity
(55% ± 10%), and lighting on a 12 h light/12 h dark cycle, and were supplied with standard rodent food
and water ad libitum.

Mice for testing were produced by crossing B6 females with B6 males. For tissue collections, all
surgery was performed under anesthesia. All efforts were made to minimize suffering.

4.3. Embryo Dissection and Embedding for LCM

E10.5 embryos were obtained by crossing wildtype C57BL/6 mice. Embryonic age (E) was
calculated by considering the morning when a vaginal plug was detected as E0.5. Embryos were
dissected on ice under aseptic conditions in cold DEPC-treated phosphate-buffered saline (pH 7.2)
(PBS-DEPC). After cryoprotection in 30% sucrose in PBSDEPC (overnight at 4 ◦C), embryos were
embedded in OCT compound (Sakura, Zoeterwoude, The Netherlands) and stored at −80 ◦C.



Int. J. Mol. Sci. 2019, 20, 4900 14 of 20

4.4. Laser Capture Microdissection (LCM)

Tissue sections (8 µm) were cut with a cryostat (Leica Microm HM 500 M, Wetzlar, Germany) on
polylysine slides (Menzel-Gläser, Braunschweig, Germany), stored on dry ice (1 h), and stained with
eosin (70% ethanol 30 s, dH2O DEPC 20 s, 70% ethanol 20 s, 95% ethanol 20 s, eosinY 2 s, 95% ethanol
10 s, 95% ethanol 10 s, 100% ethanol 30 s, 100% ethanol 60 s, xylene 5 min, drying 5 min). LCM was
performed immediately thereafter using the Palm Zaiss system (Palm Zaiss, Jena, Germany) under
a 20× objective. Pancreas bud and surrounding mesenchyme were captured on plastic 0.5 mL tube.
Pancreas bud was identified using immunohistochemistry for Pdx1 on serial section of ones used for
dissecting while the mesenchyme dissection was done using an algorithm to cut at a regular distance
between DPB and surrounding tissue.

Six B6 embryos at E10.5 were used to dissect DPB and MeDPB. Three dissected DPB and three
dissected MeDPB were pooled together to generate the two biological replicates used for RNAseq.

4.5. RNA Isolation and RNAseq

Total RNA from cells obtained by LCM was isolated using the Pico-Pure RNA isolation kit
(Arcturus, San Diego, CA, USA). RNA quality and integrity were determined using Agilent Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA) on RNA 6000 Pico Lab-Chip Kit. Two biological replicates
with RNA integrity numbers (RIN) higher than 8.5 for DPB and MeDPB were considered to prepare
libraries with SMART-Seq Ultra Low Input RNA Kit. All biological replicates were normalized to
the same input amount of total RNA. All libraries were multiplexed and sequenced with Illumina
HiSeq2500 as 100-nucleotide paired-end reads.

4.6. RT-qPCR Analysis

cDNA was generated with the SuperScript® III First-Strand Synthesis System for RT-PCR
(Invitrogen 18080051), according to the manufacturer’s specifications. A total of 1 µg of total RNA
was used for each cDNA synthesis. Primer 3 software (http://primer3.ut.ee/) was used to design the
oligo primers setting the annealing temperature to 59–61 ◦C for all primer pairs. Oligo sequences are
reported in Supplementary Table S4.

For gene expression analyses, the same amount of cDNA was used for each PCR reaction with
each primer pair (forward/reverse primers mix: 0.2 µM, in a final volume of 25 µL). Real-time PCR
analysis was performed using the iTaq™ Universal SYBR® Green Supermix (BIORAD, Hercules, CA,
USA) in a 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) under the following
conditions: 2 min at 50 ◦C, 10 min at 95 ◦C, followed by 40 cycles of 15 s at 95 ◦C and 1 min at 60
◦C. The Gapdh mRNA expression was used as a control to normalize the data. The gene expression
experiments were performed in triplicate in three independent experiments and a melting analysis was
performed at the end of the PCR run to confirm gene-specific amplification. To calculate the relative
expression levels, we used the 2−∆∆Ct method [51,52]. Comparison of data sets was performed by
Student’s t-test and a value of p < 0.05 was considered significant [53].

