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ABSTRACT 

 

 Cholangiocytes are the epithelial cells lining the bile ducts in the liver and the 

target of cholestatic liver diseases, such as primary sclerosing cholangitis (PSC) and 

primary biliary cholangitis (PBC). Cholangiopathies are characterized by hepatic 

inflammation, ductular reaction, liver fibrosis and, eventually, carcinogenesis. Epithelial-

mesenchymal transition (EMT) is an event by which epithelial cells lose their native 

characteristics and display functional properties of mesenchymal cells. Vimentin is a type 

III intermediate filament, and induction of vimentin in epithelial cells results in several 

important features of EMT, including the adoption of a mesenchymal shape, loss of 

desmosomes and increased focal adhesion and cell motility. Secretin receptor (SR) is only 

expressed by cholangiocytes, which plays a key role in the regulation of biliary damage 

and liver fibrosis.  

 The overall goal of this study was to evaluate whether EMT occurs in 

cholangiocytes and contributes to the progression of biliary senescence and liver fibrosis 

in cholestatic liver diseases. Male 12-week-old Mdr2-/- mice with or without vimentin 

Vivo-Morpholino treatment, SR-/- mice, SR-/-/Mdr2-/- mice and their corresponding control 

groups were used for the in vivo studies. Staining was performed in liver sections for 

evaluation of (i) histological features using hematoxylin and eosin (H&E) staining; (ii) 

EMT by vimentin and E-cadherin; (iii) ductular reaction by CK-19; (iv) liver fibrosis by 

Sirius Red staining and Col1a1, and (v) biliary senescence by SA-β-gal and p16. TGF-β1 

levels were measured in serum and cholangiocyte supernatants using ELISA kits. Liver 
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specimens from human PSC patients, human intrahepatic biliary epithelial cells 

(HIBEpiCs), and human hepatic stellate cell lines (HHSteCs) were also used to evaluate 

changes in EMT.  

 There was increased expression of a mesenchymal phenotype of cholangiocytes in 

Mdr2-/- mice, which was reduced by treatment with vimentin Vivo-Morpholino and 

genetic depletion of SR. Concomitant with reduced vimentin expression, there was 

decreased liver damage, ductular reaction, biliary senescence, liver fibrosis, and TGF-β1 

secretion in Mdr2-/- mice treated with vimentin Vivo-Morpholino and SR-/-/Mdr2-/- mice. 

Human PSC patients and derived cell lines had increased expression of vimentin and other 

mesenchymal markers compared to healthy controls and HIBEpiCs, respectively. In vitro 

silencing of vimentin in HIBEpiCs suppressed TGF-β1-induced EMT and fibrotic 

reaction. HHSteCs had decreased fibrotic response and increased cellular senescence after 

stimulation with cholangiocyte supernatant with reduced vimentin levels.   

 Our study demonstrated that loss of vimentin or SR reduces the mesenchymal 

phenotype of cholangiocytes, which leads to decreased biliary senescence and liver 

fibrosis. Inhibition of vimentin or SR may be a key therapeutic target in the treatment of 

cholangiopathies including PSC. 
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NOMENCLATURE 

 

abcb4  ATP binding cassette subfamily B member 4 

ALP alkaline phosphatase 

α-SMA alpha smooth muscle actin 

BDL bile duct ligation  

BMDMs  bone marrow-derived macrophages  

cAMP cyclic adenosine monophosphate  

CD11b  cluster of differentiation molecule 11B 

CFTR cystic fibrosis transmembrane conductance regulator 

CCL2 C-C motif chemokine ligand 2 

CCl4 carbon tetrachloride 

CK-19 cytokeratin-19 
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DAMPs  danger-associated-molecular-pattern molecules 
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ELISA  enzyme-linked immunosorbent assay  

EMT epithelial to mesenchymal transition  

EpCAM  epithelial cell adhesion molecule 

FFPE  formalin fixed paraffin embedded 

Fn1 fibronectin 1 
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H&E hematoxylin & eosin 
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HIBEpiCs human intrahepatic biliary epithelial cells  

HNF4α hepatocyte nuclear factor 4 alpha 

hPSCL human PSC patient-derived cholangiocytes 
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IL-1 interleukin 1 

IL-6 interleukin 6 

IL-33  interleukin 33 

IPA ingenuity pathway analysis 
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LY-6C  lymphocyte antigen 6 complex, locus C 

Mdr2 multidrug resistance gene 2  

MDR3  multidrug resistance protein 3 

MMP matrix metallopeptidase 

p16 cyclin dependent kinase inhibitor 2A 

p21 cyclin-dependent kinase inhibitor 1 

PBC primary biliary cholangitis 

PSC primary sclerosing cholangitis 

PCNA proliferating cellular nuclear antigen 
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PCR polymerase chain reaction 

S100a4 S100 calcium binding protein A4 
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Sct secretin 
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SR secretin receptor 
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TGF-β1 transforming growth factor-β1 
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CHAPTER I  

INTRODUCTION AND LITERATURE REVIEW 

 

Cholangiopathies  

Cholangiopathies, such as primary sclerosing holancgitis (PSC) and primary 

biliary cholangitis (PBC), are cholestatic liver diseases (targeting intra- and extra-hepatic 

cholangiocytes) that are characterized by hepatic inflammation, ductular reaction, liver 

fibrosis, cirrhosis and eventually liver cancer.  

