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Abbreviations 

2-AAF: 2-Acetylaminofluorene 
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NPC: Hepatic non-parenchymal cells 

NTR: Nitroreductase 

Oct4: Octamer-binding transcription factor 4 

Olfm4: Olfactomedin 4 
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PBEC: PBG-constituting biliary epithelial cell 
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Abstract 

    The bile duct, a tubular epithelial tissue, plays an important role in the 

drainage of bile from the liver into the small intestine. Based on histology and 

embryology, the bile duct is classified into the intrahepatic bile duct (IHBD) and 

the extrahepatic bile duct (EHBD). While IHBD forms an intricate tree-like 

network in the liver parenchyma, EHBD forms luminal structure that links IHBD 

to the duodenum. EHBD has many accessory glands, namely “peribiliary glands 

(PBGs)”. PBG is composed of heterogeneous cell populations such as mucus 

and pancreatic enzyme-producing epithelial cells, while it is known to constitute 

niches for multi-potential stem/progenitor cells, called “biliary tree 

stem/progenitor cells (BTSCs)”, in human EHBD. BTSC shows a similar gene 

expression profile to liver stem/progenitor cell (LPC) and pancreatic progenitor 

cell, having a potential for differentiating into hepatocytes, mature biliary 

epithelial cells (BECs) and pancreatic islets. However, there is no applicable 

method to isolate PBG-constituting cells from the EHBD. Therefore, the role and 

nature of PBGs in the mouse EHBD remains unclear. The objective of this study 

is to establish the method for isolating and characterizing PBG-constituting cells 

in the mouse EHBD. 

    In the present study, I found that trophoblast cell surface protein 2 (Trop2) 

was expressed in the luminal epithelium of mouse EHBD exclusively, but not in 

the PBG. Based on the differential expression profile of Trop2, the 

lumen-forming biliary epithelial cells (LBECs) and PBG-constituting biliary 
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epithelial cells (PBECs) were isolated for further characterization by gene 

expression analysis, immunostaining, and assays of colony and organoid 

formation.  

    Gene expression profiling revealed that the isolated mouse PBECs 

expressed several genes characteristic of human PBGs, fetal pancreatic 

progenitor and intestinal tuft cells. In the colony formation assay, PBECs showed 

significantly higher colony formation capacity than LBECs. The expanded 

PBECs showed up-regulation of Trop2 expression and down-regulation of 

human PBG-related genes in the 2D culture condition. In the 3D organoid 

formation assay, PBECs gave rise to a cysts structure with epithelial polarity, 

showing the gene expression patterns similar to LBECs.  

    Finally, I examined the expression pattern of Trop2 during EHBD 

regeneration after bile duct ligation (BDL), a severe cholestasis model. After BDL, 

the luminal epithelium was severely injured and damaged LBECs were peeled 

off from the lumen. On the other hand, PBECs proliferated and re-expressed 

Trop2 in PBGs upon EHBD injury. Next, I compared the colony formation 

capacity between Trop2+ and Trop2- BECs after BDL and showed that the 

colony formation capacity of Trop2+ BECs was dramatically increased after 

EHBD injury. Taking these in vitro and in vivo data together, PBGs contain 

progenitor-like cells with high capacity for proliferation, which supply new LBECs 

during biliary regeneration. Thus, Trop2 is a useful marker to investigate the 

pathophysiological roles and characteristics of PBGs in biliary diseases. 
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Introductions 

Liver function and architecture 

    The liver is the largest organ in the body and plays essential roles for 

homeostasis (Burt et al., 2012). Functions of the liver drastically change with 

developmental stage. In the embryonic stage, the liver functions as the major 

hematopoietic organ that supports proliferation and differentiation of 

hematopoietic stem cells (HSCs) originated from the aorta-gonad mesonephros 

(AGM) region (Orkin et al., 2008). 

    As shown in Figure 1, the liver is composed of the hepatic lobules, a 

hexagonal structure around the central vein (CV) (Burt et al., 2012). The portal 

triad, consisting of the intrahepatic bile duct (IHBD), the portal vein (PV) and the 

hepatic artery (HA), is located in outer corners of the liver lobule (Figure 1) (Burt 

et al., 2012). 

   The liver contains various types of cells (Figure 1). Hepatocytes account for 

80% of the liver mass and play a major role in liver functions. The other cells are 

called hepatic non-parenchymal cells (NPCs). Among them, liver sinusoidal 

endothelial cells (LSECs) are liver-specific endothelial cells, which form intricate 

vascular networks in the liver parenchyma and exchange circulating nutrients 

and metabolites produced by hepatocytes (Poisson et al., 2017). Kupffer cells 

are liver resident macrophages, residing in the lumen of the liver sinusoid, and 

contribute to the host defense, immunological tolerance and liver regeneration 

(Bilzer et al., 2006). Hepatic stellate cells are located at “space of Disse”, the 
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interspace between hepatocytes and liver sinusoids and involve in storage of 

vitamin A, inflammation and fibrosis (Tsuchida et al., 2017). Bile production is 

one of the important liver functions. Bile produced by hepatocytes is transported 

into IHBD through the bile canaliculi, a capillary structure surrounded by the 

apical membrane of neighboring hepatocytes (Boyer. 2013). The bile canaliculi 

connect with IHBDs via junctional structures, the “canal of Hering” (Saxena et al., 

2004). 

 

Biliary system 

    The bile duct is a single layered tubular epithelial tissue, composed of the 

mature biliary epithelial cells (BECs). Bile ducts play an important role for 

transporting bile into the duodenum. Moreover, bile ducts control fluidity of bile 

by ion transporters and act as an epithelial barrier to prevent leakage of toxic bile 

(Boyer. 2013). 

    Based on histology and embryology, bile ducts are classified into the IHBD 

and the extrahepatic bile duct (EHBD) (Figure 2A). IHBD forms a hierarchical 

tree-like network running along PVs (Marzioni et al., 2002; Kaneko et al., 2015) 

(Figure 2B). IHBD is responsive to hepatic damage and liver injury induces 

remodeling of its structure (Kaneko et al., 2015). 

    On the other hand, EHBDs are composed of the common hepatic duct 

(CHD), cystic duct (CD), common bile duct (CBD) and gallbladder (GB). In 

contrast to the intricately branching structure of IHBD, EHBD, except GB, 
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contains many accessory glands, namely the peribiliary glands (PBGs) in a 

fibromuscular layer of EHBD (Ishida et al., 1989; Nakanuma et al., 1994; 

Nakanuma et al., 1997) (Figure 2B-e). PBGs consist of heterogeneous cellular 

populations including the cells that produce mucus and pancreatic enzymes  

(Terada et al., 1993; Dipaola et al., 2013). 

 

Development of IHBD and EHBD 

    Although both IHBD and EHBD form the flow channel of bile, these tissues 

are derived from distinct origins (Zong et al., 2011). IHBD originates from 

hepatoblast, a common progenitor cell with the hepatocyte (Figure 3). By 

contrast, EHBD is derived from a common primordium to the ventral pancreas 

(Spence et al., 2009). As shown in Figure 3, several transcriptional factors are 

known to be involved in the cell fate determination. Divergence of the hepatic 

fate (hematopoietically expressed homeobox [Hhex]+, sex determining region 

Y-box 17 [Sox17]- pancreatic duodenal homeobox 1 [Pdx1]-) or the 

pancreatobiliary fate (Hhex- Pdx1+ Sox17+) occurs at E8.5 (Bort et al., 2006; 

Spence et al., 2009; Zong et al., 2011). The pancreatobiliary primordium divides 

into the Sox17+ biliary primordium and the Pdx1+ pancreatic primordium at E10.5 

(Spence et al., 2009). Sox17 is required for determination of the borderline 

between the extrahepatic biliary and the pancreatic development (Spence et al., 

2009). The lack in Sox17 leads to hypoplasia of the gallbladder and the ectopic 

pancreatic tissue formation in EHBD (Spence et al., 2009). On the other hand, 
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the lack of Pdx1 leads to the loss of PBGs and mucus-producing cells in CBD 

(Fukuda et al., 2006). Moreover, the knock-out (KO) mouse devoid of hairy and 

enhancer of split 1 (Hes1), a Notch signaling-related gene, exhibits hypoplasia of 

the extrahepatic biliary system by the fate conversion into the pancreatic tissue 

(Sumazaki et al., 2004).  

 

Tissue stem/progenitor cell 

    Stem cell is generally defined as an undifferentiated cell, which maintains 

itself by self-renewal and has a potential to differentiate into multiple types of 

functional progenies (Gilbert. 2012) (Figure 4). Asymmetric cell division allows 

stem cells to generate two distinct daughter cells, a multi-potent stem cell and a 

lineage committed progenitor cell (Knoblich. 2008). 

    Many organs contain an tissue specific stem cell or progenitor cell. Unlike 

the embryonic stem cells (ESCs) and the induced pluripotent stem cells (iPSCs), 

which are able to differentiate into all cell types, except trophoblasts, the 

differentiation potential of tissue stem/progenitor cells is limited (Barker et al., 

2010). Upon loss of mature cells by tissue injury or life cycle, tissue 

stem/progenitor cells are activated to supply functional progenies (Barker et al., 

2010). The undifferentiated state of the tissue stem/progenitor cells is regulated 

by an interaction with their microenvironment, so-called the stem cell niche 

(Morrison et al., 2008). To elucidate the role and nature of tissue stem/progenitor 

cells, large efforts have been made to isolate tissue stem/progenitor cells by 
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fluorescence activated cell sorting (FACS) and evaluate its potential by in vitro 

differentiation assays and cell transplantation. Recently, the genetic lineage 

tracing is actively carried out to elucidate the fate of stem/progenitor cells in vivo 

(Kretzschmar et al., 2012). 