PCR amplification efficiency was calculated for Zim1, Chst2, Vcan, Sdc4, Tnc, and Gapdh, using
serial dilutions of cDNA (1:1; 1:10; 1:100, and 1:1000). Each point was analyzed in duplicate two times
on two different 96-well plates (Plate 1 and Plate 2). For the analysis, only Ct data present at least two
times were considered. Ct values were plotted on the y-axis along with corresponding logarithmic
dilutions (x-axis). A linear regression curve and slope were determined for each gene using Microsoft
Office software. Amplification efficiency was calculated using the equation: E = −1 + 10(−1/slope)

(Supplementary Figure S2 and Table S5).

http://primer3.ut.ee/
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4.7. ESCs Culture and Differentiation

ESCs were incubated at 37 ◦C in 5% CO2; medium was changed daily and cells were split every 2–3
days routinely. For the endoderm differentiation, 5 × 104/plate cells were seeded in 35 mm dishes, as a
feeder-free monolayer. The differentiation medium consisted of DMEM Low Glucose (Lonza, Valais,
Switzerland), supplemented with 5% FBS (HyClone, Logan, UT, USA), 2 mM l-Glutamine (Gibco,
Dublin, Ireland), 1 mM nonessential amino acids (Gibco), 100 U-µg/mL Penicillin/Streptomycin (Gibco),
0.1 mM β-Mercaptoethanol (Sigma, St. Louis, MO, USA), depleted of LIF, with 200 µg/mL Matrigel (BD
Biosciences, Qume Drive, San Jose, CA, USA) and treated sequentially with several molecules at different
time points for eight days. These factors included activin A (20 ng/mL, R&D Systems, Minneapolis,
MN, USA), all trans retinoid acid (RA, 5 µM, Sigma), fibroblast growth factor 10 (Fgf10, 10 ng/mL, R&D
Systems), cyclopamine (CYC, 10 µM, Sigma), N-N-(3,5-difluorophenacetyl)-Lalanylsphenylglycinet-
butylesterm (DAPT, 5 µM, Sigma). Medium was changed every two days [3].

4.8. In Situ Hybridization

E10.5 embryos from matings of B6 mice were fixed in 4% paraformaldehyde (overnight, 4 ◦C),
cryoprotected in 30% sucrose in PBS (overnight, 4 ◦C), embedded in OCT (Sakura), quick-frozen over
dry ice/ethanol slurry, and stored at−80 ◦C. Frozen sections (10µm) were obtained as described above on
Superfrost slides (Mentzel-Gläser, Saarbrückener, Germany). Templates for riboprobes were generated
by PCR from commercially available plasmids (Open Biosystems, Huntsville, AL, USA or Gene
Service, Cambridge, UK) or from cDNA obtained by reverse transcription of mRNA from E10.5 mouse
embryos using forward and reverse primers extended at their 5′ ends with either T7 or SP6 promoter
sequences (T7. GGATTTAATACGACTCACTATAGGGAGA; Sp6. CGATTTAGGTGACACTATAGA),
following a protocol from the GenePaint consortium (http://www.genepaint.org) (7 min initial template
denaturation at 95 ◦C, 35 cycles with 1 min denaturation (95 ◦C), 1 min primer annealing (52–68 ◦C),
1 min elongation (72 ◦C), final elongation for 7 min at 72 ◦C). The resulting PCR products were
resolved on agarose gels and the right bands excised and purified using the QIAGEN gel extraction
kit (QIAGEN, Hilden, Germany). After PCR reamplification, products were purified using QIAquick
PCR purification kit (QIAGEN), analyzed on an agarose gel, and verified by sequencing. Nepn
antisense riboprobe was a 743 bp used as a positive control. Digoxygenin-labeled riboprobes (sense
and antisense) were obtained using a DIG-labeling RNA kit (Roche Diagnostics Basel, Switzerland)
following the manufacturer’s instructions. Mouse embryos at E10.5 were cut into 7 µm frozen sections
that were collected on Thermo Scientific™ SuperFrost Plus™ adhesion slides. In situ hybridization
was performed as described in Fagman et al. (2011) [54,55]. Images were processed using the Axion
Vision software and Image J software. Oligos used to amplify the in situ probe are illustrated in
Supplementary Table S5. All in situ probes were about 750 bp. Oligo sequence used to amplify gene
specific probes are described in Supplementary Table S4.

