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Abstract 

Notch signaling has been shown to contribute to murine pancreatic development at various 

stages. Delta-like 1 (Dll1) or Jagged1 (Jag1) are the Notch ligand that solely functions to 

trigger this signaling during the pancreatic bud stage (~e9.5) or after birth, respectively. 

However, it has not been elucidated whether these Notch ligands are required at the later 

stage (e10.5~18.5) when the particular pancreas structures form. Here, we detected the 

dual expression of Dll1 and Jag1 in the epithelium after e10.5, which was restricted to the 

ductal-cell lineage, including centroacinar cells expressing Sox9, CD133 and Hes1 but not 

the ductal-cell markers Hnf1 and DBA, at e18.5. To evaluate the significance of the 

Notch ligands during this period, we established double-floxed mice of Dll1 and Jag1 

genes with Ptf1a-Cre knock-in allele and examined the effects on development. The 

abrogation of both ligands but not a single one led to the loss of centroacinar cells, which 

was due to the decrease in cell proliferation and the increase in cell death, as well as to the 

reduction of Sox9. These results suggested that Dll1 and Jag1 function redundantly and 

are necessary to maintain the centroacinar cells as an environmental niche in the 

developing pancreas.   
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Introduction 

The formation of tissue structures is crucial to obtaining organ functions. The 

exocrine pancreas is composed of enzyme-producing acini and ductal structures that 

channel the pancreatic fluid into the duodenum. The exocrine acinus is composed of 

enzyme-secreting acinar cells and of centroacinar cells located in the center of the acinar 

structure (Ashizawa et al. 2005). The branched ductal tree is sub-divided into the main, 

interlobular and terminal ducts, the latter of which that connect to the acini (Reichert & 

Rustgi 2011). Previous studies identified genes involved in the specification and 

differentiation of acinar and duct cells, but the precise mechanisms underlying the 

construction of the exocrine pancreatic architecture during the embryonic stages are 

largely unknown. At approximately embryonic day 9.5 (e9.5) in mice, pancreatogenesis 

begins with the evagination of endodermal cells from the primitive foregut tube to form 

the dorsal and ventral pancreatic buds. At first, no obvious ductal structures are observed 

within the buds, but segregated epithelial cells gradually form the branching ductal tree 

(Pan & Wright 2011). As development proceeds, at e13.5-15.5, amylase-expressing 

exocrine acinar cells appear in the “tip” region of the ductal trees, whereas endocrine cells 

formed in the ductal “trunk” region (Zhou et al. 2007). During these stages, lines of acinar 

cells are observed adjacent to the ductal structures and acinar and centroacinar cells cannot 

be distinguished by H&E staining. The branching structure of the ducts becomes more 

complex after that stage, and mature acinar structures are completed at e18.5, when 

identifiable centroacinar cells appear at the center of the acini. 

Previous studies suggested that centroacinar cells function as progenitor cells; 
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inducible Cre-based cell-tracking experiments showed that Sox9–expressing cells 

differentiated into all types of pancreatic cells during the embryonic and neonatal stages, 

including exocrine, endocrine and ductal lineages (Furuyama et al. 2011; Kopp et al. 

2011). Considering their location at the junction of ductal tree and the acini, Sox9
+
 

centroacinar cells are thought to be the best candidate for the source of new acinar cell 

populations at the perinatal stages. Moreover, ALDH1-expressing centroacinar/terminal 

duct cell populations in adult mouse possess multi-differentiation capacity towards 

endocrine and exocrine pancreatic cells in vitro (Rovira et al. 2010). However, the lack of 

specific markers has prevented the elucidation of how centroacinar cells are formed and 

maintained in the developing exocrine tissue. 

The construction of an acinar structure appears to be associated with the 

formation of a boundary between acinar cells and the ductal network during pancreatic 

development. Previous studies showed the pivotal role of Notch signaling in the formation 

of a boundary between different cell types, such as occurs in the Drosophila wing margin 

and vertebrate somite (Artavanis-Tsakonas et al. 1999). Thus, we speculated that Notch 

signaling is likely involved in the proper construction of exocrine pancreatic tissue, 

including the acinar structures. Although recent reports demonstrated that Notch signaling 

functions in controlling endocrine-cell and ductal differentiation in the “trunk” domain 

(Afelik et al. 2012; Horn et al. 2012; Shih et al. 2012) and that its signaling confines 

centroacinar cells to the ductal lineage during adulthood (Kopinke et al. 2012; Hosokawa 

et al. 2015), the details of how Notch signaling functions in exocrine pancreatic 

development remains unknown. In this study, we demonstrated that centroacinar cells 



5 

 

comprise the Sox9
+
Hnf1

–
CD133

+
ALDH1

+
DBA

–
 population that expressed the Notch 

ligands, Delta-like 1 (Dll1) and Jagged1 (Jag1), as well as Hes1, a target of Notch 

signaling, at e18.5 in mice. Depleting Dll1 and Jag1 in pancreatic progenitor cells in the 