Cholangiocytes 

Cholangiocytes are the epithelial cells lining the bile ducts in the liver. Although 

cholangiocytes comprise only ~5% of the cells in the liver, they are critical for modifying 

the composition of canalicular bile by secreting water, bicarbonate, and chloride ions (1, 

2). Similar to other epithelial cells, cholangiocytes are polarized with distinct apical and 

basolateral plasma membranes. Heterogeneity in cholangiocyte morphology and function 

has been widely studied and manifests as different diameter and protein expression 

between small and large cholangiocytes (3, 4). Secretin receptor (SR), cystic fibrosis 

transmembrane conductance regulator (CFTR), and the chloride bicarbonate anion 

exchanger 2 (Cl-/HCO3
-) are expressed by large cholangiocytes but not small 

cholangiocytes. While large cholangiocyte proliferation is cyclic adenosine 3’,5’-

monophosphate- (cAMP-) dependent, proliferation of small cholangiocytes is dependent 

on intracellular Ca2+ release induced by inositol 1,4,5-trisphosphate (4-6). Under healthy 

conditions, cholangiocytes play an important physiological role to modify bile within the 
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bile duct lumen by a series of hormone-regulated cAMP-or Ca2+-dependent activities, 

which are modulated by biliary constituents (including bile acids), extracellular signals 

(such as peptides, nucleotides, hormones and neurotransmitters) and physical forces (flow 

and pressure) through various intracellular signaling pathways (4, 5, 7). During liver 

injury, cholangiocytes can acquire a proliferative phenotype and secrete pro-inflammatory 

and pro-fibrotic chemokines, cytokines, as well as angiogenic growth factors, which leads 

to paracrine immune responses and the activation of hepatic stellate cells (HSCs, the major 

source of myofibroblasts in the liver) (8, 9). In addition, a subpopulation of cholangiocytes 

can undergo senescence and exhibit features of the senescence-associated secretory 

phenotype (SASP), a cell fate also characterized by the release of cytokines and 

chemokines (e.g., TGF-β1, p16, CCL2 and SA-β-gal) (10, 11). 

Primary Sclerosing Cholangitis 

PSC is a major type of chronic cholestatic liver disease, in which the bile ducts 

inside and outside the liver become inflamed and scarred. When the bile ducts are 

eventually narrowed or blocked, bile builds up in the liver and causes liver damage. 

Approximately 60%-70% of patients with PSC are men, and the diagnostic peak age of 

this disease is around 30–40 (12). Mayo Clinic has defined the four stages of PSC: Stage 

1 is characterized by inflammation limited to the portal triad, with little or no periportal 

inflammation and fibrosis; Stage 2 is characterized by enlargement of portal tracts, and 

periportal fibrosis with or without periportal inflammation; Stage 3 is characterized by 

extension of septal fibrosis with or without bridging necrosis; and Stage 4 is characterized 

by biliary cirrhosis (13-15). Unfortunately, there is currently no effective therapy for end-
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stage PSC that affects mortality other than liver transplantation. The yearly cost of all liver 

transplantation duo to PSC is approximately $125 million in the United States (16). 

Although ursodeoxycholic acid (UDCA) can improve liver biochemistry and surrogate 

prognostic markers, its use has not demonstrated a beneficial effect on patient survival 

(17). However, regulation of biliary fibrosis, especially in the histologic pre-cirrhotic 

stage, has been thought to be a promising therapeutic strategy for slowing the progression 

of PSC to the development of end-stage liver disease and cirrhosis (18). 

Hepatic Inflammation 

One hallmark of cholangiopathy is hepatic inflammation resulting from liver 

damage. Besides the secretion of pro-inflammatory factors, cholangiocytes are also 

involved in crosstalk and recruitment of immune cells, including neutrophils, 

macrophages, T lymphocytes, and dendritic cells. (7). As one of the most studied cell types 

in hepatic inflammation, heterogenous macrophages (consisting of resident Kupffer cells 

and infiltrating bone marrow-derived macrophages, BMDMs) play major roles in liver 

homeostasis, in the initiation of innate immune response to liver injury, but also in 

resolution of fibrosis and inflammation (19, 20). In the initial stage of hepatic injury, the 

damaged cholangiocytes and/or hepatocytes release danger-associated molecular patterns 

(DAMPs), such as high-mobility group protein B1 and IL-33 (21). DAMPs activate 

Kupffer cells that localize within the lumen of the liver sinusoids, which secrete pro-

inflammatory cytokines such as TNF-α, IL-1β, and contribute to the activation of HSCs 

and scar formation (20). On the other hand, increased levels of C-C Motif Chemokine 

Ligand 2 (CCL2) promote the recruitment of BMDMs into the liver, which further 
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enhance the myofibroblast pool and fibrogenesis (22). Interestingly, Ly-6Chi macrophages 

can acquire a restorative phenotype, with low expression of Ly-6C, which induces the 

degradation of extracellular matrix by metalloproteinases (MMPs) and myofibroblast 

apoptosis (19, 20). Although Kupffer cells and BMDMs share similar characteristics, 

freshly infiltrating BMDMs are CD11bhiF4/80+ cells, whereas Kupffer cells are 

CD11bloF4/80hi (23, 24). 

Ductular Reaction 

Ductular reaction is associated with various liver diseases, including 

cholangiopathies. It has been recognized as the proliferation of reactive bile ducts or 

hyperplasia and can be identified by expression of markers associated with cholangiocytes 

(25, 26). However, ductular reaction is not described solely as ductular proliferation 

because it comprises reactions associated not only with reactive cholangiocytes, but also 

other liver cells, including inflammatory cells (macrophages and lymphocytes), hepatic 

progenitor cells, mesenchymal cells and their corresponding signals (26, 27). With regards 

to cholangiopathies, extensive ductular reaction (expanded CK19+, EpCAM+ and OV6+ 

cells) has been observed in human PSC or PBC liver tissues when compared to healthy 

controls (28).  

Liver Fibrosis 

Liver fibrosis is a reversible wound healing response, which is associated with 

excessive accumulation of extracellular matrix proteins, including collagens and 

fibronectin. Advanced liver fibrosis will lead to cirrhosis, which becomes irreversible and 

can eventually develop into liver cancer (29). HSCs are mesenchymal cells and have been 
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identified as the major extracellular matrix- (ECM-) producing cells in the injured liver. 