4.9. Immunohistochemistry

Paraffin sections, 10 µm thick, were collected on polylysine glass slides [56].
The incubation with the primary antibodies for Pdx1 (ab47267 rabbit) was performed overnight

at 4 ◦C in histoblock solution (3% BSA, 5% NGS, 20 mM, MgCl2, 0.3% Tween 20 in PBS, pH 7.2);
staining procedures and chromogenic reactions were carried out according to the protocols of the
Vectastain ABC kit and “DAB substrate kit for peroxidase” (Vector Laboratories, Burlingame, CA,
USA). Images were obtained using an Axioplan2 microscope equipped with an Axiocam digital camera
(Zeiss, Oberkochen, Germany) and processed using the Axion Vision software. The digital images
were assembled into composite pictures using Adobe Photoshop (Adobe Systems, San Jose, CA, USA).

http://www.genepaint.org
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4.10. Statistics in Biological Experiments

Where data were averaged, the samples stemmed from independent experiments with independent
preparations; that is, they represent biological replicates [57]. Significance of differences has been
evaluated through Student’s t-test. Differences are only mentioned and interpreted as such if p < 0.005.

4.11. RNAseq Data Analysis

Sequencing quality was assessed through error rate and base quality distributions of reads for
each sample. We filtered the raw data removing reads containing adaptors, reads containing more
than 10% of bases that could not be determined, reads including over 50% bases with a Phred quality
score ≤ 5. The reads were aligned to human reference genome (GRCh37/hg19) using TopHat [58] and
the expression was quantified at gene level using featureCounts [59]. Downstream analysis of gene
expression was performed in the R statistical environment by fitting a negative binomial model and
estimating dispersion using edgeR [60]. Differentially expressed genes between DPB and MeDPB were
identified using the exact test based on the qCML methods. Exact p-value was computed by summing
overall sums of counts that had a probability less than the probability under the null hypothesis of the
observed sum of counts. Differentially expressed genes were selected by absolute log2FoldChange
≥ 1 and False Discovery Rate (FDR) adjusted p-value ≤ 0.05. Gene Ontology (GO) enrichment was
computed using over-representation test and FDR correction (FDR-adjusted p-value ≤ 0.05).

Data availability statement: Authors declare to make materials. Data and associated protocols
promptly available to readers without undue qualifications in material transfer agreements.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/19/
4900/s1. Supplementary Table S1. List of 1744 differentially expressed genes. Among the significative differently
expressed genes in our RNAseq analysis (log2FC ≥ 4 and log2FC ≤ −4), we selected genes that were reported in
literature as expressed in pancreatic bud and mesenchyme, respectively. In red are reported 931 genes specifically
enriched in DPB and in green 813 genes specifically enriched in MeDPB; Supplementary Table S2. Functional
Enrichment Analysis on DPB enriched genes; Supplementary Table S3. Functional Enrichment Analysis on
MeDPB enriched genes; Supplementary Table S4. Oligo’s list used for RT-qPCR and in-situ hybridization probes;
Supplementary Table S5. Amplification Efficiency data; Supplementary Figure S1. Schematic protocol of directed
differentiation from mESCs into PFE. ESCs were plated at 50.000 cells/cm2 at day 0 (M0) in a prodifferentiative
medium supplemented with Matrigel (200 µg/mL) and Activin A (20 ng/mL) to induce the DE formation (M1).
The cells were then treated with retinoic acid (5 µM) and FGF10 (10 ng/mL) until the end of protocol to promote
the Posterior Foregut Endoderm (PFE) formation (M2).
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Abbreviations

B6 C57BL/6J
BP Biological Processes
CC Cellular components
CESA Comitato Etico per la Sperimentazione Animale
Chst2 Carbohydrate sulfotransferase 2
CPM Counts per millions
DE Definitive endoderm
DPB Dorsal pancreatic bud
Dsp Desmoplakin
E10.5 Embryonic day 10.5
ESCs Embryonic stem cells
EST Expressed Sequence Tag
FDR False Discovery Rate
Frem2 Fras1-related extracellular matrix protein 2
GO Gene ontology
IHC Immunohistochemistry
ISH In situ hybridization
iPSCs Induced pluripotent stem cells
LCM Laser capture microdissection
MeDBP DPB mesenchyme
mESCs Mouse embryonic stem cells
MO Molecular functions
PBS-DEPC DEPC-treated phosphate-buffered saline
PCA Principal component analysis
PCSK9 Proproteinconvertasesubtilisin/kexin type 9
PFE Posterior foregut endoderm
PPCs Pancreatic progenitor cells
RA Retinoic acid
RIN RNA integrity numbers
RNAseq RNA high-throughput sequencing
Sdc4 Syndecan 4
Tnc Tenascin C
Vcan Versican
Wnk3 WNK lysine-deficient protein kinase 3
Zim1 Zinc finger, imprinted 1