Ptf1a-Cre line, in which the recombinase becomes active as early as e10.5, reduced the 

level of Hes1 expression and caused the loss of centroacinar cells and some of the terminal 

duct cells at e18.5. These results demonstrated the pivotal role of Dll1/Jag1-mediated 

Notch signaling in maintaining the centroacinar/terminal duct cells during the construction 

of the exocrine structure in vivo.  
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Results 

The Notch ligands Delta-like1 and Jagged1 are expressed in the developing ductal 

tree and the centroacinar region during murine pancreatogenesis 

As several previous reports showed, the Notch ligands Dll1 and Jag1 exhibited 

dynamically changing expression patterns during the construction of the pancreatic 

architecture; Dll1 was expressed in Sox9-expressing epithelial cells in pancreatic buds as 

early as e9.5, whereas Jag1 expression was not detected at this stage (Fig. 1A,E; 

Ahnfelt-Rønne et al. 2012). From e10.5 to e13.5, almost all of the pancreatic epithelial 

cells expressed both Dll1 and Jag1 (Fig. 1B,C,F,G; Golson et al. 2009a). As cell 

differentiation and branching of the ductal tree proceeded, different levels of Dll1 

expression were detected throughout the Sox9-expressing trunk region and in acinar cells, 

and Jag1 expression was retained in duct cells but was reduced in acinar cells at e15.5 (Fig. 

1D,H; Shih et al. 2012). At e18.5, centroacinar cells were identified as the most distal cells 

with a high N/C ratio in the center of the mature acinar structures (Fig. 1I-M, arrowheads). 

At this stage, the branching ductal structure was fully developed and could be divided into 

the following two components based on H&E staining: the main/interlobular and terminal 

ducts. The former cells were found outside the acini (Fig. 1I-J, thick arrows) and the latter 

cells were found near the centroacinar cells at the near side of the duct within an acinus 

(Fig. 1I-J, thin arrows). All of the cells that composed the ductal structures as well as the 

centroacinar cells expressed Sox9, but we found differential expression of the Notch 

ligands (Fig. 1I,J,L,M; Table S1 in Supporting information). Dll1 was expressed in the 

centroacinar regions and a subset of the terminal ducts but not in the interlobular~main 
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ducts, whereas Jag1 was detected throughout the ductal tree and in the centroacinar cells at 

e18.5 (Fig. 1I,J,L,M; Table S1 in Supporting information). Thus, the centroacinar cells at 

this stage expressed both of the Notch ligands and Sox9, whereas the acinar cells 

expressed neither of the Notch ligands or Sox9. Hes1, the main effector of Notch signaling, 

was occasionally detected in centroacinar cells, terminal ducts and interlobular~main 

ducts but not in acinar cells (Fig. 1K; Table S1 in Supporting information), suggesting that 

a subset of the centroacinar and duct cells received Notch signaling at this stage. 

 

Characterization of the epithelial cells in the centroacinar region at e18.5 in mice 

For a more detailed characterization of the centroacinar cells at e18.5, we 

performed additional immunostaining assays. Our immunofluorescence analyses using 

two independent antibodies revealed that Hnf1was expressed in the main/interlobular 

ducts but that its expression was remarkably reduced in the terminal ducts and was lost in 

centroacinar cells (Fig. 2A; Table S1 in Supporting information). DBA, a well-known 

ductal marker, was also expressed strongly in the main/interlobular ducts and weakly in 

the terminal ducts but not in the centroacinar and acinar cells, thereby having an 

expression pattern similar to that of Hnf1 at this stage (Fig. 2A,C,D; Fig. S1 and Table 

S1 in Supporting information). We also detected rare DBA-negative
 
terminal duct cells 

(Fig. 2C, asterisk; Fig. S1C, green arrows in Supporting information). We found that the 

expression of CD133, a marker of multipotent progenitors in the developing pancreas in 

vitro (Oshima et al. 2007; Immervoll et al. 2011), overlapped with that of Sox9 (Fig. 2B; 

Table S1 in Supporting information) in that both were expressed throughout the ductal tree 
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and in the centroacinar cells but not in acinar cells. ALDH1, another marker of multipotent 

progenitors during adulthood (Rovira et al. 2010), was restrictively expressed in the 

centroacinar and terminal ductal regions, and thus the ALDH1-expressing epithelial cells 

could be divided into two populations, as follows: Sox9
+
ALDH1

+
DBA

–
 centroacinar cells 

(Fig. 2C, arrowhead) and Sox9
+
ALDH1

+
DBA

+
 (Fig. 2C, arrows) with rare 

Sox9
+
ALDH1

+
DBA

–
 (Fig. 2C, asterisk) cells in the terminal ductal region (Rovira et al. 

2010). Taken together, the centroacinar cells could be defined as Sox9
+
Hnf1

–

CD133
+
ALDH1

+
DBA

–
 with Dll1 and Jag1 expression at e18.5 in mice (Fig. 2E; Table S1 

in Supporting information). In contrast, EpCAM was expressed in Sox9-positive duct cells 

and a few Sox9-negative acinar cells (Fig. 2D), which could be useful at this stage for 

concentrating amylase-negative epithelial cells in flow cytometric analysis (see below).  