During healthy conditions, quiescent HSCs reside in the space of Disse, serving as 

storehouses of vitamin A. During liver injury, hepatic inflammation and ductular reaction 

triggers the activation of HSCs via the release of pro-fibrotic cytokines, such as TGF-1 

(30). Activated HSCs acquire a contractile, proinflammatory, and fibrogenic 

myofibroblast-like cell type and secrete large amounts of ECM proteins (31). In addition, 

during the resolution of liver fibrosis, MMP activities are increased and partial ECM 

degradation occurs, which is associated with the deactivation of HSC via apoptosis or 

senescence signaling pathways (32). 

Biliary Senescence 

Cellular senescence is a cell cycle arrest of proliferation that occurs when cells 

experience cellular stress, including DNA damage, dysfunctional telomeres and oncogenic 

mutations (33). Cellular senescence of cholangiocytes and the associated secretion of 

markers of senescence-associated secretory phenotypes (SASPs, e.g., TGF-β1, p16, CCL2 

and SA-β-gal) are key hallmarks of cholangiopathies, and contribute to the paracrine 

activation of HSCs (coupled with decreased HSC senescence) and enhanced liver fibrosis 

(34-36).  Furthermore, a large percentage of cholangiocytes in human PSC patients have 

been shown to exhibit SASPs (34, 36, 37). 

Mdr2 Deficient Mice 

Mdr2 (also known as Abcb4) is a mouse ortholog of the human multidrug 

resistance protein 3 (MDR3) gene encoding for the canalicular phospholipid transporter. 

Under healthy conditions, Mdr2 translocates phosphatidylcholine from the inner leaflet to 
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the outer leaflet of the membrane and subsequently forms mixed phospholipid-bile acid 

micelles (38, 39). Genetic disruption of the Mdr2 gene in mice causes: (i) the absence of 

phosphatidylcholine from bile; (ii) altered tight junction and leakage of toxic bile acids 

into portal tract; and (iii) intrahepatic induction of proinflammatory and profibrotic 

cytokines (e.g., TGF-β1, IL-1β, TNF-α) that spontaneously induce periductal 

inflammation and fibrosis (40). Because Mdr2-/- mice mimic the key characteristics of 

PSC, these mice have been considered as a promising in vivo model to study the 

pathogenesis of PSC (41-43). 

 

Epithelial-mesenchymal Transition (EMT) 

Epithelial-mesenchymal transition (EMT) is an event by which epithelial cells lose 

their native characteristics and display functional properties of mesenchymal cells (44). 

Recent studies show that EMT plays an important role in the development and progression 

of liver fibrosis. Immunostaining of liver sections from patients with cholangiopathies 

demonstrated a loss of epithelial markers, including E-cadherin, and the acquisition of 

S100a4 (the human homologue of fibroblast-specific protein-1) and other mesenchymal 

markers in cholangiocytes within fibrotic portal tracts (45-47). Interestingly, the concept 

of EMT has become one of the most controversial issues in liver fibrosis research (48, 49). 

As most studies supporting the occurrence of EMT in cholangiocytes are based essentially 

on a morphological approach, results from two linage tracing studies show evidence 

against the concept of cholangiocyte EMT in bile duct ligated (BDL) and carbon 

tetrachloride (CCl4) models of fibrosis (50, 51). However, lineage tracing studies using 
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Cre-LoxP system also have some pitfalls. The efficiency of Cre-mediated recombination 

is not 100%. It is theoretically possible that mesenchymal transition might have occurred 

in the non-labeled cells. 

Vimentin 

Vimentin is a type III intermediate filament that has been found in various types 

of mesenchymal cells during different developmental stages (52, 53). The importance of 

intermediate filaments in regulating physiological properties of cells is becoming widely 

recognized in functions ranging from cell motility to signal transduction (52, 53). 

Induction of vimentin in epithelial cells results in several important features of EMT, 

including the adoption of a mesenchymal shape, loss of desmosomes, and increased focal 

adhesion and cell motility. Furthermore, when vimentin organization is altered or silenced 

in mesenchymal cells, those cells exhibit reduced motility and adopt an epithelial-like 

shape (53). It has been shown that vimentin is associated with cancer invasion and poor 

prognosis in numerous types of cancers, including breast cancer, prostate cancer, 

melanoma, and lung cancer, and serves as a potential target for cancer therapy (54, 55). 

Although vimentin expression has been found in liver cells that undergo EMT, the precise 

role of vimentin in the regulation of liver fibrosis is undefined. 

 

Secretin and Secretin Receptor 

Proliferating cholangiocytes secrete and respond to neuroendocrine hormones 

including secretin (Sct), which is produced by S cells of the duodenum, as well as 

cholangiocytes (56-58). In addition to stimulating biliary bicarbonate secretion by 



 

8 

 

interaction with basolateral secretin receptors (SR) expressed only by cholangiocytes (3, 

56, 59, 60), the Sct/SR axis plays a key role in the modulation of biliary mass and liver 

fibrosis by both autocrine/paracrine mechanisms (8, 57, 58).  For example, the activation 

of the Sct/SR axis increases: (i) intrahepatic biliary mass by microRNA 125b-dependent 

increased expression of vascular endothelial growth factor-A (VEGF-A) (58); and (ii) 

liver fibrosis by enhanced secretion of biliary TGF-β1 leading to paracrine activation of 

hepatic stellate cells (HSCs) (8).  Conversely, knockout of SR or administration of a SR 

antagonist (Sct 5-27) inhibits ductular reaction and ameliorates liver fibrosis in bile duct 

ligated and Mdr2-/- mice (8, 57, 58). Furthermore, enhanced expression of the Sct/SR axis 

has been demonstrated in the liver of PSC patients compared to healthy individuals (8).  