References

1. Bouwens, L.; Houbracken, I.; Mfopou, J.K. The use of stem cells for pancreatic regeneration in diabetes
mellitus. Nat. Rev. Endocrinol. 2013, 9, 598–606. [CrossRef] [PubMed]

2. Zhou, Q.; Melton, D.A. Pancreas regeneration. Nature 2018, 557, 351–358. [CrossRef] [PubMed]
3. De Angelis, M.T.; Russo, F.; D’Angelo, F.; Federico, A.; Gemei, M.; Del Vecchio, L.; Ceccarelli, M.; De Felice, M.;

Falco, G. Novel pancreas organogenesis markers refine the pancreatic differentiation roadmap of embryonic
stem cells. Stem Cell Rev. 2014, 10, 269–279. [CrossRef] [PubMed]

4. Shih, H.P.; Wang, A.; Sander, M. Pancreas organogenesis: From lineage determination to morphogenesis.
Annu. Rev. Cell Dev. Biol. 2013, 29, 81–105. [CrossRef] [PubMed]

5. Jorgensen, M.C.; Ahnfelt-Ronne, J.; Hald, J.; Madsen, O.D.; Serup, P.; Hecksher-Sorensen, J. An illustrated
review of early pancreas development in the mouse. Endocr. Rev. 2007, 28, 685–705. [CrossRef]

6. Pictet, R.L.; Clark, W.R.; Williams, R.H.; Rutter, W.J. An ultrastructural analysis of the developing embryonic
pancreas. Dev. Biol. 1972, 29, 436–467. [CrossRef]

7. Golosow, N.; Grobstein, C. Epitheliomesenchymal interaction in pancreatic morphogenesis. Dev. Biol. 1962,
4, 242–255. [CrossRef]

http://dx.doi.org/10.1038/nrendo.2013.145
http://www.ncbi.nlm.nih.gov/pubmed/23877422
http://dx.doi.org/10.1038/s41586-018-0088-0
http://www.ncbi.nlm.nih.gov/pubmed/29769672
http://dx.doi.org/10.1007/s12015-013-9489-5
http://www.ncbi.nlm.nih.gov/pubmed/24390927
http://dx.doi.org/10.1146/annurev-cellbio-101512-122405
http://www.ncbi.nlm.nih.gov/pubmed/23909279
http://dx.doi.org/10.1210/er.2007-0016
http://dx.doi.org/10.1016/0012-1606(72)90083-8
http://dx.doi.org/10.1016/0012-1606(62)90042-8


Int. J. Mol. Sci. 2019, 20, 4900 18 of 20

8. Villasenor, A.; Cleaver, O. Crosstalk between the developing pancreas and its blood vessels: An evolving
dialog. Semin. Cell Dev. Biol. 2012, 23, 685–692. [CrossRef]

9. Gittes, G.K. Developmental biology of the pancreas: A comprehensive review. Dev. Biol. 2009, 326, 4–35.
[CrossRef]

10. Bhushan, A.; Itoh, N.; Kato, S.; Thiery, J.P.; Czernichow, P.; Bellusci, S.; Scharfmann, R. Fgf10 is essential for
maintaining the proliferative capacity of epithelial progenitor cells during early pancreatic organogenesis.
Development 2001, 128, 5109–5117.

11. Ndlovu, R.; Deng, L.C.; Wu, J.; Li, X.K.; Zhang, J.S. Fibroblast Growth Factor 10 in Pancreas Development
and Pancreatic Cancer. Front. Genet. 2018, 9, 482. [CrossRef] [PubMed]

12. Heiser, P.W.; Lau, J.; Taketo, M.M.; Herrera, P.L.; Hebrok, M. Stabilization of beta-catenin impacts pancreas
growth. Development 2006, 133, 2023–2032. [CrossRef] [PubMed]

13. Munoz-Bravo, J.L.; Flores-Martinez, A.; Herrero-Martin, G.; Puri, S.; Taketo, M.M.; Rojas, A.; Hebrok, M.;
Cano, D.A. Loss of Pancreas upon Activated Wnt Signaling Is Concomitant with Emergence of Gastrointestinal
Identity. PLoS ONE 2016, 11, e0164714. [CrossRef] [PubMed]

14. Martin, M.; Gallego-Llamas, J.; Ribes, V.; Kedinger, M.; Niederreither, K.; Chambon, P.; Dolle, P.; Gradwohl, G.
Dorsal pancreas agenesis in retinoic acid-deficient Raldh2 mutant mice. Dev. Biol. 2005, 284, 399–411.
[CrossRef]

15. Molotkov, A.; Molotkova, N.; Duester, G. Retinoic acid generated by Raldh2 in mesoderm is required for
mouse dorsal endodermal pancreas development. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2005, 232, 950–957.