 

Liver stem/progenitor cell (LPC) 

    It is well known that the liver has remarkably regenerative capacity. When 

the liver is acutely injured by several causes such as chemicals, virus infection 

or metabolic disorders, liver regeneration is mainly achieved by the proliferation 

of remaining hepatocytes. Under chronic or severe liver injury, however, the 

“liver stem/progenitor cell (LPC)” have been postulated to contribute to liver 

regeneration by differentiating into functional hepatocytes and BECs (Figure 5) 

(Miyajima et al., 2014). The activated LPCs extend toward the damaged area 

together with the IHBD, forming luminal structures (Figure 5). This structural 

remodeling is known as “ductular reaction”. The LPCs are postulated to exist in 

the canal of Hering, a junction point between IHBD and hepatocyte (Saxena et 

al., 2004). The concept of the LPC was originally proposed in rat liver injury 

models accompanying severe hepatocyte failure and carcinogenesis (Farber. 

1956). The prototypic LPC was called “oval cell”, which is named after its nuclear 

shape. Although the nature of the LPCs have been well-documented in many 

studies using rodent and fish liver injury models, LPCs are also observed in 

patients with hepatitis, including both acute and chronic, and fatty liver diseases 
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(Table 1). 

    LPCs have been conventionally identified based on marker expression. 

Previously, many markers have been reported to characterize LPCs (Table 2). 

However, most of those markers are not specific to LPCs because they are 

expressed in mature BECs as well. Of note, our research team has previously 

demonstrated that trophoblast antigen 2 (Trop2) is exclusively expressed in 

activated LPCs of injured liver, but not in mature BECs of normal liver (Okabe et 

al., 2009). 

 

Biliary tree stem/progenitor cell (BTSC) 

    Recently it has been reported that human EHBD contains multipotent tissue 

stem/progenitor cells. This multipotent tissue stem/progenitor cell is named 

“biliary tree stem/progenitor cells (BTSCs)” (Cardinal et al., 2011). BTSCs were 

identified by the selective culture based on resistance for cytotoxicity (Cardinal 

et al., 2011). Human BTSCs show a gene expression profile similar to several 

stem/progenitor cells: definitive endoderm marker Sox17, LPC markers such as 

epithelial cell adhesion molecule [EpCAM] and sex determining region Y-box 9 

[SOX9]), pancreatic progenitor cell (PDX1), ESC markers (octamer-binding 

transcription factor 4 [OCT4], sex determining region Y-box 2 [SOX2] and nanog, 

homeobox [NANOG]), and intestinal stem/progenitor cell (e.g. leucine rich 

repeat containing G protein coupled receptor 5 [LGR5]) (Cardinal et al., 2011; 

Carpino et al., 2012; Cardinale et al., 2012; Lanzoni et al., 2016). Human BTSCs 
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have a potential for differentiating into hepatocytes, mature BECs and pancreatic 

islets in vitro condition (Figure 6). Therefore, BTSCs are considered to be similar 

to the posterior foregut endodermal progenitor (Cardinale et al., 2012; Lanzoni et 

al., 2016). By taking advantage of human BTSC markers for 

immunohistochemistry, their restricted expression profile in the PBGs has 

demonstrated that BTSCs are localized in the bottom of the PBGs (Carpino et al., 

2012; Lanzoni et al., 2016) (Figure 6). By contrast, the nature and location of the 

mouse BTSCs are poorly understood because Pdx1 and Sox17 are expressed 

throughout EHBD (Fukuda et al., 2006; Dipaola et al., 2013). 

    PBG has been suggested to contribute to biliary regeneration, i.e. 

regeneration of EHBD is achieved by the proliferation of PBGs (Cohen et al., 

1964). Consistently, the proliferation of PBGs has been reported in patients with 

hepatolithiasis, cholangitis and type2 diabetes and rodent biliary and pancreatic 

injury models (Table 3). Recently, it has been reported that interleukin 33 (IL33) 

induces the proliferation of PBGs and luminal epithelia of EHBD in the biliary 

atresia model and severe epithelial cell injury models (Li et al., 2014; Nakagawa 

et al., 2017). In addition, up-regulation of LPC markers and a pancreatic 

endocrine progenitor cell marker, such as neurogenin 3 (Ngn3) was observed in 

patients with cholangitis, ischemic type biliary lesions and diabetes, and in 

rodent biliary injury and diabetes models (Irie et al., 2007; Sutton et al., 2012; 

Carpino et al., 2016). These results suggested the implication of PBGs in biliary 

or pancreatic regeneration. However, it is still unclear whether the proliferating 
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PBGs act as a tissue stem/progenitor cell for regeneration. 

 

Trophoblast antigen 2 (Trop2) 

    Trop2, also known as tumor-associated calcium signal transducer 2 

(Tacstd2), is a cell-surface glycoprotein, which was identified in the trophoblast 

and human carcinomas (Lipinski et al., 1981; Fornaro et al., 1995). Trop2 

contains a signal peptide (SP), the epidermal growth factor-like domain (EGF-L) 

and the thyroglobulin type-1 repeat domain (TY) in its extracellular domain 

(Linnenbach et al., 1989; Linnenbach et al., 1993; Lin et al., 2012) (Figure 7). 

Moreover, an intracellular serine residue (S303) of Trop2 is phosphorylated by 

protein kinase C (PKC) and interacts with phosphatidylinositol 4,5-bisphosphate 

(PIP2) (Basu et al., 1995; El Sewedy et al., 1998).  

    During development, Trop2 is expressed in epidermis, kidney, lung and 

gastrointestinal tracts, including stomach and small intestine (Tsukahara et al., 

2011; Mustata et al., 2013; Fernandez Vallone et al., 2016). As developmental 

stage progresses, Trop2 expression is gradually decreased and restricted in 

specific organs (El Sewedy et al., 1998; Goldstein et al., 2008; Nakatsukasa et 

al., 2010; Lin et al., 2012; Sun et al., 2014). On the other hand, it has been 

reported that re-expression of Trop2 occurs in the injured liver, air way and 

stomach (Okabe et al., 2009; Fernandez Vallone et al., 2016; Liu et al., 2016). 

Moreover, Trop2 is also proposed as a prognostic marker and therapeutic target 

for various types of tumors (Fornaro et al., 1995; Ohmachi et al., 2006; Fong et 



 - 18 - 

al., 2008a; Fong et al., 2008b; Mühlmann et al., 2009; Lin et al., 2012; Lin et al., 

2014).  

    Trop2 is involved in many kinds of intracellular signals, including β-catenin, 

mitogen-activated protein kinase/extracellular signal-regulated kinase 

(MAPK/ERK) and inositol trisphosphate-diacylglycerol (IP3-DAG) pathways, and 

regulates cell proliferation and apoptotic cell death (Stoyanova et al., 2012; 

Cubas et al., 2010; Liu et al., 2013; Ripani et al., 1998; El Sewedy et al., 1998). 

Trop2 also regulates cell-cell adhesion via interacting with claudin-1 and -7 

(Nakatsukasa et al., 2010). On the other hand, Trop2 exhibits high degree of 

protein sequence homology with EpCAM. Therefore, Trop2 shares its molecular 

functions and binding partners with EpCAM (Maetzel et al., 2009; Wu et al., 

2013; McDougall et al., 2015).  

 

Aim of this study 

    As mentioned above, human BTSCs have been identified by a long-term 

selective culture of dissociated EHBD-constituting cells, which include various 

types of cells as well as PBG-constituting cells. Therefore, there is no direct 

evidence that the PBG is the origin of BTSCs. Even if PBG is a reservoir of 

BTSC, a long-term culture of mixed PBG-constituting cells together with other 

cells may affect the phenotype of BTSC. Therefore, the nature of intact PBGs 

remains unclear. To solve these problems, I attempted to establish a method for 

isolating PBG-constituting cells from EHBD by FACS.  
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    In the present study, I show that Trop2 is differentially expressed in EHBD. 

By using anti-Trop2 antibody, I isolated PBG-constituting cells to investigate their 

character by gene expression analysis and in vitro culture. Furthermore, I 

investigated the expression profile of Trop2 in EHBD after severe biliary injury 

model. With these results, I demonstrate that Trop2 is a useful marker for 

investigating the homeostatic and pathophysiological role of PBGs in EHBD. 
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Materials and methods 

Animal models 

    C57BL/6J mice (CLEA Japan, Tokyo, Japan) were housed in a specific 

pathogen free animal facility under a 12 h dark/light cycle and provided with food 

and water ad libitum. Both male and female mice were used for this work. For 

bile duct ligation (BDL), mice at 8 weeks of age underwent anesthesia by the 

isoflurane (AbbVie, Tokyo, Japan) inhalation, and subcostal incision. The 

common bile duct (CBD) was ligated with a suture thread (4-0 VICRYL; Ethicon, 

Somerville, NJ) at the distal end of CBD. After abdominal closure by suture, mice 

were placed in a recovery cage until they regained consciousness. For the 

5-bromo-2´-deoxyuridine (BrdU) incorporation assay, 3.75 mg of BrdU 

(Sigma-Aldrich, St. Louis, MO) was injected into the peritoneal cavity 2 h before 

sampling. All mouse studies were conducted in accordance with institutional 

procedures and approved by the Animal Care and Use committee of the Institute 

of Molecular and Cellular Biosciences, The University of Tokyo (approval 

numbers 2609, 2706, 2804 and 2904) and for the National Center for Global 

Health and Medicine Research Institute (approval number 17086). 