 

Reduced proliferation and accelerated apoptosis accompany reduced Sox9 

expression in the Dll1/Jag1-deficient mice 

To determine the significance of Notch ligands in the construction of the 

pancreatic architecture, we first analyzed Ptf1a
Cre/+

;Dll1
lox/lox

 mice and 

Ptf1a
Cre/+

;Jag1
lox/lox

 mice, in which the Cre-mediated recombination appropriately occurs 

at e10.5 (Kawaguchi et al. 2002; Fujikura et al. 2007). In these single knockout mice, no 

apparent related phenotype of the pancreatic structure was observed during the embryonic 

stages (Y. Nakano, et al. unpublished data), which might be explained by the redundant 

expression of the Notch ligands from e10.5 to the perinatal stage (Fig. 1). We then 

analyzed Ptf1a
Cre/+

;Dll1
lox/lox

;Jag1
lox/lox

 doubly deficient mice (Dll1/Jag1 cKO mice). Until 
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e15.5, we did not observe any related structural phenotype, even when using electron 

microscopy (Fig. 3A,B, and Fig. S2A,B in Supporting information). Despite no apparent 

structural defects, we found that the overall level of Sox9 expression was reduced at e15.5 

in Dll1/Jag1 cKO mice but not in the single mutant mice (Fig. 3C,D), which is consistent 

with previous reports that Notch signaling regulates Sox9 expression (Notch-Sox9 axis) 

(Zong et al. 2009; Shih et al. 2012). Furthermore, reduced cell proliferation and 

accelerated apoptosis were observed in the mutants, predominantly in the distal region of 

the branching ductal tree, including in the primitive acinar structure (Fig. 3E-J). Our 

PHH3 staining analysis revealed that the cells in the distal ductal epithelium were 

proliferating more rapidly than those in the proximal ducts from e15.5 to e18.5 in the 

control mice (Fig. 3E-G). As normal development proceeded, the cell proliferation rate 

decelerated overall, as reflected by the reduction in the number of PHH3
+ 

cells (e15.5: 298 

cells/mm
2
, e16.5: 76 cells/mm

2
, e17.5: 19 cells/mm

2
, e18.5: 20 cells/mm

2
; Fig. 3G). In the 

Dll1/Jag1 cKO mice, the number of PHH3
+
 cells was significantly lower than that of 

control mice in both the distal and proximal ducts at all of the stages evaluated (e15.5: 169 

cells/mm
2
, e16.5: 33 cells/mm

2
, e17.5: 7.5 cells/mm

2
, e18.5: 2.5 cells/mm

2
; Fig. 3G). In 

addition, we observed accelerated apoptosis, predominantly in the distal region of the 

ductal tree, in the Dll1/Jag1 cKO mice after e16.5 (Fig. 3H-J). Consistent with this finding, 

the expression of anti-apoptotic genes, such as Bcl2 and Bcl2a, was significantly 

down-regulated in the pancreata of the Dll1/Jag1 cKO mice (Fig. S3 in Supporting 

information). These results demonstrate that Dll1/Jag1-mediated Notch signaling supports 

the proliferation and survival of cells in the distal portion of the branching ducts, 
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presumably via the Notch-Sox9 axis.  

 

Loss of centroacinar cells and abrogated acinar construction in Dll1/Jag1-deficient 

pancreas  

Reduced proliferation and accelerated cell death in the distal region of the 

branching tree (Fig. 3) resulted in abrogated acinar construction in the Dll1/Jag1 cKO 

mice at e18.5 (Fig. 4A,B). In the primitive acinar structure at e15.5, the 

amylase-expressing acinar cells were aligned (blue in Fig. 4C,D) but left a vacant space in 

the center of the primitive acini, which contained Hnf1-expressing cells (red in Fig. 

4C,D) in linear pattern contiguous to the primitive acinar structures in either the control or 

the Dll1/Jag1 mutant pancreata. It should be noted that Hnf1
–
amylase

–
 cells existed 

within the primitive acinar structures (arrowhead in Fig. 4C,D) and that they also 

expressed Sox9, Dll1 and Jag1 (arrowhead in Fig. 3C; Fig. S4 in Supporting information). 

Hes1 expression was detected in a subset of amylase-negative cells regardless of the status 

of Hnf1expression in the control mice but was not detected in the Dll1/Jag1 cKO mice 

(Fig. 4C,D), indicating that Hnf1
–
amylase

–
 cells in the primitive acinar structures of the 

control mice receive Notch signaling. In fact, PHH3
+
 cells were observed among the 

Hnf1
–
amylase

–
 cells in the primitive acinar structures of the control mice, but they were 

sparse in the Dll1/Jag1 cKO mice (Fig. 4E,F).  

During the normal construction of the acinar structures (e15.5-e17.5, Fig. 

4G,I,K), the vacant spaces were gradually occupied, and very few vacant spaces were 

detected in the mature acini of the control mice at e18.5 (Fig. 4A; Fig. S2C,D in 
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Supporting information). However, in the Dll1/Jag1 cKO mice, the Hnf1
–
amylase

–
 cells 

gradually disappeared (Fig. 4H,J,L) and vacant spaces still existed at e18.5 (Fig. 4B; Fig. 