16. Kumar, M.; Jordan, N.; Melton, D.; Grapin-Botton, A. Signals from lateral plate mesoderm instruct endoderm
toward a pancreatic fate. Dev. Biol. 2003, 259, 109–122. [CrossRef]

17. Harmon, E.B.; Apelqvist, A.A.; Smart, N.G.; Gu, X.; Osborne, D.H.; Kim, S.K. GDF11 modulates NGN3+ islet
progenitor cell number and promotes beta-cell differentiation in pancreas development. Development 2004,
131, 6163–6174. [CrossRef]

18. Gnatenko, D.A.; Kopantzev, E.P.; Sverdlov, E.D. [Fibroblast growth factors and their effects in pancreas
organogenesis]. Biomeditsinskaia Khimiia 2017, 63, 211–218. [CrossRef]

19. Jolliffe, I.T.; Cadima, J. Principal component analysis: A review and recent developments. Philos. Trans. R.
Soc. A Math. Phys. Eng. Sci. 2016, 374, 20150202. [CrossRef]

20. Li, X.Y.; Zhai, W.J.; Teng, C.B. Notch Signaling in Pancreatic Development. Int. J. Mol. Sci. 2015, 17, 48.
[CrossRef]

21. Belo, J.; Krishnamurthy, M.; Oakie, A.; Wang, R. The role of SOX9 transcription factor in pancreatic and
duodenal development. Stem Cells Dev. 2013, 22, 2935–2943. [CrossRef] [PubMed]

22. Marty-Santos, L.; Cleaver, O. Pdx1 regulates pancreas tubulogenesis and E-cadherin expression. Development
2016, 143, 101–112. [CrossRef] [PubMed]

23. Available online: https://www.ncbi.nlm.nih.gov/unigene (accessed on 15 June 2018).
24. Chiotaki, R.; Petrou, P.; Giakoumaki, E.; Pavlakis, E.; Sitaru, C.; Chalepakis, G. Spatiotemporal distribution

of Fras1/Frem proteins during mouse embryonic development. Gene Expr. Patterns Gep 2007, 7, 381–388.
[CrossRef] [PubMed]

25. Hale, M.A.; Swift, G.H.; Hoang, C.Q.; Deering, T.G.; Masui, T.; Lee, Y.K.; Xue, J.; MacDonald, R.J. The
nuclear hormone receptor family member NR5A2 controls aspects of multipotent progenitor cell formation
and acinar differentiation during pancreatic organogenesis. Development 2014, 141, 3123–3133. [CrossRef]
[PubMed]

26. Gallicano, G.I.; Bauer, C.; Fuchs, E. Rescuing desmoplakin function in extra-embryonic ectoderm reveals the
importance of this protein in embryonic heart, neuroepithelium, skin and vasculature. Development 2001,
128, 929–941.

27. Gallicano, G.I.; Kouklis, P.; Bauer, C.; Yin, M.; Vasioukhin, V.; Degenstein, L.; Fuchs, E. Desmoplakin is
required early in development for assembly of desmosomes and cytoskeletal linkage. J. Cell Biol. 1998, 143,
2009–2022. [CrossRef] [PubMed]

28. Ye, A.; He, H.; Kim, J. Paternally expressed Peg3 controls maternally expressed Zim1 as a trans factor. PLoS
ONE 2014, 9, e108596. [CrossRef]