Based on these previous findings about the characteristics and progression of cholestatic 

liver diseases, as well as the promising roles of Sct/SR and vimentin in ameliorating the 

liver damage, we proposed two specific aims: (i) to characterize the role of vimentin in 

the pathogenesis of biliary damage and liver fibrosis in PSC; (ii) to explore the effects of 

knockout of SR in Mdr2-/- mice on ductular reaction, EMT, cellular senescence and liver 

fibrosis. These studies provide new evidence that inhibition of vimentin or Sct/SR during 

cholestatic liver injury generates a response that seeks to counteract the enhanced ductular 

reaction, biliary senescence and liver fibrosis. Modulation of vimentin or Sct/SR 

expression may be a novel therapeutic option in the treatment of cholangiopathies 

including PSC. 
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CHAPTER II  

MATERIALS AND METHODS 

 

Materials 

Reagents were purchased from Sigma Chemical Co. (St. Louis, MO) unless 

otherwise stated. Cell culture reagents and media were obtained from Invitrogen 

Corporation (Carlsbad, CA). The antibodies against α-SMA, Col1a1, desmin, E-cadherin, 

HNF4α, IL-6, p16, PCNA, TNF-α and vimentin were purchased from Abcam 

(Burlingame, CA); F4/80 and vimentin antibodies were obtained from Cell Signaling 

(Denver, MA); cytokeratin-19 (CK-19) antibody was purchased from Developmental 

Studies Hybridoma Bank (Iowa City, IA); and secretin receptor (SR) antibody was 

obtained from Bioss (Woburn, MA). Enzyme-linked immunosorbent assay (ELISA) kits 

to measure transforming growth factor-β1 (TGF-β1) levels in serum and cholangiocyte 

supernatant were purchased from Abcam (Burlingame, CA). Mouse Cytokine ELISA 

Plate Array I to measure inflammatory cytokines was purchased from Signosis (Santa 

Clara, CA). LY2109761, a TGF-β1 receptor antagonist, was obtained from Cayman 

Chemical (Ann Arbor, MI). RNA was extracted using the mirVana miRNA Isolation Kit 

from ThermoFisher Scientific and reverse transcribed with the iScript cDNA Synthesis 

Kit from Bio-Rad (Hercules, CA).  All primer information for qPCR is listed in Table 1. 
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Table 1: List of qPCR primers. 

 

Gene Species Detected transcript Source 

α-SMA Mouse NM_007392 QIAGEN 

CCL2 Mouse NM_011333 QIAGEN 

Col1a1 Mouse NM_007742 QIAGEN 

E-cadherin Mouse NM_009864 QIAGEN 

Fn1 Mouse NM_010233 QIAGEN 

GAPDH Mouse NM_008084 QIAGEN 

IL-1 Mouse NM_008361 QIAGEN 

IL-6 Mouse NM_031168 QIAGEN 

Ki67 Mouse NM_001081117 QIAGEN 

N-cadherin Mouse NM_007664 QIAGEN 

PCNA Mouse NM_011045 QIAGEN 

p16 Mouse NM_009877 QIAGEN 

p21 Mouse NM_007669 QIAGEN 

S100a4 Mouse NM_011311 QIAGEN 

TGF-β1 Mouse NM_011577 QIAGEN 

TNF-α Mouse NM_013693 QIAGEN 

vimentin Mouse NM_011701 QIAGEN 

α-SMA Human NM_001141945 QIAGEN 

CCL2 Human NM_002982 QIAGEN 
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Table 1 Continued List of qPCR primers. 

 

Gene Species Detected transcript Source 

Col1α1 Human NM_000088 QIAGEN 

E-cadherin Human NM_ 004360 QIAGEN 

Fn-1 Human NM_002026 QIAGEN 

GAPDH Human NM_001256799 QIAGEN 

N-cadherin Human NM_001042572 QIAGEN 

p16 Human NM_000077 QIAGEN 

p21 Human NM_000389 QIAGEN 

S100a4 Human NM_002961 QIAGEN 

TGF-β1 Human NM_000660 QIAGEN 

vimentin Human NM_003380 QIAGEN 
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Animal Models 

All animal procedures were performed in accordance with protocols approved by 

the Baylor Scott & White Institutional Animal Care and Use Committee (IACUC). 

FVB/NJ mice (WT control for Mdr2-/- mice) and Mdr2-/- mice were originally purchased 

from Jackson Laboratories (Bar Harbor, ME); C57BL/6 mice (WT control for SR-/- mice) 

were purchased from Charles River (Wilmington, MA); C57/FVB mice were obtained 

after breeding C57BL/6 with FVB/NJ mice; the colonies of these corresponding control 

mice were established in our animal facility (8, 57). The established mouse strains having 

different backgrounds, SR-/- and Mdr2-/-, were crossed until the homozygous double 

knockout (SR-/-/Mdr2-/-) mice were obtained. The genotype of each SR-/-/Mdr2-/- mouse 

was confirmed by PCR amplification of genomic DNA extracted from the tail. To assess 

the in vivo inhibitory effect of vimentin, Mdr2-/- mice (n=6) were treated with Vivo-

Morpholino sequences of vimentin (5’-ACACAGACCTGGTAGACATGGCTTC-3’) or 

mismatched Morpholino (5’-ACAGACACCTCGTACACATCGCTTC-3’) (Gene Tools 

LCC, Philomath, OR) delivered by two tail vein injections 1 week apart (30 mg/kg BW) 

(58, 61). All mice were housed in a temperature-controlled environment (20-22°C) with 

12:12-hr light-dark cycles and fed ad libitum standard chow with free access to drinking 

water. Before liver perfusion, these mice (all 12 weeks of age) were euthanized with 

EuthasolTM (200-250 mg/kg BW, i.p.) (8, 62).  In all groups, serum, liver tissues and 

cholangiocytes were collected; liver weight, body weight and liver/body weight ratio (an 

index of liver cell growth) were measured/calculated (56). 
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Isolation of Mouse Cholangiocytes and HSCs 

Mouse cholangiocytes were isolated as described using a monoclonal IgG2a 

antibody against an unidentified membrane antigen expressed by all intrahepatic 

cholangiocytes (provided by R. Faris, Brown University, Rhode Island, RI) (3, 63, 64). 