 

Preparation of mouse tissue sample 

    Adult mouse tissue was mounted in O.C.T. compound (Sakura Finetek 

Japan, Tokyo, Japan) directly or after fixation with phosphate-buffered saline 

(PBS) containing 4% paraformaldehyde (PFA) overnight at 4˚C. In the case of 
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4% PFA fixation, the sample was washed with PBS for 10 min at room 

temperature (RT), and then placed in a series of sucrose dilutions at 4˚C. The 

concentration of sucrose in PBS was gradually elevated as follows: 10% for 4 h, 

15% for 4 h and 20% overnight. Finally, the tissue was mounted in O.C.T. 

compound. 

 

Visualization of mouse biliary tree 

    Visualization of whole mouse biliary system was performed by injection of 

black carbon ink from the duodenum. Following ink injection, liver and EHBD 

were gradually dehydrated by ethanol and immersed in benzyl alcohol/benzyl 

benzoate (BABB) optical clearing reagent (Kaneko et al., 2015).  

 

Immunostaining of mouse tissue samples 

    Frozen sections (8 μm) were permeabilized with 0.2% Triton-X-100 in PBS. 

In case of sections of unfixed sample, I performed 4% PFA fixation at RT before 

permeabilization. Subsequently, sections were blocked with blocking buffer (5% 

skim milk in PBS) for 1 h at RT and incubated with diluted primary antibody 

overnight at 4˚C. Then, the sample was incubated with secondary antibody for 2 

h at RT. To detect BrdU signal, sections were autoclaved in Tris-EDTA (TE) 

buffer (pH 8.0) for 5 min before permeabilization. Following autoclave treatment, 

sections were stained as described above. For whole-mount immunostaining, 

CBD was fixed with 4% PFA overnight at 4˚C and immersed in blocking buffer 
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(10% BSA and 1% Triotn-X-100 in PBS) overnight at 4˚C. Subsequently, the 

sample was incubated with diluted primary and secondary antibody overnight at 

4˚C. Finally, optical clearing was performed by SeeDB overnight at RT (Ke et al., 

2013). For the immunostaining of in vitro samples, I applied the same protocol 

as frozen sections. For staining cystic-organoids, I used the same reagents as 

whole-mount immunostaining. In all immunostaining, nuclei were stained with 

Hoechst 33342 (Sigma-Aldrich). Images were captured using Axio observer Z.1 

with AxioCam HRc (Carl Zeiss, Jena, Germany), FV1200 and FV3000 (Olympus, 

Tokyo, Japan). Primary and secondary antibodies are listed in Table 4.  

 

Flow cytometric (FCM) analysis and cell isolation 

    For isolation of mouse IHBD by flow cytometry, liver cells were prepared by 

collagenase digestion as previously described (Okabe et al., 2009). For 

preparation of EHBD cells, mouse CBD was surgically resected and incubated in 

the liver perfusion medium (Thermo Fisher Scientific, Waltham, MA) for 10 min 

at 37˚C after rinsing with 2 or 3% FBS-containing ice-cold PBS. After 

centrifugation at 1200 rpm for 3 min, the pellet was incubated in digestion 

medium (0.5 mg/ml Collagenase [Sigma-Aldrich], 0.5 mg/ml Pronase [Roche, 

Basel, Switzerland] and 0.25 mg/ml DNase1 [Sigma-Aldrich] in liver digestion 

medium [Okabe et al., 2011]) for 30-50 min at 37˚C. The dissociated cells were 

passed through a 70 µm cell strainer (Corning, Corning, NY) and centrifuged at 

1500 rpm for 5 min. The cell pellet was resuspended with 2 or 3% 
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FBS-containing PBS and incubated with anti-Fc receptor antibody for 20 min on 

ice. After incubation with primary antibody for 30 min on ice, primary antibodies 

were washed out with 2 or 3% FBS-containing PBS. After centrifugation at 1500 

rpm for 5 min, the cell pellet was incubated with secondary antibody for 20 min 

on ice. To exclude dead cells, propidium iodide (PI) was added before flow 

cytometric analysis. For cultured cells, the dissociated cells after incubation with 

Accutase (Thermo Fisher Scientific) for 40 min were stained in a similar manner. 

For analysis of apoptotic and necrotic cell death, I used the MEBCYTO 

Apoptosis Kit (MBL, Aichi, Japan) according to the manufacturer’s protocol after 

washing secondary antibody away. The stained cells were analyzed by BD 

FACSCantoⅡ (BD Biosciences, Franklin Lakes, NJ) and sorted by Moflo XDP 

(Beckmann courter, Brea, CA). The antibodies used in this study are listed in 

Table 4. 

 

Cell culture 

    For 2D culture, the isolated LBECs and PBECs were cultured on type I 

collagen-coated cell culture dish (Corning). The used medium is described in 

Table 5. Medium was changed every 3 days.  

    For the cyst formation assay, 3,000 isolated LBECs and PBECs were 

seeded on the gel mixture consisting (1:1) of the type I collagen (Nitta gelatin, 

Osaka, Japan) and growth factor reduced matrigel (BD Biosciences) in 8-well 

cover glass chamber (Thermo Fisher Scientific). Then, DMEMF medium (Wako 
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Pure Chemical Industries, Osaka, Japan) containing growth factor reduced 

matrigel (BD Biosciences), EGF and HGF was overlaid and cultured for 7 days 

(Tanimizu et al., 2014). For organoid culture, isolated PBECs were suspended in 

50 µL growth factor reduced matrigel (BD Biosciences) and kept at 37˚C for 30 

min in a 5% CO2 incubator. Then, the medium was overlaid on the gel (Huch et 

al., 2013b). The composition of medium is described in Table 6. 

 

Colony and cyst formation assay 

    For the colony formation assay, 1,000 or 3,000 isolated LBECs and PBECs 

were cultured for 6 or 8 days on the type I collagen-coated dishes (Corning) with 

a diameter of 60 mm. For the cyst formation assay, 3,000 isolated LBECs and 

PBECs were cultured for 7 days on a 8 well cover glass chamber (Thermo 

Fisher Scientific). After culture, the colonies or cysts were stained with Giemsa’s 

solution (Merck Millipore, Burlington, MA) and imaged by IX-83 with DP80 

(Olympus). The number of colony and cyst was counted by ImageJ cell counter 

tool. 

 

Rhodamine123 incorporation assay 

    The incorporation of Rhodamine123 into cystic-organoid at culture day 11 

was evaluated as previously reported (Sampaziotis et al., 2015). In this study, 

100 μM Rhodamine123 (Sigma-Aldrich) was used for incorporation. For 

inhibition of multi drug resistance protein (Mdr), the cystic-organoid was 
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pretreated with 100 μM R-(+)-verapamil (Sigma-Aldrich) before Rhodamine123 

incubation. Time laps imaging was performed by FV3000 with stage top CO2 

incubator (TOKAI HIT, Shizuoka, Japan). Images were acquired every 2 min for 

90 min. 

 

Extraction of total RNA and cDNA synthesis 

    Extraction of total RNA from each sample was performed by using TRizol 

reagent (Thermo Fisher Scientific) or RNeasy micro kit (QIAGEN, Hilden, 

Germany). Genomic DNA was degraded with DNase I (Thermo Fisher Scientific 

and QIAGEN) during extraction step. The extracted total RNA was 

reverse-transcribed into cDNA with Primescript RT master mix (TaKaRa Bio, 

Shiga, Japan). The cDNA sample was subjected to RNaseH (Thermo Fisher 

Scientific) to degrade residual template RNA and analyzed by qRT-PCR 

analysis. 

 

qRT-PCR 

    Gene expression analysis was performed with TaqMan universal probe 

system (Roche). Measurement of the signal was performed by LC96 (Roche). 

β-actin was used as an internal control (Roche, #05046190001). The information 

of primer and probe is listed in Table 7. 
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Microarray analysis 

     I compared the difference of gene expression pattern between isolated 

PBEC and LBEC by microarray analysis. Total RNA was extracted by RNeasy 

micro kit (Qiagen). Extracted total RNA was reverse-transcribed into cDNA and 

labeled cRNA was synthesized by TaKaRa Bio Inc. Labeled cRNA was analyzed 

by Agilent expression array analysis (TaKaRa Bio). 

 

Statistical analyses and graphing 

    I compared the statistical difference between two groups by student t test, 

Welch’s t test or Mann–Whitney U test. When comparing three-groups, I used 

Kruskal-Wallis test, with Dunn’s multiple comparison test. Statistical significance 

was set at two-tailed P values < 0.05. Determination of the statistical test was 

based on the result of Shapiro-Wilk normality test and variance analysis. 

Statistical test and graphing were performed by R and Prism6 software. 
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Results 
Lack of markers to distinguish mouse PBG from EHBD. 

   To identify PBG in mouse EHBD, we examined the expression profiles of 

several candidate molecules, which make it possible to distinguish between 

PBECs and LBECs. Because it is well known that cytokeratin 19 (CK19), 

EpCAM, osteopontin (Opn) and cystic fibrosis transmembrane conductance 

regulator (Cftr) are expressed in mouse IHBD, I first investigated the expression 

of these markers in EHBD. The immunohistochemical analysis of cross sections 

demonstrated that all of these markers were expressed in both the lumen and 

PBG of EHBD, indicating that EpCAM is applicable for purifying both PBECs and 

LBECs from the tissue of EHBD (Figure 8). However, another marker was 

required to distinguish between PBECs and LBECs. Because PDX1 is a marker 

characteristic of human BTSCs but not LPCs, I examined the expression of Pdx1 

in mouse EHBD as well as IHBD. To avoid the contamination of IHBD to EHBD, I 

used a portion of the CBD as an EHBD sample for further analysis (Figure 9A). 