S2E,F in Supporting information). In addition to the reduction of Sox9 expression, a 

similar defect was also observed in the Hes1-deficient pancreas at e17.5 (Fig. S5 in 

Supporting information). Because the acinar cells were normal in shape and size, with the 

nucleus localized on the basal side (Fig. 4A,B; Fig. S2C-F in Supporting information), we 

speculated that the abrogated acinar structures in the Dll1/Jag1 cKO mice was due to the 

loss of a certain cellular population, most likely the Hnf1
–
amylase

–
 cells, in the 

centroacinar region, rather than the shrinkage or disorganized localization of acinar cells. 

To test this hypothesis, we performed additional immunostaining and flow cytometric 

analyses using the pancreata of e18.5 mice (Fig. 5). We found that, while ALDH1
–
DBA

+
 

main/interlobular duct cells (see Fig. 2C,E) had been preserved, ALDH1
+
DBA

–
 

centroacinar/terminal duct cells (see Fig. 2C,E) were lost in the Dll1/Jag1 cKO mice (Fig. 

5A,B). In fact, flow cytometry analyses showed that ALDH1
+
DBA

–
 cells, which were 

identified as an Aldefluor
+
DBA

–
 population

 
(Rovira et al. 2010), accounted for 11.3% of 

the EpCAM-positive
 
epithelial cells in the control mice, whereas this population was 

markedly decreased to 1.6% in the mutants (Fig. 5E,F,H). Furthermore, we found that 

CD133-expressing cells co-expressing ALDH1 in the centroacinar/terminal duct region of 

the control mice (Fig. 5C) were absent in the mutant mice (Fig. 5D). Consistently, another 

set of flow cytometry showed that the CD133
+
DBA

–/low
 population was reduced to 3.7% 

of the EpCAM-positive contingent
 
in the mutant mice, whereas this cells accounted for 

33.6% of that contingent in the control mice (Fig. 5E,G,I). Notably, cytospin analysis 
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showed that the sorted CD133
+
DBA

–/low
 cells expressed Sox9 but not Hnf1or amylase 

(Fig. S6A-O in Supporting information), indicating that the lost cell types in the mutant 

acinar structures were Hnf1
–
amylase

–
 cells. It was reported that Aldefluor-positive 

centroacinar/terminal ductal populations of adult mice exhibit multi-differentiation ability 

in vitro (Rovira et al. 2010), thus we next questioned whether the cell population that was 

lost in the mutants at e18.5 possess a similar ability as adult Aldefluor-positive cells. We 

found that the sorted CD133
+
DBA

–/low
 cells from the e18.5 control mice were capable of 

forming cell sphere and then differentiating into both endocrine and exocrine lineages (Fig. 

S6P-S in Supporting Information). From these findings, we concluded that the lost cell 

types in Dll1/Jag1 cKO mice, which were identified as Hnf1
–
amylase

–
, ALDH1

+
DBA

–
 or 

CD133
+
DBA

–/low 
cells in the control mice, are centroacinar and a part of terminal duct 

cells that share a differentiation capacity that is similar to that of adult Aldefluor
+
 cells. 

 

Dilated ducts in Dll1/Jag1-deficient pancreas 

In addition to the disappearance of centroacinar/terminal duct cells, we 

observed that the lumens of the main/interlobular ducts were dilated. As early as e18.5, 

some of DBA-positive duct cells had an abnormal cuboidal shape, 66% of the duct cells 

lacked CD133 and the ductal lumens were dilated in the mutant mice (Fig. 4B,5D). The 

mutant phenotypes, including the hypoplastic pancreas, the loss of centroacinar/terminal 

duct cells and ductal dilatation were progressive at e18.5 (Fig. 5) and were more severe at 

P3 (Fig. S7 in Supporting information).   
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Discussion 

The dynamically changing patterns of expression of the Notch-related genes 

during the construction of the exocrine pancreatic architecture suggested that the strength 

of Notch signaling is spatiotemporally determined in the developing pancreas, thereby 

regionally controlling cell differentiation and the development of tissue structures. 

Consistent with this hypothesis, modulating the expression of Notch-related genes 

produced different phenotypes, depending on the timing of gene activation or inactivation. 

Thus, interpreting each experimental result requires careful attention. For example, the 

conditional depletion of Mib1, which is indispensable for the endocytosis of Notch ligands 

to trigger Notch signaling, beginning at the anterior definitive endoderm stage (e7.5~) in a 

FoxA2-Cre line lead to the reduction and complete disappearance of the progenitor cells in 

trunk region at e12.5 and e15.5 (Horn et al. 2012), respectively, whereas the number of 

these cells were the same at e13.5 as at e12.5 and were slightly reduced at e15.5 in the 

Dll1/Jag1 cKO mice produced using the Ptf1a-Cre line compared to the control mice (Y. 