Cell number and viability (≥99%) were assessed by trypan blue exclusion (65). 

Cholangiocyte (1 million cells/100 μl) supernatants were collected after short-term 

incubation with 0.1 M calcium chloride (CaCl2) at 37℃ for 4-6 h (8, 66, 67).  

Mouse HSCs were isolated by laser capture microdissection (LCM). Frozen liver 

sections (10-μm thick) were incubated overnight with an antibody specific for desmin 

(marker of stellate cells) (68-70). Following staining, desmin-positive HSCs were 

dissected from the slides using the Leica LMD7000 (Buffalo Grove, IL) laser dissection 

microscope and collected into a PCR tube before being analyzed. The RNA from HSCs 

was extracted with the Arcturus PicoPure RNA isolation kit from Thermo Fisher Scientific 

(Mountain View, CA).    

 

Evaluation of EMT in Animal Models 

We measured: (i) immunoreactivity of vimentin and other EMT markers (E-

cadherin and S100a4) in liver sections by immunohistochemistry and/or 

immunofluorescence performed in conjunction with staining for a cholangiocyte marker 

(CK-19) or HSC marker (desmin); and (ii) expression of mesenchymal markers (N-

cadherin and S100a4) by qPCR in isolated cholangiocytes. The qPCR was performed 
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using RT2 SYBR Green/ROX quantitative PCR master mix with the Applied Biosystems 

ViiA7 real-time PCR system (Carlsbad, CA) according to the manufacturer’s protocol. 

 

Assessment of Liver Damage 

Liver histology was evaluated in paraffin-embedded liver sections (4-μm thick) 

stained with hematoxylin and eosin (H&E).  Observations were processed in a blinded 

fashion by a board-certified pathologist. The serum levels of glutamic oxaloacetic 

(SGOT), glutamate pyruvate transaminase (SGPT) and alkaline phosphatase (ALP) were 

measured using an IDEXX Catalyst One Chemistry Analyzer and VetLab Station 

(Westbrook, ME). Intrahepatic bile duct mass (IBDM) was evaluated in formalin-fixed, 

paraffin-embedded (FFPE) liver sections (4-5 μm thick, 10 different fields analyzed for 

each sample from 3 different animals) by immunohistochemistry for CK-19. IBDM was 

calculated as the area occupied by CK-19-positive bile ducts/total area using VisioPharm 

software (Westminster, CO). Sections were examined using Olympus cellSens software 

(Japan). Biliary proliferation was evaluated by measurement of PCNA and Ki67 

expression in cholangiocytes by immunoblots and/or qPCR.  

 

Measurement of Liver Fibrosis 

Liver fibrosis was assessed by Sirius Red staining in FFPE liver sections (4-5 μm 

thick). Collagen content was examined using the Olympus cellSens software and 

quantified using VisioPharm software. Immunofluorescence staining was performed for 

Col1a1 co-stained for CK-19 and/or desmin in frozen liver sections (8-10 μm thick). 
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Immunofluorescent staining was visualized using the Leica TCS SP5 X system, or the 

Olympus Fluoview confocal microscopes located in the Texas A&M Integrated 

Microscopy and Imaging Laboratory. The expression of profibrotic markers (Col1a1, Fn1 

and TGF-β1) was evaluated in cholangiocytes, HSCs or total liver lysates by qPCR and/or 

immunoblots. TGF-β1 levels were also measured in serum and cholangiocyte supernatants 

by ELISA. 

 

Evaluation of Biliary Senescence 

Biliary senescence was evaluated in frozen liver sections (10-μm thick) by: (i) 

staining for senescence-associated-β-galactosidase (SA-β-gal) using a cellular senescence 

assay kit (MilliporeSigma, Billerica, MA); and (ii) immunofluorescence for p16 (co-

stained for CK-19). SA-β-gal staining was quantified as the area occupied by SA-β-gal-

positive bile ducts/total area using VisioPharm software. The expression of senescence 

genes (p16 and p21) was evaluated in purified cholangiocytes and LCM-isolated HSCs by 

qPCR. 

 

Measurement of Hepatic Inflammation 

Hepatic inflammation was evaluated in FFPE liver sections (4-5 μm thick) by 

immunohistochemistry for F4/80. Sections were examined using the Olympus cellSens 

software. Quantitative analysis of staining was performed using VisioPharm software. The 

expression of proinflammatory markers (IL-1, IL-6 and TNF-α) was evaluated in 

cholangiocytes or total liver lysates by qPCR and/or immunoblots. 
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Evaluation of EMT in Human Control and PSC Patients 

Coded human liver specimens were obtained through the Liver Tissue 

Procurement and Distribution System (Minneapolis, MN) as described previously (71). In 

addition, liver tissues from patients with end stage PSC were obtained from the explant 

generated during liver transplantation. Control liver samples were from patients with no 

known history of chronic liver diseases and collected during abdominal surgeries for 

various unrelated causes. The study protocol to obtain liver tissues was approved by the 

Institutional Review Board at Indiana University-Purdue University Indianapolis. The 

sources of the human samples are shown in Table 2. The expression of vimentin and other 

EMT markers was evaluated by qPCR, immunohistochemistry, immunofluorescence or 

immunoblots in control and PSC patients. Protein expression was normalized to GAPDH 

and quantified using the LI-COR Image Studio software (Lincoln, NE). 
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Table 2: Characteristics of human control and PSC samples. 