First, I isolated IHBD from the liver and BECs form EHBD by FACS using 

anti-EpCAM antibody (Figure 9B). Gene expression analysis revealed that Pdx1 

was predominantly expressed in BECs isolated from EHBD, but not detected in 

those from IHBD (Figure 10A). Consistently, immunohistochemical analysis of 

liver sections showed no expression of Pdx1 in IHBD (Figure 10B). To determine 

the localization of Pdx1 in EHBD, I visualized EHBD by whole-mount 

immunostaining after optical clearing (Figure 11A). The sagittal images of EHBD 
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stained with anti-EpCAM and anti-Pdx1 antibodies by confocal microscopy 

showed that Pdx1 was expressed in both the luminal epithelium and PBG of 

EHBD (Figure 11B), which is consistent with previously reported expression 

patterns (Fukuda et al., 2006; Dipaola et al., 2013). Similarly, the staining of 

Sox9 (Figure 11C), a transcription factor for LPCs (Furuyama et al., 2011), was 

unable to discriminate PBGs from EHBD. Therefore, these molecules are 

insufficient to define the identity of PBECs in mouse EHBD. 

 

Trop2 is predominantly expressed in LBECs, but not in PBECs. 

    Trop2 has been previously identified as a stem/progenitor cell marker for the 

liver as well as the prostate. (Goldstein et al., 2008; Okabe et al., 2009). 

However, the expression profile of Trop2 in EHBD has not been reported 

previously. I therefore analyzed Trop2 expression in EpCAM+ BECs isolated 

from EHBD and IHBD by qRT-PCR. Strikingly, Trop2 was expressed in BECs 

derived from EHBD but not in those from IHBD (Figure 12). Further FCM 

analysis revealed that EHBD-derived EpCAM+ BECs could be subdivided into 

Trop2+ and Trop2- fractions (Figure 13A). To clarify which type of EpCAM+ BECs 

express Trop2 in EHBD, I performed whole-mount immunostaining using 

antibodies against Trop2 and EpCAM. Surprisingly, I found that Trop2 was 

predominantly expressed in the lumen of EHBD, but not in PBG (Figure 13B). 

From these results, I hypothesized that Trop2 is a specific cell surface marker to 

identify the lumen of EHBD, and that EpCAM+Trop2+ and EpCAM+Trop2- BECs 
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correspond to LBECs and PBECs, respectively. 

 

Trop2+ BECs show PBG-like characteristics. 

    To confirm whether Trop2 is able to separate LBECs and PBECs, I 

compared gene expression related to PBGs and/or BTSCs between freshly 

isolated Trop2+ and Trop2- BECs (Figure 14 and 15). It has been reported that 

chromogranin A (ChgA) and LGR5 are expressed in mouse and human PBGs, 

respectively (Carpino et al., 2012; Dipaola et al., 2013; Lanzoni et al., 2016). In 

addition, it has been reported that human PBGs contain epithelial cells secreting 

several pancreatic enzymes such as α-amylase isozymes, trypsin and 

pancreatic lipase (Terada et al. 1993). Consistent with these previous reports, 

both ChgA and Lgr5 were expressed in Trop2- BECs, while the expression of 

these genes was negligible in Trop2+ BECs (Figure 16). Notably, several 

pancreatic molecules such as somatostatin (Sst), pancreatic lipase (Pnlip) and 

amylase2a5 (Amy2a5) were detected in Trop2- BECs, while these expression 

levels were negligible in Trop2+ BECs (Figure 16). Consistent with the notion 

that PBGs include mucinous acini, high expression of mucin 6, gastric (Muc6) 

was also detected in Trop2- BECs compared with Trop2+ BECs (Figure 16). In 

contrast, most of conventional BEC markers such as CK19, Epcam, Cftr and 

anion exchanger protein 2 (Ae2) were equally expressed in both Trop2- and 

Trop2+ BECs (Figure 17), consistent with the immunohistological data of mouse 

EHBD (Figure 8) and rat EHBD (Venter et al., 2015). These results supported 
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the hypothesis that Trop2 is a valuable cell surface marker to distinguish the 

luminal epithelium from PBGs of EHBD, i.e. LBECs and PBECs. 

 

PBECs express makers of tissue stem/progenitor cell in the 

gastrointestinal compartment. 

    To investigate difference between LBECs and PBECs, I then compared 

gene expression profile of isolated LBECs and PBECs by microarray analysis 

(Figure 14). Consistent with qRT-PCR data, PBECs expressed Trop2 and 

human PBGs related genes at higher levels (Table 8). Moreover, PBECs also 

expressed doublecortin like kinase (Dclk1), a marker of the intestinal tuft cell 

located in the intestinal crypt (Nakanishi et al., 2013) (Table 8). 

    Interestingly, PBECs showed higher gene expression of pancreatic and 

endocrine progenitor cell markers such as glycoprotein 2 (GP2) and delta/notch 

like EGF repeat containing (Dner) (Hald et al., 2012; Cogger et al., 2017) and 

intestinal stem/progenitor cell markers such as olfactomedin 4 [Olfm4] and 

achaete-scute family bHLH transcription factor 2 [Ascl2]) (van der Flier et al., 

2009a, b) (Table 9). These results supported the hypothesis that PBGs contain 

tissue stem/progenitor cells. Human BTSCs also express pluripotent-related 

genes such as Oct4, Sox2 and Nanog (Carpino et al., 2012; Cardinale et al., 

2012; Lanzoni et al., 2016). However, there was no difference in these gene 

expressions between mouse isolated PBECs and LBECs (Table 9). 
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PBECs show higher colony forming activity than LBECs. 

    Because PBECs showed a gene expression pattern similar to tissue 

stem/progenitor cells, I isolated each cell fraction by FACS and performed in 

vitro colony formation assay (Figure 14). Interestingly, PBECs showed 

significantly higher colony formation capacity than LBECs in the primary culture 

(Figure 18). Combining with gene expression analysis, I hypothesized that PBGs 

contain more stem/progenitor-like cells. 

 

PBECs show LBEC-like phenotype in the 2D culture condition. 

To further characterize the expanded cells derived from PBECs, I investigated 

the expression of several EHBD markers by immunocytochemical and FCM 

analyses. Isolated PBECs expanded on the dish (Figure 19). Immunostaining of 

cultured PBECs revealed that the expression of EpCAM, CK19, Sox9 and Pdx1 

was maintained after 6 days of culture (Figure 20). More interestingly, most 

cultured PBECs expressed Trop2, although it was hardly detected in PBECs at 

the beginning of culture (Figure 15 and 21). The induction of Trop2 expression in 

cultured PBECs was confirmed by qRT-PCR, immunostaining and FCM analysis 

(Figure 21). In contrast to Trop2 expression, downregulation of ChgA, Sst, Muc6 

and Lgr5 was observed (Figure 22), suggesting that PBECs gave rise to the 

cells characteristic of LBECs concomitantly with the expansion on the dish. 
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PBECs form luminal structures in the 3D culture condition. 

   Because PBECs showed high potential for colony formation composed of 

LBEC-like cells, I next examined bile duct-forming capacity of PBECs. As 

previously reported, the potential of BECs can be evaluated by the formation of 

cysts with luminal epithelial polarity in the 3D culture (Tanimizu et al., 2014). I 

thereby compared cyst formation capacity between PBECs and LBECs. Similar 

to colony formation assay, PBECs showed significantly higher cyst formation 

capacity than LBECs (Figure 23), suggesting that PBECs contain more 

progenitor-like cells with a potential to form bile ducts. However, this culture 

condition did not seem to be suitable for further analysis of PBECs, because it 

was not adapted for long-term culture of PBECs, resulting in arrest of the growth 

of cysts. Therefore, I applied another 3D organoid culture system previously 

reported by Clevers’s group to isolated PBECs (Huch et al., 2013b). After 5 days 

of culture, PBECs formed apparently spherical cystic-organoids that grew 

progressively (Figure 24). Dual staining of CK19 and Ki67 revealed that the 

cystic organoids were formed mainly by the proliferation of PBECs rather than 

their aggregation (Figure 25). After 10 days of culture, I investigated whether the 

cystic-organoids exhibited epithelial cell polarity by evaluating the localization of 

the apical (F-actin) and basolateral (integrin alpha 6 [ITGA6]) markers. 

Expectedly, F-actin was localized in the apical membrane of the cyst-forming 

cells, while ITGA6 was localized in the basolateral compartment (Figure 2-26), 

indicating the proper polarity of luminal epithelium. In addition, qRT-PCR and 
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immunostaining of Trop2 demonstrated that cystic-organoids were composed of 

Trop2+ cells, similarly to the luminal epithelium of EHBD in vivo (Figure 27). 

Consistently, gene expression analysis by qRT-PCR showed downregulation of 

ChgA, Sst and Muc6 in the proliferating organoid-forming cells (Figure 28), 

suggesting that PBEC has a potential to produce LBEC-like cells with the luminal 

structure. In contrast, Lgr5 was not downregulated under this 3D culture 

condition unlike the 2D culture condition (Figure 28). Furthermore, I investigated 

whether the formed luminal structure is functionally similar to in vivo bile ducts. 

One of the known functions of bile ducts is to regulate bile homeostasis by 

transportation of water and ions via transmembrane channels such as 

multidrug-resistance protein 1 (Mdr1) (Gigliozzi et al., 2000). Recently, 

Sampaziotis and colleagues have reported that human EHBD-derived organoids 

show Mdr1 dependent secretory function (Sampaziotis et al., 2017). Therefore, 

we examined whether PBEC-derived cystic-organoids have Mdr1 dependent 

secretory capacity by the incorporation of Rhodamine123, a substrate of Mdr1. 

As a result, the gradual accumulation of Rhodamine123 was observed in the 

luminal space of cystic-organoids, whereas it was blocked in the presence of 

verapamil, a Mdr antagonist (Figure 29). From these results, I hypothesized that 

PBECs have a potential to differentiate into functional LBECs. 