29. Szklarczyk, D.; Franceschini, A.; Wyder, S.; Forslund, K.; Heller, D.; Huerta-Cepas, J.; Simonovic, M.; Roth, A.;
Santos, A.; Tsafou, K.P.; et al. STRING v10: Protein-protein interaction networks, integrated over the tree of
life. Nucleic Acids Res. 2015, 43, D447–D452. [CrossRef]

http://dx.doi.org/10.1016/j.semcdb.2012.06.003
http://dx.doi.org/10.1016/j.ydbio.2008.10.024
http://dx.doi.org/10.3389/fgene.2018.00482
http://www.ncbi.nlm.nih.gov/pubmed/30425728
http://dx.doi.org/10.1242/dev.02366
http://www.ncbi.nlm.nih.gov/pubmed/16611688
http://dx.doi.org/10.1371/journal.pone.0164714
http://www.ncbi.nlm.nih.gov/pubmed/27736991
http://dx.doi.org/10.1016/j.ydbio.2005.05.035
http://dx.doi.org/10.1016/S0012-1606(03)00183-0
http://dx.doi.org/10.1242/dev.01535
http://dx.doi.org/10.18097/PBMC20176303211
http://dx.doi.org/10.1098/rsta.2015.0202
http://dx.doi.org/10.3390/ijms17010048
http://dx.doi.org/10.1089/scd.2013.0106
http://www.ncbi.nlm.nih.gov/pubmed/23806070
http://dx.doi.org/10.1242/dev.126755
http://www.ncbi.nlm.nih.gov/pubmed/26657766
https://www.ncbi.nlm.nih.gov/unigene
http://dx.doi.org/10.1016/j.modgep.2006.12.001
http://www.ncbi.nlm.nih.gov/pubmed/17251066
http://dx.doi.org/10.1242/dev.109405
http://www.ncbi.nlm.nih.gov/pubmed/25063451
http://dx.doi.org/10.1083/jcb.143.7.2009
http://www.ncbi.nlm.nih.gov/pubmed/9864371
http://dx.doi.org/10.1371/journal.pone.0108596
http://dx.doi.org/10.1093/nar/gku1003


Int. J. Mol. Sci. 2019, 20, 4900 19 of 20

30. Landsman, L.; Nijagal, A.; Whitchurch, T.J.; Vanderlaan, R.L.; Zimmer, W.E.; Mackenzie, T.C.; Hebrok, M.
Pancreatic mesenchyme regulates epithelial organogenesis throughout development. PLoS Biol. 2011, 9,
e1001143. [CrossRef]

31. Guo, T.; Landsman, L.; Li, N.; Hebrok, M. Factors expressed by murine embryonic pancreatic mesenchyme
enhance generation of insulin-producing cells from hESCs. Diabetes 2013, 62, 1581–1592. [CrossRef]

32. Wali, J.A.; Thomas, H.E. Pancreatic Alpha Cells Hold the Key to Survival. EBioMedicine 2015, 2, 368–369.
[CrossRef] [PubMed]

33. Murtaugh, L.C.; Keefe, M.D. Regeneration and repair of the exocrine pancreas. Annu. Rev. Physiol. 2015, 77,
229–249. [CrossRef] [PubMed]

34. Felsenstein, M.; Hruban, R.H.; Wood, L.D. New Developments in the Molecular Mechanisms of Pancreatic
Tumorigenesis. Adv. Anat. Pathol. 2018, 25, 131–142. [CrossRef] [PubMed]

35. Shih, H.P.; Panlasigui, D.; Cirulli, V.; Sander, M. ECM Signaling Regulates Collective Cellular Dynamics to
Control Pancreas Branching Morphogenesis. Cell Rep. 2016, 14, 169–179. [CrossRef]

36. Kilic, G.; Wang, J.; Sosa-Pineda, B. Osteopontin is a novel marker of pancreatic ductal tissues and of
undifferentiated pancreatic precursors in mice. Dev. Dyn. Off. Publ. Am. Assoc. Anat. 2006, 235, 1659–1667.
[CrossRef] [PubMed]

37. Katsumoto, K.; Kume, S. The role of CXCL12-CXCR4 signaling pathway in pancreatic development.
Theranostics 2013, 3, 11–17. [CrossRef]

38. Yellowley, C. CXCL12/CXCR4 signaling and other recruitment and homing pathways in fracture repair.
Bonekey Rep. 2013, 2, 300. [CrossRef]

39. Paron, I.; Berchtold, S.; Voros, J.; Shamarla, M.; Erkan, M.; Hofler, H.; Esposito, I. Tenascin-C enhances
pancreatic cancer cell growth and motility and affects cell adhesion through activation of the integrin pathway.
PLoS ONE 2011, 6, e21684. [CrossRef]

40. Zhang, Z.; Rankin, S.A.; Zorn, A.M. Syndecan4 coordinates Wnt/JNK and BMP signaling to regulate foregut
progenitor development. Dev. Biol. 2016, 416, 187–199. [CrossRef]