Nakano, et al. unpublished data). These results suggested that the trunk/tip patterning of 

the ductal tree was not severely impaired depleting Dll1/Jag1-mediated Notch signaling as 

early as e10.5. Although the strong expression of Dll1 and Jag1 and the high incidence of 

Hes1-positive cells at the later developmental stages indicated that Notch activity 

remained strong in the tip region, including in the centroacinar/terminal duct cells, Notch 

signaling appeared to be negatively regulated in the acinar cells; no Hes1-expressing cells 

were detected at this stage and the Notch inhibitor Numb/Numb1 was preferentially 

observed in acinar cells (Yoshida et al. 2003). Thus, the formation of a boundary between 
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the Notch-active and -inactive cell types potentially plays a pivotal role in the 

determination of the distal ductal and acinar cell fates, thereby maintaining the acinar 

structures. Based on this hypothesis, we focused on the centroacinar cells located at the 

junction between the acinar and ductal structures. In this study, we believe that we have 

provided the first evidence supporting the indispensable role of the Notch ligands in the 

maintenance of centroacinar cells and acinar structures.  

The lack of specific markers has prevented us from elucidating how 

centroacinar cells are formed and maintained and how the acinar structures are constructed 

during embryogenesis; however, we defined the centroacinar cells as the Sox9
+
Hnf1

–

CD133
+
ALDH1

+
DBA

–
 cells expressing the Notch ligands Dll1 and Jag1 at e18.5 and 

demonstrated that these cells were lost in Dll1/Jag1 cKO mice. We found that the 

Hnf1
-
Amylase

-
 epithelial cells in primitive acinar structures at e15.5, during the 

construction of acinar structures, were highly proliferative. Notably, they frequently 

exhibited the expression of Hes1, a typical target of Notch signaling. In the Dll1/Jag1 cKO 

mice at e15.5, we detected a considerable number of Hnf1
–
amylase

– 
cells, suggesting that 

the formation of primitive acinar structures could be initiated in the absence of the Notch 

ligands. However, the Hnf1
–
amylase

–
 cells did not proliferate efficiently and were 

eliminated through apoptosis, leading to abrogated acinar structures associated with the 

loss of centroacinar cells in the mutant mice. Although the lack of specific cell markers 

makes it currently impossible to precisely trace the fate of the Hnf1
-
amylase

- 
cells, we 

speculated that this cell population is the best candidate for the centroacinar/terminal 

ductal cell progenitors.  
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We showed that the expression of Sox9 was reduced in the Notch 

ligand-deficient mice, which was consistent with the results of a previous report 

concerning the Notch-Sox9 axis (Shih et al. 2012). Although this has not been clearly 

delineated, the acinar structures of the Sox9-depleted mutant obtained using the Pdx1-Cre 

line, in which genetic deletion is mediated by Cre recombinase driven by the Pdx1 

promoter, appeared very similar to those of the Dll1/Jag1 cKO mice or the Hes1-deficient 

mice, in which vacant spaces remained at e18.5 (Seymour et al. 2007). Considering that 

the expression of the Notch ligands remained strong in the centroacinar cells, one may 

naturally assume that the activated Notch-Sox9 axis in this region, particularly that of the 

Hnf1
–
amylase

– 
cells, functions in proper acinar construction and the maintenance of 

centroacinar cells. In addition, another mutant phenotype of the Dll1/Jag1 cKO mice was 

the progressive dilatation of the main/interlobular ducts. This condition was detected at 

e18.5 and was more severe at P3. The inducible Cre-mediated Sox9 knockout caused 

defects in the formation of ductal-cell cilia (Shih et al. 2012), resulting in a dilated ductal 

phenotype similar to that found in the current study. Thus, the reduction of Sox9 

expression is also likely the key mechanism underlying the ductal-dilatation phenotype in 

the Dll1/Jag1 cKO mice. 
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Experimental procedures 

Mice 

The protocol for generating mice bearing a floxed allele of Dll1 (Dll1
lox

) or Jag1 (Jag1
lox

) 

was described previously (Hozumi et al. 2004; Brooker et al. 2006). To obtain the 

conditional deletion of the Dll1 and/or Jag1 genes within the pancreatic epithelial cells, 

we used Ptf1a-Cre knock-in mice (Kawaguchi et al. 2002). The expression of neither Dll1 

and Jag1 was detected in the developing pancreas of the Dll1/Jag1 cKO mice, resulting in 

the disappearance of the cleaved fragments of Notch receptors. Mice lacking the 

Ptf1a-Cre allele were used as controls for the Notch ligand cKO mice, except in the 

experiment in which X-gal staining was used to monitor gene deletion by the cre 

recombinase encoded by the CAG-CAT-lacZ transgene (Araki et al. 1995). The generation 

of the Hes1 heterozygote mice was described previously (Ishibashi et al. 1995), and these 

mice were inbred to obtain knockout embryos (Fukuda et al. 2006). All of the mice were 

maintained in specific pathogen-free conditions, and all of the mouse experiments were 

approved by the university’s Animal Experimentation Committee (Tokai University, 

Kanagawa, Japan). 