 

Group No. Diagnosis Age Gender Ethnicity 

Sample 

Type 

Control S1 Normal N/A N/A N/A Total liver 

Control S2 Normal N/A N/A N/A Total liver 

Control S3 Normal N/A N/A N/A Total liver 

Control S4 Normal N/A N/A N/A Total liver 

Control S5 Normal N/A N/A N/A Total liver 

Control S6 Normal N/A N/A N/A 

FFPE liver 

sections 

PSC S1 Late stage PSC 60 Male Caucasian Total liver 

PSC S2 Early stage PSC N/A N/A Caucasian Total liver 

PSC S3 Early stage PSC 57 Male Caucasian Total liver 

PSC S4 Early stage PSC 33 Male Caucasian Total liver 
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Table 2 Continued: Characteristics of human control and PSC samples. 

 

Group No. Diagnosis Age Gender Ethnicity 

Sample 

Type 

PSC S5 Early stage PSC 47 Female Caucasian Total liver 

PSC S6 Early stage PSC 42 Male Caucasian Total liver 

PSC S7 Early stage PSC 63 Male Caucasian Total liver 

PSC S8 Stage I PSC N/A N/A N/A 

FFPE liver 

sections 

PSC S9 Stage IV PSC N/A N/A N/A 

FFPE liver 

sections 

 

FFPE = formalin fixed paraffin embedded; N/A = Not available; PSC = Primary 

Sclerosing Cholangitis.   
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In Vitro Studies in HIBEpiCs, hPSCL and HHSteCs 

The in vitro studies were performed in the following cell lines: human intrahepatic 

biliary epithelial cells (HIBEpiCs, ScienCell, Carlsbad, CA), human PSC patient-derived 

cholangiocytes (hPSCL, a gift from N. LaRusso, Mayo Clinic, Rochester, MN), and 

human hepatic stellate cells (HHSteCs, ScienCell, Carlsbad, CA). The expression of 

vimentin was evaluated by immunofluorescence in hPSCL cells and HIBEpiCs (control 

for hPSCL). To examine the impact of vimentin in epithelial mesenchymal crosstalk, 

HIBEpiCs were seeded on six-well plates to approximately 60% to 70% confluence in 

complete medium containing 5% fetal bovine serum and then changed to reduced-serum 

(2%) medium with control or vimentin CRISPR/Cas9 KO plasmid transfection (Santa 

Cruz, Dallas, TX), according to the manufacturer's protocol. After 24 hours, recombinant 

human TGF-β1 (R&D System, Minneapolis, MN) was added to the culture at a final 

concentration of 2.5 ng/ml to induce mesenchymal transition (72, 73). The cells were 

incubated for 72 hours before harvesting and subjected to qPCR experiments as described 

below. In basal HIBEpiCs and control or vimentin CRISPR/Cas9 KO plasmid-transfected 

HIBEpiCs with/without TGF-β1 stimulation, we measured the mRNA expression of EMT 

markers (vimentin and E-cadherin), fibrotic markers (Col1a1 and Fn1) and senescence 

markers (p16 and p21) by qPCR.  

HHSteCs were incubated for 12 hr at 37℃ with (i) cholangiocyte supernatant from 

all groups of mice; and (ii) cholangiocyte supernatant from Mdr2-/- mice in the absence or 

presence of LY2109761 (10 μM), a TGF-β1 receptor antagonist, before measuring the 
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expression of E-cadherin, fibrotic markers (Col1a1, Fn1 and TGF-β1) and senescence 

markers (p16 and p21) by qPCR (8, 74).  

 

Measurement of Secretin and Secretin Receptor 

The immunoreactivity of SR was measured by immunohistochemistry in paraffin-

embedded liver sections (4-5 µm thick, 10 different fields analyzed for each sample from 

3 different animals).  Sct levels were measured in serum and cholangiocyte supernatants 

using ELISA kits (Phoenix Pharmaceuticals, Inc., Burlingame, CA). 

 

Evaluation of microRNA 125b 

Isolation of miRNAs was performed in isolated cholangiocytes using the mirVana 

miRNA Isolation Kit from ThermoFisher Scientific (Waltham, MA). Single stranded 

cDNA was synthesized from 1 μg of RNA from the aforementioned samples using the 

TaqMan microRNA reverse transcription kit (Applied Biosystems, Waltham, MA) and 

was amplified by quantitative PCR (qPCR) using sequence-specific primers from the 

TaqMan microRNA Assays on an Applied Biosystems Viia7 Real-Time PCR System 

(Thermo Fisher Scientific; Waltham, MA), according to the manufacturer’s protocol. 

 

Ingenuity Pathway Analysis (IPA) Software 

The genes related to senescence and fibrosis were analyzed using Ingenuity 

Pathway Analysis (IPA) software (Qiagen, Redwood City, CA) for the functionally 

relevant pathway (75, 76). IPA is a web-based functional analysis software that helps 
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researchers to search for targeted information on genes, proteins, chemicals, diseases, and 

drugs, as well as building custom biological models in life science research. 

 

Statistical Analysis 

All data are expressed as the mean ± SEM. Differences between groups were 

analyzed by Student’s unpaired t-test when two groups were analyzed or one-way 

ANOVA (followed by an appropriate post hoc test) when more than two groups were 

analyzed. A value of p<0.05 was utilized to indicate statistically significant differences. 
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CHAPTER III  

RESULTS 

 

Enhanced Vimentin Expression in Mdr2-/- Mice 

By immunohistochemistry and/or immunofluorescence in liver sections from WT 

and Mdr2-/- mice, we observed enhanced immunoreactivity of vimentin in the periductal 

area from Mdr2-/- compared to WT mice (Figure 1a-b). Interestingly, although CK-19-

positive cholangiocytes were surrounded by vimentin-positive cells, no merging signals 

between vimentin and CK-19 were observed. 