41. Bonnans, C.; Chou, J.; Werb, Z. Remodelling the extracellular matrix in development and disease. Nat. Rev.
Mol. Cell Biol. 2014, 15, 786–801. [CrossRef]

42. Kato, T. Biological roles of hepatocyte growth factor-Met signaling from genetically modified animals. Biomed.
Rep. 2017, 7, 495–503. [CrossRef] [PubMed]

43. Sahlberg, C.; Aukhil, I.; Thesleff, I. Tenascin-C in developing mouse teeth: Expression of splice variants and
stimulation by TGFbeta and FGF. Eur. J. Oral Sci. 2001, 109, 114–124. [CrossRef] [PubMed]

44. Midwood, K.S.; Orend, G. The role of tenascin-C in tissue injury and tumorigenesis. J. Cell Commun. Signal
2009, 3, 287–310. [CrossRef] [PubMed]

45. Lau, T.L.; Kim, C.; Ginsberg, M.H.; Ulmer, T.S. The structure of the integrin alphaIIbbeta3 transmembrane
complex explains integrin transmembrane signalling. EMBO J. 2009, 28, 1351–1361. [CrossRef] [PubMed]

46. Yamagata, M.; Yamada, K.M.; Yoneda, M.; Suzuki, S.; Kimata, K. Chondroitin sulfate proteoglycan (PG-M-like
proteoglycan) is involved in the binding of hyaluronic acid to cellular fibronectin. J. Biol. Chem. 1986, 261,
13526–13535.

47. Woods, A.; Couchman, J.R. Syndecan 4 heparan sulfate proteoglycan is a selectively enriched and widespread
focal adhesion component. Mol. Biol. Cell 1994, 5, 183–192. [CrossRef] [PubMed]

48. Choi, S.; Lee, E.; Kwon, S.; Park, H.; Yi, J.Y.; Kim, S.; Han, I.O.; Yun, Y.; Oh, E.S. Transmembrane
domain-induced oligomerization is crucial for the functions of syndecan-2 and syndecan-4. J. Biol. Chem.
2005, 280, 42573–42579. [CrossRef]

49. Sheng, W.; Wang, G.; La Pierre, D.P.; Wen, J.; Deng, Z.; Wong, C.K.; Lee, D.Y.; Yang, B.B. Versican mediates
mesenchymal-epithelial transition. Mol. Biol. Cell 2006, 17, 2009–2020. [CrossRef]

50. Wang, X.; He, J.; Zhao, X.; Qi, T.; Zhang, T.; Kong, C. Syndecan-1 suppresses epithelial-mesenchymal
transition and migration in human oral cancer cells. Oncol. Rep. 2018, 39, 1835–1842. [CrossRef]

51. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc.
2008, 3, 1101–1108. [CrossRef]

52. Falco, G.; Stanghellini, I.; Ko, M.S. Use of Chuk as an internal standard suitable for quantitative RT-PCR in
mouse preimplantation embryos. Reprod. Biomed. Online 2006, 13, 394–403. [CrossRef]

http://dx.doi.org/10.1371/journal.pbio.1001143
http://dx.doi.org/10.2337/db12-0167
http://dx.doi.org/10.1016/j.ebiom.2015.04.014
http://www.ncbi.nlm.nih.gov/pubmed/26137578
http://dx.doi.org/10.1146/annurev-physiol-021014-071727
http://www.ncbi.nlm.nih.gov/pubmed/25386992
http://dx.doi.org/10.1097/PAP.0000000000000172
http://www.ncbi.nlm.nih.gov/pubmed/28914620
http://dx.doi.org/10.1016/j.celrep.2015.12.027
http://dx.doi.org/10.1002/dvdy.20729
http://www.ncbi.nlm.nih.gov/pubmed/16518820
http://dx.doi.org/10.7150/thno.4806
http://dx.doi.org/10.1038/bonekey.2013.34
http://dx.doi.org/10.1371/journal.pone.0021684
http://dx.doi.org/10.1016/j.ydbio.2016.05.025
http://dx.doi.org/10.1038/nrm3904
http://dx.doi.org/10.3892/br.2017.1001
http://www.ncbi.nlm.nih.gov/pubmed/29188052
http://dx.doi.org/10.1034/j.1600-0722.2001.00990.x
http://www.ncbi.nlm.nih.gov/pubmed/11347655
http://dx.doi.org/10.1007/s12079-009-0075-1
http://www.ncbi.nlm.nih.gov/pubmed/19838819
http://dx.doi.org/10.1038/emboj.2009.63
http://www.ncbi.nlm.nih.gov/pubmed/19279667
http://dx.doi.org/10.1091/mbc.5.2.183
http://www.ncbi.nlm.nih.gov/pubmed/8019004
http://dx.doi.org/10.1074/jbc.M509238200
http://dx.doi.org/10.1091/mbc.e05-10-0951
http://dx.doi.org/10.3892/or.2018.6271
http://dx.doi.org/10.1038/nprot.2008.73
http://dx.doi.org/10.1016/S1472-6483(10)61445-9