 

Trop2 expression in PBG dramatically changes by biliary injury. 

    It has been previously reported that severe damage to the biliary tree such 
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as by BDL induces the proliferation of EHBD (Dipaola et al., 2013). However, the 

nature of PBG during regeneration remains unclear. As shown in Figure 30, 

hematoxylin-eosin (H&E) staining of EHBD after BDL showed remarkable 

dilation of the lumen accompanied by the detachment of epithelium after 7 days 

of BDL. Although EHBD did not exhibit apparent cellular damage 2 days after 

BDL by H&E staining, FCM analysis of EHBD using Annexin V and propidium 

iodide (PI) revealed that apoptosis and necrosis of EHBD increased remarkably 

at this time point (Figure 31). Next, I performed dual staining of Ki67 and CK19 in 

EHBD to investigate the extent of regeneration in LBECs and PBECs. Although 

intense signal of Ki67 was detected in PBG before biliary injury, it was observed 

at the apical membrane of PBECs rather than nucleus (Figure 32B), suggesting 

that this staining is non-specific. The idea was further supported by no 

incorporation of BrdU in PBG before injury (Figure 32C). In contrast, many 

LBECs and PBECs showed nuclear staining of Ki67 after BDL and then the ratio 

of Ki67+ cells in the luminal epithelium and PBG gradually decreased, 

suggesting that LBECs and PBECs are capable of proliferating upon biliary 

insult (Figure 32A). More interestingly, Trop2 was expressed in most of PBECs 2 

days after BDL (Figure 33A). Consistent with the immunohistological data, FCM 

analysis showed that the ratio of Trop2+ cells in EpCAM+ BECs rapidly increased 

after BDL (Figure 33B). These results suggested that PBECs activated by biliary 

damage may give rise to the luminal Trop2+ BECs for the bile duct regeneration 

as observed by using in vitro colony and organoid formation assay. I therefore 
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isolated Trop2+ and Trop2- BECs after BDL (Figure 34) to compare their colony 

formation capacity. As shown in Figure 35, the capacity for colony formation in 

Trop2+ BECs was dramatically increased after BDL. Considering that Trop2- 

PBECs exhibited higher colony formation capacity than Trop2+ LBECs isolated 

from non-treated (NT) EHBD (Figure 18 and 35) and that Trop2 expression was 

rapidly induced in PBGs after BDL, PBEC-derived Trop2+ cells may account for 

the remarkable increase of colony formation capacity in Trop2+ BECs after BDL, 

rather than the phenotypic change of Trop2+ LBEC. In contrast, a small 

population of Trop2- BECs remained in EHBD even after BDL (Figure 33 and 34). 

However, the colony formation capacity of Trop2- BECs was decreased after 7 

days of BDL, presumably due to exhaustion of the stem/progenitor cell 

compartment or fatal damage by prolonged injury (Figure 35). 
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Discussion 

   Since the discovery of PBGs associated with the biliary tree in humans, the 

anatomical and histochemical studies have mainly been performed using human 

samples. It has been reported that PBGs are tubuloalveolar glands with 

mucinous and serous glandular acini composed of heterogeneous cell 

compartments. The expression of a variety of secretory factors including mucins, 

neuroendocrine protein (e.g. ChgA) and pancreatic enzymes (e.g. α-amylase, 

trypsin, and lipase) has been reported in adult PBGs in healthy and diseased 

states (Terada et al., 1993; Dipaola et al., 2013). The structure of PBG in EHBD 

is reminiscent of the crypt structures of the intestine and stomach (Figure 36). In 

contrast to numerous studies on the localization and differentiation status of 

crypt-forming component cells in the gastrointestinal system, the nature of PBGs 

in EHBD remains uninvestigated and poorly understood. In addition, the 

similarity and difference of PBECs between human and mouse also remains 

unclear. In the present study, I have demonstrated that Trop2 is differentially 

expressed between the luminal epithelium and PBG of EHBD and that Trop2 

expression is applicable for FACS-based separation of each cell component. 

The gene expression analysis of LBECs and PBECs derived from mouse EHBD 

revealed that the expression of neuroendocrine proteins (e.g. ChgA) and 

pancreatic markers (e.g. Amy2a5, Sst and Pnlip) and mucin (Muc6) was 

exclusively detected in the PBECs fraction, consistent with the previous reports 

about human PBGs. Although several human BTSC markers (e.g. EpCAM, 
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Sox9 and Pdx1) were expressed in both LBECs and PBECs in mice, Lgr5 was 

differentially expressed in the PBEC fraction (Figure 16), suggesting that Lgr5 

might be a better marker for characterization of BTSCs in mice. Further analysis 

of gene expression in PBECs may provide useful clues as to how the 

extrahepatic biliary system is constructed by various types of component cells. 

    Since Cardinale and colleagues reported that multipotent stem/progenitor 

cells capable of differentiating into hepatocytes, BECs and pancreatic islets are 

present in the human extrahepatic biliary tree (Cardinale et al., 2011), PBG has 

been suggested to be a reservoir of BTSCs. Considering the location of 

multipotent stem/progenitor cells in PBGs, the physiological role of BTSCs may 

be involved in the maintenance or repair of the biliary epithelium in the vicinity of 

PBGs. In fact, it has been reported that the hyperplasia and the proliferation of 

PBGs occur in patients with hepatolithiasis, cholangitis and diabetes, as well as 

in rodent models of bile duct and pancreas injury (Table 3), although there is no 

direct evidence that PBGs contribute to regeneration of EHBD. In this study, I 

showed that PBECs isolated from normal EHBD contain highly proliferative 

progenitor-like cells with colony formation capacity in vitro, which can also form 

cysts with luminal epithelial polarity and Mdr1 dependent secretory function in 

the 3D organoid culture system. More importantly, the PBEC-derived organoids 

comprised of epithelial cells with gene expression profiles similar to LBEC, i.e. 

upregulation of Trop2 and downregulation of ChgA, Sst and Muc6, suggesting 

that PBECs possess a potential of supplying LBEC. Consistently, I found that the 
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PBECs proliferated in vivo upon biliary damage by BDL, re-expressing Trop2 

dramatically. Concomitantly, the Trop2+ BECs isolated from EHBD 2 days after 

BDL showed colony formation capacity comparable to the Trop2- PBECs prior to 

biliary injury. From these in vivo and in vitro data, it is plausible that PBG plays a 

role as a source of regenerating biliary epithelial cells by giving rise to transit 

amplifying cells (Figure 2-37). 

    Trop2 was initially discovered as a marker of invasive trophoblasts and a 

molecule structurally related to paralogous EpCAM. The expression of these two 

related molecules has been described in various organs during development as 

well as tumorigenesis (Tsukahara et al., 2011; Trerotola et al., 2013; Mustata et 

al., 2013; Fernandez Vallone et al., 2016). Of note, Trop2 has been reported to 

be expressed in adult or fetal-type stem/progenitor cells in various organs 

(Goldstein et al., 2008; Okabe et al., 2009; Mustata et al., 2013; Fernandez 

Vallone et al., 2016). Goldstein and colleagues reported that Trop2 identifies a 

subpopulation of murine and human prostate basal cells with stem cell 

characteristics (Goldstein et al., 2008). Okabe and colleagues have reported 

previously that Trop2 is expressed in proliferating LPCs induced by DDC diet 

injury, while it is hardly detected in the liver at the steady state (Okabe et al., 

2009). A similar observation has been reported in two recent papers that Trop2 

is re-expressed or induced in adult regenerating gastric glands or remodeling 

airway epithelium after epithelial damage, while it is absent in normal tissues 

(Fernandez Vallone et al., 2016; Liu et al., 2016). In this study, I also showed that 
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Trop2 is up-regulated in PBGs after BDL while it seems to be absent in normal 

PBGs. All of these reports imply the role of Trop2 in the process of 

stem/progenitor cell-mediated organogenesis or regeneration. In fact, a variety 

of functions of Trop2 have been reported, including cell proliferation, 

differentiation, adhesion and migration (Wang et al., 2008; Tsukahara et al., 

2011; Stoyanova et al., 2012). However, it should be noted that the present 

study is different from the above mentioned cases, because the luminal 

epithelium of normal EHBD expresses Trop2 constitutively. In the corneal 

epithelia, Trop2 has been reported to enhance the expression and localization of 

tight junctional proteins, including Claudin-1 and -7 (Nakatsukasa et al., 2010). 

Therefore, there is a possibility that Trop2 may play a role in reinforcing the 

barrier of EHBD to avoid the leakage of toxic bile. Thus, it remains unknown 

whether the upregulation of Trop2 in PBGs is a step in stem/progenitor cell 

activation or a process of differentiation into LBECs. Nonetheless, the drastic 

change of Trop2 expression as well as the colony and organoid formation 

capacity of PBECs showed the possibility that PBGs contribute to EHBD 

regeneration. Given that PBG is a niche for BTSC, multipotent 

hepatobiliary-pancreatic stem/progenitor cells in EHBD must be Trop2-negative. 