 

Vimentin Expression was Reduced with the Vimentin Vivo-Morpholino Treatment  

To evaluate the role of vimentin in the pathogenesis of cholestatic liver injury, we 

performed treatments aimed to reduce the hepatic expression of vimentin in Mdr2-/- mice.  

In Mdr2-/- mice treated with vimentin Vivo-Morpholino, there was a significant decrease 

in vimentin expression compared to Mdr2-/- mice treated with mismatch-Morpholino. No 

significant differences were observed between Mdr2-/- mice and Mdr2-/- mice treated with 

mismatch-Morpholino (Figure 1a-b). 

 

Effects of Vimentin Vivo-Morpholino Treatment on Other EMT Markers  

We then evaluated the expression of other EMT markers to see the effect of 

vimentin knockdown. By immunofluorescence for CK-19 with another commonly used 

mesenchymal marker, S100a4, we observed enhanced immunoreactivity of S100a4 in the 
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periductal area from Mdr2-/- compared to WT mice, which was reduced in Mdr2-/- mice 

treated with vimentin Vivo-Morpholino (Figure 2a). Interestingly, there was a significant 

reduction in N-cadherin and S100a4 expression in cholangiocytes from Mdr2-/- mice 

treated with vimentin Vivo-Morpholino compared to Mdr2-/- and Mdr2-/- mice treated with 

mismatched vimentin Vivo-Morpholino (Figure 2b). In addition, by immunofluorescence 

in liver sections, we observed a reduction of E-cadherin immunoreactivity (co-localized 

with CK-19) in Mdr2-/- mice compared with WT mice (Figure 2c). However, there was 

enhanced E-cadherin expression in Mdr2-/- mice treated with vimentin Vivo-Morpholino 

(Figure 2c).  

 

Effects of Vimentin Vivo-Morpholino Treatment on HSCs 

Previous studies have shown that quiescent HSCs are capable of 

transdifferentiation into myofibroblast-like cells during the progression of liver fibrosis 

and that they gain a mesenchymal phenotype (31, 77). We also evaluated the expression 

change of E-cadherin and vimentin in HSCs by co-staining for desmin, the HSC marker 

(68-70). With the treatment of vimentin Vivo-Morpholino, we observed less co-expression 

of desmin/vimentin and increased co-localization of desmin/E-cadherin compared to 

Mdr2-/- mice, indicating the HSCs are less myofibroblast-like with the knockdown of 

vimentin (Figure 3). 
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Figure 1: Evaluation of vimentin expression in liver sections. [a] 

Immunohistochemistry for vimentin in liver sections, original magnification 20X, scale 

bar = 100 μm. [b] Immunofluorescence for vimentin (in green) co-stained for CK-19 (in 

red). Nuclei are stained with DAPI.  original magnification 40X, scale bar = 20 μm. 
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Figure 2: Evaluation of epithelial and mesenchymal phenotypes in cholangiocytes. 

[a] Immunofluorescence for S100a4 (in green) in liver sections co-stained for CK-19 (in 

red). Nuclei are stained with DAPI.  Original magnification 40X, scale bar = 20 μm. [b] 

The mRNA expression of EMT markers was evaluated by qPCR in isolated 

cholangiocytes. *p<0.05 versus WT mice; #p<0.05 versus Mdr2-/- mice. [c] 

Immunofluorescence for E-cadherin (in green) in liver sections co-stained for CK-19 (in 

red). Nuclei are stained with DAPI.  Original magnification 40X, scale bar = 20 μm. 
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Figure 3: Evaluation of epithelial and mesenchymal phenotypes in HSCs. 

Immunofluorescence for vimentin or E-cadherin (in green) in liver sections co-stained for 

desmin (in red). Nuclei are stained with DAPI.  Original magnification 40X, scale bar = 

20 μm. 
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Knockdown of Vimentin Ameliorates Liver Damage 

By H&E staining, histopathological changes indicative of liver damage were 

observed in Mdr2-/- compared to WT mice, which were ameliorated in Mdr2-/- mice treated 

with vimentin Vivo-Morpholino (Figure 4a).  While liver sections of Mdr2-/- mice and 

Mdr2-/- mice treated with mismatched Vivo-Morpholino showed both early and focal 

complete portal-portal bridging fibrosis and moderate to marked ductular reaction, liver 

sections of Mdr2-/- mice treated with vimentin Vivo-Morpholino showed early portal-

portal bridging fibrosis and mild ductular reaction. Interestingly, serum levels of SGOT, 

SGPT, and ALP were higher in Mdr2-/- compared with WT mice, but decreased in Mdr2-

/- mice treated with vimentin Vivo-Morpholino compared to Mdr2-/- mice (Table 3). In 

addition, there was a significant increase in IBDM from Mdr2-/- mice compared to WT 

mice, which was reduced in Mdr2-/- mice treated with vimentin Vivo-Morpholino (Figure 

4b); no significant changes in IBDM were observed between Mdr2-/- mice and Mdr2-/- 

mice treated with mismatched Vivo-Morpholino (Figure 4b). 

 

Vimentin Morpholino Treatment Decreases Liver Fibrosis 

Collagen deposition was increased in Mdr2-/- compared to WT mice but was 

significantly decreased in Mdr2-/- mice treated with vimentin Vivo-Morpholino compared 

to Mdr2-/- and Mdr2-/- mice treated with mismatched Vivo-Morpholino (Figure 5a). By 

immunofluorescence, there was enhanced immunoreactivity for Col1a1 in cholangiocytes 

and HSCs (co-stained for CK-19 and desmin, respectively) from Mdr2-/- compared to WT 

mice, immunoreactivity that was reduced in Mdr2-/- mice treated with vimentin Vivo-
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Morpholino (Figure 5b). Furthermore, in isolated cholangiocytes, the expression of 

fibrosis markers (Col1a1, TGF-β1 and α-SMA) was significantly increased in Mdr2-/- 

compared to WT mice but decreased in Mdr2-/- mice treated with vimentin Vivo-

Morpholino (Figure 5c). In addition, TGFβ-1 levels were significantly increased in serum 

and cholangiocyte supernatants collected from Mdr2-/- mice compared with WT mice but 

decreased in Mdr2-/- mice treated with vimentin Vivo-Morpholino (Table 3).  