Int. J. Mol. Sci. 2019, 20, 4900 20 of 20

53. Fontana, R.; Guidone, D.; Sangermano, F.; Calabro, V.; Pollice, A.; La Mantia, G.; Vivo, M. PKC Dependent
p14ARF Phosphorylation on Threonine 8 Drives Cell Proliferation. Sci. Rep. 2018, 8, 7056. [CrossRef]
[PubMed]

54. Fagman, H.; Amendola, E.; Parrillo, L.; Zoppoli, P.; Marotta, P.; Scarfo, M.; De Luca, P.; de Carvalho, D.P.;
Ceccarelli, M.; De Felice, M.; et al. Gene expression profiling at early organogenesis reveals both common
and diverse mechanisms in foregut patterning. Dev. Biol. 2011, 359, 163–175. [CrossRef] [PubMed]

55. Credendino, S.C.; Lewin, N.; de Oliveira, M.; Basu, S.; D’Andrea, B.; Amendola, E.; Di Guida, L.; Nardone, A.;
Sanges, R.; De Felice, M.; et al. Tissue- and Cell Type-Specific Expression of the Long Noncoding RNA
Klhl14-AS in Mouse. Int. J. Genom. 2017, 2017, 9769171. [CrossRef] [PubMed]

56. Marotta, P.; Amendola, E.; Scarfo, M.; De Luca, P.; Zoppoli, P.; Amoresano, A.; De Felice, M.; Di Lauro, R. The
paired box transcription factor Pax8 is essential for function and survival of adult thyroid cells. Mol. Cell.
Endocrinol. 2014, 396, 26–36. [CrossRef] [PubMed]

57. D’Agostino, M.; Risselada, H.J.; Endter, L.J.; Comte-Miserez, V.; Mayer, A. SNARE-mediated membrane
fusion arrests at pore expansion to regulate the volume of an organelle. EMBO J. 2018, 37. [CrossRef]
[PubMed]

58. Ghosh, S.; Chan, C.K. Analysis of RNA-Seq Data Using TopHat and Cufflinks. Methods Mol. Biol. 2016, 1374,
339–361.

59. Liao, Y.; Smyth, G.K.; Shi, W. featureCounts: An efficient general purpose program for assigning sequence
reads to genomic features. Bioinformatics 2014, 30, 923–930. [CrossRef] [PubMed]

60. Nikolayeva, O.; Robinson, M.D. edgeR for differential RNA-seq and ChIP-seq analysis: An application to
stem cell biology. Methods Mol. Biol. 2014, 1150, 45–79.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/s41598-018-25496-4
http://www.ncbi.nlm.nih.gov/pubmed/29728595
http://dx.doi.org/10.1016/j.ydbio.2011.08.015
http://www.ncbi.nlm.nih.gov/pubmed/21924257
http://dx.doi.org/10.1155/2017/9769171
http://www.ncbi.nlm.nih.gov/pubmed/29082235
http://dx.doi.org/10.1016/j.mce.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25127920
http://dx.doi.org/10.15252/embj.201899193
http://www.ncbi.nlm.nih.gov/pubmed/30120144
http://dx.doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Global Gene Expression Profiling between Dorsal Pancreatic Bud and Surrounding DPB Mesenchyme 
	In Vitro and In Vivo Characterization of Enriched Intrinsic Factors 
	Validation of Enriched Intrinsic Factors and Characterization of Molecular Crosstalk between DPB and MeDPB at E10.5 

	Discussion 
	Materials and Methods 
	Ethics Statements 
	Mouse Strains and Husbandry 
	Embryo Dissection and Embedding for LCM 
	Laser Capture Microdissection (LCM) 
	RNA Isolation and RNAseq 
	RT-qPCR Analysis 
	ESCs Culture and Differentiation 
	In Situ Hybridization 
	Immunohistochemistry 
	Statistics in Biological Experiments 
	RNAseq Data Analysis 

	References