Considering that Trop2 is induced in LPCs, bipotential hepatobiliary progenitors 

in DDC-damaged liver, a mouse model of sclerosing cholangitis, the expression 

of Trop2 may account for the commitment of hepatic lineage. Although it remains 

unclear whether Trop2+ BECs in injured PBGs are derived from BTSCs, they 
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may originate from PBECs by de-differentiation, similar to injured intestine and 

stomach. Further studies using genetic ablation or lineage tracing experiments 

will reveal functional role(s) for Trop2 and PBGs in tissue repair of the biliary tree 

as well as other organs. 
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Conclusions 

    PBG has attracted many researchers’ attention as a potential reservoir for a 

tissue stem/progenitor cell. However, the lack of useful method for isolating 

PBECs has hampered the investigation of the nature of PBGs. In this study, I 

developed FACS-based method for EHBD cell identification and showed that 

Trop2 is a useful cell surface marker for isolation and characterization of PBECs 

at a single cell level. Moreover, the present study has revealed that PBEC shows 

tissue progenitor cell-like characteristics and dramatically changes its phenotype 

after EHBD injury. Thus, isolation and characterization of PBECs based on 

Trop2 expression will provide useful information as to the nature of BTSCs and 

reveal the role of PBG in the homeostasis and regeneration of EHBD. 
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Figures and tables 
 
 
 
 

 
 
 
Figure 1. Schematic diagram of the liver architecture and component cells. 
Liver is composed of many hepatic lobules and contains hepatocytes 
(parenchymal cell) and many kinds of hepatic non-parenchymal cells (NPCs). 
The portal triad is located in vertex of the hepatic lobule. Bile ducts drain bile into 
the duodenum. Red arrows indicate orientation of the bile flow.  
IBEC: intrahepatic biliary epithelial cell, LSEC: liver endothelial cell, HA: hepatic 
artery, PV: portal vein, BD: bile duct. 
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Figure 2. Structure of the biliary system. 
(A) Schematic view of the biliary system. IHBD (blue) forms an intricate tree-like 
network in the liver parenchyma. EHBD (green) is composed of common hepatic 
duct (CHD), cystic duct (CD) common bile duct (CBD) and gallbladder (GB). (B) 
Visualization of the mouse biliary system by injection of black carbon ink (a-c) 
and immunostaining (d and e). IHBD and CBD were stained with anti-cytokeratin 
19 (CK19) antibody. The optical clearing was performed in both imaging 
experiments. Arrowheads: Peribiliary glands (PBGs). Scale Bars = 100 μm. 
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Figure 3. Schematic diagram of the mouse liver, extrahepatic biliary 
system and pancreas development. 
Segregation of the liver (Hhex+ Sox17- Pdx1-) and the pancreatobiliary (Hhex- 
Sox17+ Pdx1+) lineage occurs at E8.5. At E10.5, the pancreatobiliary primordium 
is segregated into the biliary primordium (Sox17+ Pdx1-) and the pancreatic 
primordium (Sox17- Pdx1+). 
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Figure 4. Schematic diagram of the stem cell system. 
Multipotent stem cell supplies lineage committed stem cell and multipotent stem 
cell by asymmetric cell division. Lineage committed stem cell differentiates into 
functional progenies. 
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Figure 5. Schematic diagram of the LPC dependent liver regeneration. 
When the liver is injured chronically or severely, liver stem/progenitor cells 
(LPCs) and IBECs proliferate and expand toward the damaged area (Ductular 
reaction). Expanded LPCs differentiate into functional hepatocytes and mature 
IBECs. Red dashed circles indicate the injured area. 
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Figure 6. Schematic diagram of BTSCs. 
BTSCs have been postulated to exist in PBGs and have a potential to 
differentiate into hepatocytes, mature BECs and pancreatic islets. 
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Figure 7. Domain structure of the Trop2. 
Trop2 protein has a short signal peptide (SP), the epidermal growth factor-like 
domain (EGF-L) and the thyroglobulin type-1 repeat domain (TY) in the 
extracellular domain. On the other hand, Trop2 contains a PIP2 binding site and 
a phosphorylation site (Ser 303) in the intracellular domain. 
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Figure 8. Expression of LPC markers in adult mouse EHBD. 
(A-C) Immunohistochemical images of transverse sections of adult EHBD. 
Representative images stained with anti-EpCAM and anti-CK19 (A), anti-Opn 
(B) or anti-Cftr (C) antibodies are shown. Arrowheads indicate PBGs. Scale bars 
= 100 μm. 

  

EpCAM CK19 Merge

EpCAM Opn Merge

A

B

Cftr EpCAM Merge

C



 - 51 - 

 

 

 

Figure 9. Isolation of IHBD and EHBD cells. 
(A) Macroscopic image of the entire mouse biliary system. To show the portion 
used for this study, the biliary tree was visualized by injection of black carbon ink, 
followed by tissue clearing. The portion between red dotted lines was surgically 
resected and used as an EHBD sample. (B) Cell sorting of EpCAM+ BECs 
comprising IHBD and EHBD. After hepatic non-parenchymal cells (NPCs) or 
EHBD cells were stained with anti-EpCAM antibody, the gated cell fraction was 
recovered by FACS. FSC: forward scatter, SSC: side scatter, GB: gallbladder.  
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Figure 10. Expression analysis of the Pdx1 in isolated mouse EpCAM+ 

EHBD and IHBD comprising BECs. 

(A) Gene expression analysis of Epcam and Pdx1 in BECs derived from IHBD 
and EHBD by qRT-PCR. Normalized values against Actb expression are shown 
as means ± SD (n = 3). N.S.: not significant. (B) Immunostaining of adult mouse 
liver and pancreas sections with anti-EpCAM and Pdx1 antibodies. Pancreas 
was used as a positive control for Pdx1 antibody. Dashed circle: PV. Scale bars 
= 100 μm. 
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Figure 11. Expression analysis of the transcriptional factors for LPC and 
pancreatic progenitor cell. 
(A) Experimental procedure of whole-mount immunostaining of EHBD. (B, C) 
Whole-mount immunostaining of EHBD after optical clearing. Representative 
sagittal images stained with anti-EpCAM and anti-Pdx1 (B) or anti-Sox9 
(magenta) (C) are shown. Arrowheads: PBGs. Scale bars = 100 μm. 
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Figure 12. Expression analysis of Trop2 in isolated mouse EpCAM+ EHBD 
and IHBD comprising BECs. 
(A) Gene expression analysis of Trop2 in BECs derived from IHBD and EHBD by 
qRT-PCR. Normalized values against Actb expression are shown as means ± 
SD (n = 3, *P < 0.05). (B) Immunostaining of adult mouse liver sections with 
anti-EpCAM and Trop2 antibodies. Dashed circle: PV. Scale bars = 100 μm. 
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Figure 13. Expression of Trop2 in adult mouse EHBD. 
(A) FCM analysis of EHBD with anti-EpCAM and anti-Trop2 antibodies. (B) 
Whole-mount immunostaining of EHBD using anti-EpCAM and anti-Trop2 
antibodies. Arrowheads: PBGs. Scale bars = 200 μm (upper panel) and 100 μm 
(lower panel). 
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Figure 14. Experimental design for characterization of LBECs and PBECs. 
LBECs (EpCAM+ Trop2+) and PBECs (EpCAM+ Trop2-) were isolated by FACS. 
Isolated LBECs and PBECs were characterized by qRT-PCR, microarray 
analysis and in vitro colony formation assay. 
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Figure 15. Expression analysis of Trop2 in isolated LBECs and PBECs. 
(A) Gene expression analysis of Trop2 in isolated LBECs and PBECs by 
qRT-PCR. Normalized values against Actb expression are shown as means ± 
SD (n = 6, **P < 0.01). (B) Immunocytochemical analysis of freshly isolated 
LBECs and PBECs. After seeding of isolated LBECs and PBECs on slide glass, 
Trop2 expression of each cell fraction was confirmed by re-staining with 
anti-EpCAM and anti-Trop2 antibodies. Scale bars = 100 μm. 
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Figure 16. Characterization of isolated LBECs and PBECs by qRT-PCR. 
Gene expression profiles of several PBG- and tissue stem/progenitor-related 
genes in LBECs and PBECs by qRT-PCR. Normalized values against Actb 
expression are shown as means ± SD (n = 6, **P < 0.01). 
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Figure 17. Analysis of several BEC markers in isolated LBECs and PBECs. 
Gene expression analysis of several mature BEC markers in isolated LBECs 
and PBECs by qRT-PCR. Normalized values against Actb expression are shown 
as means ± SD (n = 6). 
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Figure 18. Characterization of isolated LBECs and PBECs by in vitro 
colony formation assay. 
(A) Colony formation assay of LBECs and PBECs isolated from EHBD based on 
Trop2 expression. Representative images of colonies after Giemsa’s staining 
are shown. Scale bars = 5 mm. (B) Measurement of colony number per 3,000 
cells of isolated PBEC and LBEC. Values are shown as means ± SD (n = 3, *P < 
0.05).  
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Figure 19. Cultured PBECs were expanded on the dish. 
Expansion of the PBECs on the dish. Scale bars = 200 μm. 