 

Immunolabeling and statistical analysis 

Immunolabeling was performed as previously described (Furuyama et al. 2011). Briefly, 

dissected tissues were fixed using ice-cold 4% paraformaldehyde, paraffin-embedded and 

cut into 2- to 3-m-thick sections. Immunolabeling was conducted using the primary 

antibodies listed in Table S2 in Supporting information. For immunofluorescent staining, 
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the bound antibodies were visualized using fluorescent secondary antibodies (Table S3 in 

Supporting information), and the samples were examined using fluorescence microscopy 

(BZ-9000, Keyence). TUNEL staining (Promega) was performed according to the 

manufacturer’s instructions. To estimate the frequency of PHH3- or TUNEL-positive cells 

in the pancreatic epithelium, whole pancreatic tissues obtained from embryos were cut 

into 2-m-thick serial sections, the PHH3
+
 or TUNEL

+
 cells were counted, and their ratios 

to all of the epithelial cells was calculated for every section. The data were expressed as 

the mean values ± SD. 

 

Flow cytometry 

The PE-conjugated anti-CD133 antibody and biotinylated-DBA lectin were purchased 

from eBioscience and Vector, respectively. APC-conjugated anti-EpCAM antibodies were 

purchased from BioLegend. The Aldefluor Kit (StemCell Technologies) was used 

according to the manufacturer’s instructions. Pancreatic buds obtained from e18.5 

embryos were dissociated using 0.05% trypsin/0.53 mM EDTA (Wako) for 20 minutes at 

37°C and were triturated gently using a pipette. Single-cell suspensions were incubated 

with several antibodies for 15 minutes on ice. After washing, flow cytometric analysis and 

sorting were conducted using a FACSCalibur system and a FACSAria system, respectively 

(BD Biosciences).  
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Figure legends 

 

Figure 1. Expression of the Notch ligands and Sox9 during murine pancreatogenesis. 

(A-H) Immunofluorescence analysis of pancreatic tissue from e9.5 to e15.5 mice was 

performed using anti-Dll1 (green; A-D), anti-Jag1 (green; E-H) and anti-Sox9 (red) Abs. 

The dotted lines indicate the pancreatic or gut epithelium (Panc, Gut) at e9.5 or e10.5, the 

boundary between the epithelial (Epi) and mesenchymal (Mes) regions at e13.5, and the 

primitive acinar structures (Aci) and ductal (Du) regions at e15.5. (I-K) The co-expression 

of Dll1, Jag1 or Hes1 (green) and Sox9 was also observed (red) at e18.5. Centroacinar 

cells (arrowheads) were identified in the center of the mature acinar structures. The 

branching ductal structures were fully developed and could be divided into two 

components, the main/interlobular ducts (MD/ID, thick arrows) and the terminal ducts 

(thin arrows). The same sections were used for H&E staining (I’-K’). (L, M) Expression 

of Dll1 and Jag1 (green) in the centroacinar region was confirmed, with the cellular 

boundary identified through anti--catenin staining (blue). Centroacinar cells are indicated 

by arrowheads. All of the sections were also stained using DAPI. Original magnification, 

400x. Bars: 50 m. 

 

Figure 2. Characterization of the epithelial cells in the centroacinar region. 

(A-D) Epithelial cells residing in the centroacinar regions of the fetal pancreas (e18.5) 

were identified by their expression of various cellular markers: DBA (green in A, C; blue 

in D), Sox9 (red in A, C, D; green in B), Hnf1 (blue, A), CD133 (red, B), ALDH1 (blue, 
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C) or EpCAM (green, D). Centroacinar, terminal duct and main/interlobular duct cells are 

indicated by arrowheads and thin and thick arrows, respectively, as shown in Figure 1. 

Cells with red staining (Sox9 or CD133) with or without blue staining (Hnf1 or ALDH1) 

are indicated by purple or white arrowheads/arrows, respectively, and those stained with 

red and green (Sox9 or EpCAM) stained are indicated by yellow arrowheads/arrows. The 

asterisk in C indicates DBA-negative terminal duct cells. The expression of ALDH1 was 

also observed in the main ducts (Main Duct, inset in C). The same sections were used for 

H&E staining (A’-D’). Original magnification, 400x. Bars: 50 m. (E) Exocrine tissue was 

completed and composed of branching duct structure with centroacinar (CA), terminal 

duct (TD) and main/interlobular duct (MD/ID) cells and acinar cells at e18.5. These cell 

populations were identified with various cell markers described. 

 

Figure 3. Reduction of Sox9 expression accompanied with the decrease of 

proliferation and the increase of apoptosis in Dll1/Jag1-deficient pancreas. 