  

Day 3 Day 6



 - 62 - 

 

 

 

 

 

 

 

Figure 20. Characterization of the cultured PBECs by immunostaining. 
Immunocytochemistry of cultured PBECs. The expressions of EpCAM, CK19, 
Sox9 and Pdx1 were maintained in cultured PBECs. Scale bars = 200 μm. 
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Figure 21. Expression analysis of Trop2 in cultured PBECs. 
(A) Comparison of gene expressions of Trop2 between freshly isolated and 
cultured PBECs by qRT-PCR. Normalized values against Actb expression are 
shown as means ± SD (n = 3-4, ***P < 0.001). (B) Expression of Trop2 in PBECs 
by immunostaining after expansion. Scale bar = 200 μm. (C) FCM analysis of 
freshly isolated and cultured PBECs with anti-EpCAM and anti-Trop2 antibodies.  
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Figure 22. Expression analysis of PBG-related genes between freshly 
isolated and cultured PBECs. 
Comparison of gene expressions of PBG-related genes (ChgA, Sst, Muc6 and 
Lgr5) between freshly isolated and cultured PBECs by qRT-PCR. Normalized 
values against Actb expression are shown as means ± SD (n = 3-4, *P < 0.05). 
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Figure 23. Cyst formation assay of isolated PBECs and LBECs.  
(A) Morphology of LBECs and PBECs in 3D cyst culture condition. Scale bars = 
200 μm. (B) The number of cysts per 3,000 cells is shown as means ± SD (n = 5, 
*P < 0.05).  
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Figure 24. Growth of cystic-organoid derived from PBECs after 3D culture.  
PBECs formed cystic-organoid. Scale bars = 200 μm. 
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Figure 25. Analysis of the cell proliferation in cystic-organoid. 
Immunostaining of cystic-organoid with anti-CK19 and Ki67 antibodies. Scale 
bars = 200 μm. 
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Figure 26. Analysis of the epithelial polarity markers localization in cystic- 
organoid. 
Immunostaining of cystic-organoid stained with anti-ITGA6 antibody and 
phalloidin. The cystic-organoid exhibited cyst-like structure with normal epithelial 
polarity. Scale bars = 200 μm (upper panel) and 30 μm (lower panel). Dashed 
boxes indicates magnified region. 
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Figure 27. Expression analysis of Trop2 in cystic-organoid. 
(A) Comparison of gene expressions of Trop2 between freshly isolated and 
organoid-forming PBECs by qRT-PCR. Normalized values against Actb 
expression are shown as means ± SD (n = 4-6, **P < 0.01). (B) Immunostaining 
of PBEC-derived cystic-organoid with anti-EpCAM and anti-Trop2 antibodies. 
Scale bars = 200 μm. 
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Figure 28. Expression analysis of PBG-related genes between freshly 
isolated and organoid-forming PBECs. 
Comparison of gene expressions of PBG-related genes (ChgA, Sst, Muc6 and 
Lgr5) between freshly isolated and organoid-forming PBECs by qRT-PCR. 
Normalized values against Actb expression are shown as means ± SD (n = 4-6, 
**P <0 .01). N.D.: not detected, N.S.: not significant. 
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Figure 29. Rhodamine 123 incorporation assay for cystic-organoid. 
Confocal microscopic images of Rhodamine123 incorporation in cystic-organoid. 
Rhodamine123 was gradually accumulated in the luminal space of 
cystic-organoid in a time-dependent manner (upper panel). Rhodamine123 
accumulation was blocked by pretreatment of cystic-organoid with verapamil 
(lower panel). Scale bars = 100 μm. 
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Figure 30. Histological analysis of EHBD after BDL. 
H&E staining of non-treated (NT) and injured mouse EHBD. The detachment of 
damaged luminal epithelium is denoted with yellow arrowheads. Scale bars = 
200 μm. Arrows indicate PBGs. 
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Figure 31. FCM analysis for the evaluation of cell death in EHBD.  
Non-treated (NT) and BDL-treated adult mouse EHBD cells were stained with 
anti-EpCAM antibody, Annexin V and propidium iodide (PI). After 2 days of BDL, 
apoptotic and necrotic BECs increased remarkably, compared to NT BECs. 
FSC: forward scatter, SSC: side scatter.  
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Figure 32. Analysis of cell proliferation in injured EHBD. 
Analysis of cell proliferation status in injured EHBD. (A) Transverse sections of 
EHBD were stained with anti-Ki67 and anti-CK19 antibodies. (B) Magnified 
images of non-treated EHBD sample shown in panel A. Dashed boxes indicate 
magnified region. (C) BrdU incorporation assay of EHBD. Transverse sections of 
EHBD in non-treated or injured mice (24h and 48h) were stained with anti-BrdU 
and anti-CK19 antibodies. Small intestine of non-treated mouse was used as a 
positive control. Scale bars = 100 μm. PBGs are denoted with arrows, and the 
luminal epithelia are denoted with arrowheads. NT: non-treated.  
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Figure 33. Expression analysis of Trop2 after BDL. 
 (A) Expression analysis of Trop2 in non-treated (NT) and injured EHBD by 
immunostaining. Transverse sections of EHBD were stained with anti-EpCAM 
and anti-Trop2 antibodies. Trop2 expression was induced in PBGs upon biliary 
injury. PBGs are denoted with arrows, and the luminal epithelia are denoted with 
arrowheads. Scale bars = 100 μm. (B) FCM analysis of NT and injured EHBD 
with anti-EpCAM and Trop2 antibodies. 
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Figure 34. FACS analysis of EHBD cells after BDL.  
The indicated gate was set for isolation of Trop2+ and Trop2- BECs fractions for 
colony formation assay. NT: non-treated.  
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Figure 35. Colony formation assay of isolated Trop2+ and Trop2- BECs after 

BDL. 

(A) Colony formation assay of Trop2+ and Trop2- BECs isolated from non-treated 
(NT) and injured EHBD. Representative images of colonies after Giemsa’s 
staining are shown. Scale bars = 5 mm. (B) Colony formation assay of Trop2+ 
and Trop2- BECs isolated from NT and injured EHBD. The colony number per 
1,000 cells is shown as means ± SD (n = 3-5, *P < 0.05). 
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Figure 36. Schematic diagram of gastrointestinal crypts and the 
hypothesis of PBG structure. 
Lgr5+ tissue stem cells are located in bottom of crypt and gland. Gland of 
stomach contains mucus producing cell. PBGs showed similar gene expression 
profile and regeneration to these organs. I hypothesis that PBGs form similar 
heterogeneous hierarchical structure to these organs. 
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Figure 37. Schematic summary of the present study. 
(Upper left panel) The characteristics of the LBECs and PBECs at steady state. 
The differential expression profiles of Trop2 in EHBD makes it possible to 
discriminate between LBECs and PBECs by FACS. (Upper right panel) The 
isolated PBECs show higher colony formation capacity than LBECs in vitro. The 
expanded PBECs have a potential for forming cysts composed of LBEC-like 
Trop2+ cells with luminal epithelial polarity in the 3D organoid culture. (Lower 
panel) Model of biliary regeneration by PBECs after injury. By BDL, Trop2 
expression is rapidly induced in PBGs in vivo and PBECs proliferated, giving rise 
to transit-amplifying (TA) cells for the luminal epithelium regeneration. 
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Spiecies Model or disease References 
Human Hepatitis C  Lowes et al., 1999; Sun et al., 2006 

  Hepatitis B Sun et al., 2006 

  Alcoholic liver disease  Lowes et al., 1999 

  Genetic hemochromatosis  Lowes et al., 1999 

  Acute necrotising hepatitis  Spee et al., 2010 

  Primary biliary cirrhosis  Spee et al., 2010 

  Extrahepatic biliary atresia  Baumann et al., 1999 

  Fulminant hepatic failure  Baumann et al., 1999 

  NAFLD Nobili et al., 2012 

  NASH Richardson et al., 2007 

Mouse Dipin+PHx Factor et al., 1994 

  DDC Preisegger et al., 1999 

  Phenobarbital+Cocaine Rosenberg et al., 2000 

  Allyl alcohol Lee et al., 1996 

  CDE Knight et al., 2000 

  Modified CDE Akhurst et al., 2001 

  BDL Sackett et al., 2009 

  CCl4 Gleiberman et al., 2005 

  High-fat diet+ethanol Jung et al., 2008 

  Alb-Cre/DDB1flox/flox Endo et al., 2012 

  Ah-Cre/Mdm2flox/flox Lu et al., 2015 

Rat 2-AAF Farber 1956: Teebor et al., 1971 

  DEN Schwarze et al., 1984 

  
Solt-Farber model 
(2-AAF+DEN+PHx) Solt et al., 1977 

  
Modified Solt-Farber model 

(2-AAF+PHx) Evarts et al., 1987 and 1990 

  2-AAF+CCl4 Petersen et al., 1998 

  3'-Me-DAB Farber. 1956 

  Ethione Farber. 1956 

  Allyl alcohol Yavorkovsky et al., 1995 

  CDE Shinozuka et al., 1978 

  D-Galactosamine Lesch et al., 1970; Lemire et al., 1991; Dabeva et al., 1993  

  Lasiocarpine+PHx Laconi et al., 1995 

  
Wilson's disease model  

(Long-Evans Cinnamon rat) Yasui et al., 1997 

  Retrosine+PHx Laconi et al., 1998; Gordon et al., 2000 

Zebrafish Depletion of the hepatocyte  
(Metronidazole+fabp10a:CFP-NTR) Choi et al., 2014 

Table 1. Review of the LPC induction models and diseases 
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Spiecies Maker gene References
Human CK19 Roskams   et al ., 1996

CK7 Roskams   et al ., 1996
EpCAM Schmelzer   et al ., 2007
CD34 Crosby   et al ., 2001
c-Kit Baumann   et al ., 1999; Crosby     et al ., 2001
OV-6 Roskams   et al ., 1996; Crosby     et al ., 1998
ALDH Dolle´   et al .,  2012

Mouse CK19 Wang   et al ., 2003
CD133 Rountree    et al ., 2007; Suzuki     et al ., 2008;  Kamiya      et al ., 2009
EpCAM Okabe   et al ., 2009
Trop2 Okabe   et al ., 2009
CD24 Qiu   et al ., 2011

MIC1-1C3 Dorrell     et al ., 2011
Lgr5 Huch   et al ., 2013a
A6 Engelhardt     et al ., 1990

Sox9 Furuyama     et al ., 2011; Dorrell      et al ., 2011
Alb Dumble   et al ., 2002
c-Kit Wang   et al ., 2003
Sca-1 Petersen   et al ., 2003
Opn Español-Suñer     et al ., 2012

HNF1β Rodrigo-Torres       et al ., 2014; Jörs    et al ., 2015
Foxl1 Sackett   et al ., 2009; Shin    et al ., 2011