(A-D) H&E staining and the expression of Sox9 (green), Hnf1 (red) and amylase (blue) 

were examined in control (Cont; A, C) and Dll1/Jag1-deficient (Dll1/Jag1 cKO; B, D) 

pancreatic tissues at e15.5. Arrowhead indicates Sox9
+
Hnf1

–
amylase

–
 cell in the 

primitive acinar structure. (E-G) The cell proliferation status in control (Cont; E) and 

Dll1/Jag1-deficient (Dll1/Jag1 cKO; F) pancreatic tissues at e15.5 was monitored using 

PHH3 immunohistochemistry (arrowheads; E, F). The number of PHH3
+
 cells in the 

epithelial areas (1 mm
2
) in sections of the pancreata of e15.5 to e18.5 embryos were 

counted (G). The values are the mean values SD (n=3 to 4; *, P<0.05; **, P<0.01). Dis, 
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distal region; Pro, proximal region. (H-J) Apototic cells were detected using TUNEL 

staining in control (Cont; H) and Dll1/Jag1-deficient (Dll1/Jag1 cKO; I) pancreatic tissues 

at e17.5. The TUNEL
+
 cells in Dll1/Jag1-deficient tissue are indicated by arrowheads 

(distal area, I) or thick arrows (proximal area, I). The number of TUNEL
+
 cells in the 

epithelial areas (1 mm
2
) in the sections of pancreata from e15.5 to e18.5 embryos (J) were 

counted, as shown in G. Original magnification for all of the images, 400x; bars: 50 m. 

 

Figure 4. Construction of the acinar structures in Dll1/Jag1-deficient embryos.  

(A, B) H&E staining of control (Cont; A) and Dll1/Jag1-deficient (Dll1/Jag1 cKO; B) 

fetal pancreata at e18.5. (C, D) The expression of Hes1 (green in C and D), Hnf1 (red) 

and amylase (blue) was examined in control (Cont; C) and Dll1/Jag1-deficient (Dll1/Jag1 

cKO; D) pancreata at e15.5. Hnf1
–
amylase

–
 cells that expressed or did not express Hes1 

are indicated by green (C) or white (D) arrowheads, respectively. Hnf1
+
 cells that 

expressed or did not express Hes1 are also indicated by yellow (C) or red (D), respectively. 

The same sections were used for H&E staining (C’, D’). (E, F) PHH3 was also detected 

with Hnf1 and amylase as shown in C and D. PHH3
+
Hnf1

-
amylase

-
 cells were depicted 

by white arrowheads. (G-L) Immunofluorescence analysis of pancreatic tissues from e15.5 

to e17.5 mice was performed using anti-amylase (green) and anti-Hnf1 Abs. Hnf1
–

Amylase
–
 cells were represented by arrowheads. Hnf1

+
 cells connected to the cell layer 

of amylase-expressing cells (green) were depicted by arrows. The same sections were used 

for H&E staining (G’-L’). Original magnification of all of the images, 400x; bar: 50 m. 
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Figure 5. Loss of centroacinar/terminal duct cells in the Dll1/Jag1-deficient pancreas. 

(A-D) Immunofluorescence analysis of the expression of DBA (green in A and B, red in C 

and D) and ALDH1 (red in A and B) or CD133 (green in C and D) in control (Cont; A, C) 

or Dll1/Jag1-deficient (Dll1/Jag1 cKO; B, D) pancreata from e18.5 embryos was 

performed. Arrowheads, thick and thin arrows indicate centroacinar, terminal duct and 

main/interlobular duct cells, respectively, as shown in Figures 1 and 2. Intact ducts 

(CD133
+
DBA

+
) were observed in the double-deficient pancreas (inset in H). The asterisks 

indicate the loss of centroacinar cells; the cross indicates an enlarged ductal lumen in a 

Dll1/Jag1-deficient pancreas. The same sections were used for H&E staining (A’-D’). 

Original magnification, 400x. Bars: 50 m. (E-G) The cells of fetal pancreata from e18.5 

control (Cont) and Dll1/Jag1-deficient (Dll1/Jag1 cKO) embryos were dissociated, and 

single-cell suspensions were prepared. The cells were stained using a DBA (F, G), 

Aldefluor (F) or an anti-CD133 mAb (G) and an anti-EpCAM mAb (E) and were analyzed 

using flow cytometry. To determine the population negative for ALDH activity, the 

relevant profiles (upper panels) were compared with those representing control staining 

with a specific inhibitor of ALDH, DEAB (lower panels), and the boundaries were 

adjusted according to the frequencies of the Aldefluor
+
 populations that were provided 

with the inhibitor, which were fewer than 1% (F). The immature epithelial cells of the 

e18.5 pancreas could be enriched using EpCAM-positive gating in the assay (E). The 

numbers in the plots represent the frequency of cells lying in the indicated regions within 

the gate (n=5, % ± SD). (H, I) The absolute number of cells in the indicated fractions of 

EpCAM
+
 cells from the control (Cont) and Dll1/Jag1-deficient (D1/J1cKO) e18.5 
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embryos were calculated (n=5, mean ± SD). CA, centroacinar cells; TD, terminal duct 

cells; MD/ID, main/interlobular duct cells. ***indicate differences determined using 

unpaired Student’s t-test at P<0.001. 