Rat CK19 Tatematsu    et al ., 1985
CK7 Paku   et al ., 2005

CD133 Yovchev   et al ., 2007
EpCAM Yovchev   et al ., 2007
CD24 Yovchev   et al ., 2007
CD34 Omori   et al ., 1997
CD44 Yovchev   et al ., 2007
Alb Yaswen   et al ., 1984
Afp Yaswen   et al ., 1984; Lemire      et al ., 1991
c-Kit Fujio   et al ., 1994
Dlk1 Jensen   et al ., 2004
OV-6 Dunsford     et al ., 1989
Thy1 Petersen   et al ., 1998
GGT Evarts    et al ., 1989

Tabel 2. List of LPC marker genes  
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Spiecies Models or diseases References 

Human Hepatolithiasis Kurumaya et al., 1989 

  Cholangitis/Cholecystitis Sutton et al., 2012 

  Ischaemic type biliary lesions Sutton et al., 2012 

  Primary sclerosing cholangitis Carpino et al., 2015 

  Type2 diabetes Carpino et al., 2016 

Mouse BDL Irie et al., 2007; Dipaola et al., 2013 

  Rhesus rotavirus infection Shivakuma et al., 2004; Dipaola et al., 2013; Li et al., 2014 

  KTC-CK19CreERT (Kras, TGFβR2, and E-Cadherin conditional KO) Nakagawa et al., 2017 

  STZ Carpino et al., 2016 

Rat BDL Cohen et al., 1964 

Table 3. Review of EHBD injury models and diseases 
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Protein Host animal Conjugate Company/Source  Experiment Dilution 

CK19 Rabbit -  Tanimizu et al., 2003 IHC, ICC 1:1000 

Sox9 Rabbit - Merck Millipore (AB5535; Burlington, MA) IHC, ICC 1:1000 

EpCAM Rat - BD Biosciences (552370; Franklin Lakes, NJ) IHC, ICC 1:100 

EpCAM Rat FITC and Biotin Okabe et al., 2009 FCM 1:50 and 1:100 

Trop2 Goat Biotin R&D systems (BAF1122; Minneapolis, MN) IHC, ICC, FCM  1:100 

ITGA6 Rat - BD Biosciences (555734) ICC 1:200 

Opn Goat - R&D systems (AF808) IHC 1:200 

Pdx1 Guinea pig - abcam (ab47308; Cambridge, MA) IHC, ICC 1:200 

Cftr Rabbit - abcam (ab59394) IHC 1:50 

Ki67 Rat - eBioscience (14-5698-82; San Diego, CA) IHC, ICC 1:200 

BrdU Rat - abcam (ab6326) IHC 1:100 

Phalloidin - Alexa Fluor 555 Thermo Fisher Scientific (A34055; Waltham, MA) ICC 1:200 

FcR blocker Purified anti-CD16/CD32 antibody Hybridoma 2.4G2 clone FCM 1:100 

      Biolegend (101302; San Diego, CA) FCM 1:500 

Table 4. Antibodies used in this study 
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Table 5. Medium composition used for isolated LBEC and PBEC culture 

 
  

Reagents Company/Source Final concentration
Williams' Medium E Thermo Fisher Scientific (Waltham, MA) -
BSA (Fatty acid free) Sigma-Aldrich (St. Louis, MO) 0.1%

L-glutamine Thermo Fisher Scientific 2 mM
Glucose Wako Pure Chemical Industries (Osaka, Japan) 14 mM
HEPES Thermo Fisher Scientific 20 mM

Sodium pyruvate Thermo Fisher Scientific 1 mM
Sodium hydrogen carbonate Wako Pure Chemical Industries 0.15%

Nicotinamide Sigma-Aldrich 10 mM
Ascorbic acid Sigma-Aldrich 0.2 mM

B27 Thermo Fisher Scientific 2%
ITS-X Thermo Fisher Scientific 1%

Recombinant mouse EGF PeproTech (London, UK) 10 ng/ml
Recombinant human HGF PeproTech 10 ng/ml

Dexamethasone Wako Pure Chemical Industries 0.1 μM
Gentamicin Wako Pure Chemical Industries 50 μg/ml
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Table 6. Medium composition used for the 3D organoid culture 

  

Reagents Company/Source Final concentration
ok Advanced DMEM/F12 Thermo Fisher Scientific (Waltham, MA) -
ok GlutaMAX Thermo Fisher Scientific 1%
ok HEPES Thermo Fisher Scientific 10 mM
ok Nicotinamide Sigma-Aldrich (St. Louis, MO) 10 mM
ok B27 Thermo Fisher Scientific 2%
ok N-Acetyl-L-cysteine Sigma-Aldrich 1.25 mM
ok Gastrine Sigma-Aldrich 10 nM
ok Recombinatn Mouse EGF PeproTech (London, UK) 50 ng/ml
ok Recombinant Human Rspondin-1 PeproTech 500 ng/ml
ok Recombinant Human FGF10 PeproTech 100 ng/ml
ok Recombinant Mouse Noggin PeproTech 100 ng/ml
ok Y27632 Sigma-Aldrich 10 nM
ok Penicillin-Streptomycin Thermo Fisher Scientific 2%
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Table 7. Primers and probes used for qRT-PCR 

 
 

  

Gene Probe Orientation Primer sequence 
Ae2 #1 Forward 5' ATGTGGCCTCACTGTCCTTC 3' 

  
Reverse 5' GCTGATCGAGGTCTAAGAGCA 3' 

Amy2a5 #7 Forward 5' AGTGGAATGGCGAGAAGATG 3' 

  
Reverse 5' CTGTCAGAAGGCACCAAACC 3' 

Cftr #51 Forward 5' CAGCAGCTCAAACAACTGGA 3' 

  
Reverse 5' TGTCACAAGGTGGGTGAAAA 3' 

ChgA #58 Forward 5' AGGCTACAAAGCGATCCAGA 3' 

  
Reverse 5' CGGAAGCCTCTGTCTTTCC 3' 

CK19 #97 Forward 5' AGTCCCAGCTCAGCATGAA 3' 

  
Reverse 5' TAACGGGCCTCCGTCTCT 3' 

Epcam #52 Forward 5' AGAATACTGTCATTTGCTCCAAACT 3' 

  
Reverse 5' GTTCTGGATCGCCCCTTC 3' 

Lgr5 #38 Forward 5' CTACCCGCCAGTCTCCTACA 3' 

  
Reverse 5' AAAGCATTTCCAGCAAGACG 3' 

Muc6 #89 Forward 5' GGATGTCTACCAGCCAAGGT 3' 

  
Reverse 5' AACGATGTGGACTGATGCTG 3' 

Pdx1 #51 Forward 5' GAAATCCACCAAAGCTCACG 3' 

  
Reverse 5' CGGGTTCCGCTGTGTAAG 3' 

Pnlip #32 Forward 5' CTGTGGACATTTGCAGTGCT 3' 

  
Reverse 5' TGAAGCAGCCGAGTTTGTC 3' 

Sst #53 Forward 5' CCCAGACTCCGTCAGTTTCT 3' 

  
Reverse 5' GGGCATCATTCTCTGTCTGG 3' 

Trop2 #17 Forward 5' CGGGCAAATACAAAAAGGTG 3' 

  
Reverse 5' ACAAGCTAGGTTCGCTTCTCA 3' 
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Table 8. List of top30 and gastrointestinal-related genes 

  

Gene symbol Gene name log 2  (PBEC/LBEC)
Chga Chromogranin A 10.39
Sst Somatostatin 10.12

Pcdh20 Protocadherin 20 8.84
Chgb Chromogranin B 8.26
Iapp Islet amyloid polypeptide 8.10
Hck Hemopoietic cell kinase, transcript variant 1 8.00

Rgs13 Regulator of G-protein signaling 13 7.66
Ghrl Ghrelin, transcript variant 1 7.55
Ppy Pancreatic polypeptide 7.46

Cpb1 Carboxypeptidase B1 7.05
Pnlip Pancreatic lipase 6.99
Strip2 Striatin interacting protein 2, transcript variant 1 6.96

Amy2a5 Amylase 2a5 6.87
Fyb FYN binding protein 6.61

Pcolce2 Procollagen C-endopeptidase enhancer 2 6.41
Rbp4 Retinol binding protein 4, plasma, transcript variant 2 6.40
Scg2 Secretogranin II 6.32
Hmx2 H6 homeobox 2 6.30
Prss2 Protease, serine 2 6.28

Cyp4a30b Cytochrome P450, family 4, subfamily a, polypeptide 30b 6.26
Dgki Diacylglycerol kinase, iota 6.24
Sv2c Synaptic vesicle glycoprotein 2c 6.18
Alox5 Arachidonate 5-lipoxygenase 6.10
Cpe Carboxypeptidase E 6.05
Lgr5 Leucine rich repeat containing G protein coupled receptor 5 6.04
Try4 Trypsin 4 6.03

Gnat3 Guanine nucleotide binding protein, alpha transducing 3 5.97
Nrg4 Neuregulin 4 5.93
St18 Suppression of tumorigenicity 18, transcript variant 3 5.91
Trop2 Tumor associated calcium signal transducer 2 -2.88
Muc6 Mucin 6, gastric 5.43
Dclk1 Doublecortin-like kinase 1 4.10
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Table 9. List of tissue stem/progenitor cell- and pluripotent-related genes 
 

 
Green: Tissue stem/progenitor cell-related genes 
Yellow: Pluripotent-related genes 

 

 

 

Gene symbol Gene name log 2  (PBEC/LBEC)
Dner Delta/notch-like EGF-related receptor 5.53
Gp2 Glycoprotein 2 5.33

Olfm4 Olfactomedin 4 2.81
Ascl2 Achaete-scute complex homolog 2 2.45
Nanog Nanog, homeobox -0.03
Oct4 Octamer-binding transcription factor -0.08
Sox2 Sex determining region Y-box 2 -0.52
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