 



Nakano Fig.1

D
ll1

/S
ox

9/
D

A
PI

Ja
g1

/S
ox

9/
D

A
PI

e9.5 e13.5 e15.5e10.5
A B C

E F H

Mes

Panc

PancPanc

Gut

Gut

Epi

Mes

Aci

Mes

Panc

Epi

Mes

D Aci

Aci

Du

Aci

Aci

Aci

Du

e18.5
Centroacinar region

Dll1/Sox9/β-Catenin/DAPI

Jag1/Sox9/β-Catenin/DAPI
Jag1

β-Cat

L

M

Dll1

β-Cat

I

H&E

K

H&E

J

H&E

Dll1/Sox9/DAPI Jag1/Sox9/DAPI Hes1/Sox9/DAPI

: Terminal duct : MD/ID: Centroacinar

G

I’ K’J’



Main DuctC

C’
H&EH&E

A’

DBA/Sox9/Hnf1β/DAPI

A

Nakano Fig.2

DBA/Sox9/ALDH1/DAPI

*

*

Sox9/CD133/DAPI

B

H&E
B’

EpCAM/Sox9/DBA/DAPI

D

H&E
D’

Sox9(+)/Hnf1β(+)
Sox9(+)/Hnf1β(-)

Sox9(+)/CD133(+) Sox9(+)/ALDH1(+) EpCAM(+)/Sox9(+)

: DBA(-)/Sox9(+)/ALDH1(+) terminal duct*: Terminal duct : MD/ID: Centroacinar

E

MD/ID 
Sox9
Hnf1β
CD133
DBA

CA
Sox9

CD133

AcinarTD 
Sox9

Hnf1β(+/-)

CD133
DBA(low/-)

Hes1(+/-)
Jag1 Hes1(+/-)

Jag1
Dll1(+/-)

Hes1(+/-)

Jag1
Dll1

ALDH1

ALDH1

EpCAM(+/-)

EpCAM

EpCAM
EpCAM



e15.5
Dll1/Jag1 cKOCont

A B

Nakano Fig.3

So
x9

/H
nf

1β
/A

m
y/

D
A

PI

e15.5

Cont D1/J1cKO

400

100

0

200

**
300

P
H

H
3+

 c
el

ls
/m

m
2

G

Dis

Pro

e17.5

Cont D1/J1cKO

30

10

0

20

**

e16.5

Cont D1/J1cKO

100

25

0

50

75
**

e18.5

Cont D1/J1cKO

30

10

0

20

*

Dll1/Jag1 cKO

PH
H

3

Cont
E F

e15.5

Cont D1/J1cKO

10

0

20

30

TU
N

E
L+

 c
el

ls
/m

m
2

J

**

Cont D1/J1cKO

30

10

20

0
Cont D1/J1cKO

**

30

10

0

20

**

Cont D1/J1cKO

30

10

20

0

e15.5 e17.5e16.5 e18.5

TU
N

EL

H I
Dll1/Jag1 cKOCont

e17.5

e15.5
Dll1/Jag1 cKOCont

C D



A

e18.5
Dll1/Jag1 cKOCont

B

e15.5
Dll1/Jag1 cKOCont

e16.5
Dll1/Jag1 cKOCont

e17.5
Dll1/Jag1 cKOCont

H
&

E

G’ H’ I’ J’ K’ L’

A
m

yl
as

e/
H

nf
1β

/D
A

PI G H I J K L

H
&

E
H

es
1/

H
nf

1β
/A

m
yl

as
e/

D
A

PI

e15.5
Dll1/Jag1 cKOCont

C

C’

D

D’

Nakano Fig.4

PH
H

3/
H

nf
1β

/A
m

yl
as

e/
D

A
PI

e15.5
Dll1/Jag1 cKOCont

FE



*

†
*

*

†
*

e18.5
Dll1/Jag1 cKOContDll1/Jag1 cKOCont

C
D

13
3/

D
B

A
/D

A
PI C D

D
B

A
/A

LD
H

1/
D

A
PI A B

H
&

E

C’ D’

H
&

E

A’ B’

Nakano Fig.5

Dll1/Jag1 cKOCont
10.6±1.4%

EpCAM

C
el

l N
o.

DBA

C
D

13
3

CA/TD

E
6.2±1.4%

CA/TD DBA+ duct

I ***

Cont D1/J1cKO

120000

40000

0

80000

E
pC

A
M

(+
) c

el
ls

/p
an

cr
ea

s

CA/TD
DBA+ duct
Other

F
3.7±1.8***%33.6±9.4%

Dll1/Jag1 cKOCont

Aldefluor

D
B

A

Dll1/Jag1 cKOCont

EpCAM(+)-gated

G

11.3±2.7%

11.1±2.9%

1.6±0.9***%

4.0±1.0***%

CA/TD(DBA-)
TD(DBA+)
MD/ID&Other

***

Cont D1/J1cKO

120000

40000

0

80000

E
pC

A
M

(+
) c

el
ls

/p
an

cr
ea

sH

***

***

***

CA/TD

TD

CA/TD

TD

(DBA-) (DBA-)

(DBA+) (DBA+)

Aldefluor + INH

D
B

A

(Negative Control)

0.6±0.3%

0.1±0.1%

0.5±0.4%

0.1±0.1%

DBA+ duct