 

Knockdown of Vimentin Reduces Biliary Senescence 

By SA-β-gal staining in liver sections, we found enhanced biliary senescence in 

Mdr2-/- compared with WT mice, which was significantly decreased in Mdr2-/- mice 

treated with vimentin Vivo-Morpholino (Figure 6a). There was enhanced 

immunoreactivity for p16 in cholangiocytes (co-stained with CK-19) from Mdr2-/- mice 

compared with WT mice, immunoreactivity that was reduced in Mdr2-/- mice treated with 

vimentin Vivo-Morpholino (Figure 6b). There was enhanced expression of p16 and p21 

in cholangiocytes from Mdr2-/- mice compared to WT mice, which decreased in Mdr2-/- 

mice treated with vimentin Vivo-Morpholino (Figure 7a). Conversely, we observed 

decreased expression of p16 and p21 in LCM-isolated HSCs from Mdr2-/- mice, which 

was significantly elevated in Mdr2-/- mice treated with vimentin Vivo-Morpholino (Figure 

7b). 
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Figure 4: Knockdown of vimentin reduced liver damage, ductular reaction and 

intrahepatic bile duct mass (IBDM).  [a] Liver histology was evaluated in liver sections 

(4-μm thick) stained with hematoxylin and eosin (H&E). Observations were processed in 

a blinded fashion by a board-certified pathologist. Original magnification 20X, scale bar 

= 100 μm. [b] Immunohistochemistry for CK-19 in liver sections, original magnification 

20X, scale bar = 100 μm. [c] Percentage of IBDM. *p<0.05 versus WT mice; #p<0.05 

versus Mdr2-/- mice. 
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Table 3: Liver and body weight, liver/body weight ratio, serum chemistry and 

TGF-β1 levels in Mdr2-/- vimentin Vivo-Morpholino-treated mice and relevant 

controls. 

 

*P<0.05 vs. WT mice; #P<0.05 vs. Mdr2-/- mice. 

 

 

 

 

Parameters WT Mdr2-/- 
Mdr2 

mismatched 

Mdr2-/- 

vimentin 

morpholino 

Liver weight (g) 

2.0±0.5 

n=6 

2.9±0.3 

n=6 

3.2±0.2 

n=4 

2.7±0.4 

n=6 

Body weight (g) 

30.2±1.7 

n=6 

29.5±2.1 

n=6 

31.7±1.8 

n=4 

29.6±1.2 

n=6 

Liver to body 

weight  

ratio (%) 

6.9±1.6 

n=6 

9.7±1.1* 

n=6 

10.2±0.1 

n=4 

9.2±1.0 

n=6 

SGOT 

(Units/L) 

160.8±10.9 

n=6 

930.0±61.75* 

n=6 

1013.8±95.4* 

n=4 

528.8±32.6# 

n=4 

SGPT 

(Units/L) 

538.3±57.2 

n=6 

1758.3±65.5* 

n=6 

1363.8±102.3* 

n=4 

862.5±154.1# 

n=4 

ALP 

(Units/L) 

<50±0.0 

n=6 

271.7±10.3* 

n=6 

347.5±27.6* 

n=4 

 140.0±6.1# 

n=4 

TGF-β1 levels  

in serum (ng/ml) 

4.5±0.1 

n=3 

14.4±0.5* 

n=3 

14.6±0.5* 

n=3 

9.3±0.9# 

n=3 

TGF-β1 levels  

in cholangiocyte  

Supernatant 

(ng/ml) 

1.3±0.1 

n=3 

3.1±0.0* 

n=3 

2.6±0.1* 

n=3 

1.0±0.1# 

n=3 
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Figure 5: Knockdown of vimentin decreased liver fibrosis. [a] Measurement of 

collagen deposition by Sirius Red staining in liver sections. Orig. magnification 20X, scale 

bar = 100 μm. [b] Immunofluorescence for collagen 1 (in magenta) in liver sections co-

stained for CK-19 (in red) and desmin (in green). Original magnification 40X, scale bar = 

20 μm. [c] The mRNA expression of fibrotic markers was evaluated by qPCR in isolated 

cholangiocytes. *p<0.05 versus WT mice; #p<0.05 versus Mdr2-/- mice. 
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Figure 6: Knockdown of vimentin reduced biliary senescence. [a] Measurement of 

cellular senescence by SA-β-gal staining in liver sections, original magnification 20X, 

scale bar = 100 μm. Percentage of SA-β-gal-positive area. #p<0.05 versus Mdr2-/- mice. 

[b] Immunofluorescence for p16 (in green) in liver sections co-stained for CK-19 (in red). 

Nuclei are stained with DAPI.  Original magnification 40X, scale bar = 20 μm. 
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Figure 7: Expression of senescence markers in cholangiocytes and HSCs. The mRNA 

expression of senescence markers was evaluated by qPCR in isolated cholangiocytes and 

hepatic stellate cells (HSCs). *p<0.05 versus WT mice; #p<0.05 versus Mdr2-/- mice. 

 

 

Vimentin Morpholino Treatment Decreases Hepatic Inflammation 

As indicated by the immunohistochemistry for F4/80, knockdown of vimentin also 

reduced the macrophage population in livers of Mdr2-/- mice (Figure 8a). Furthermore, in 

isolated cholangiocytes, the expression of proinflammatory markers (IL-1β and IL-6) was 

significantly increased in Mdr2-/- compared to WT mice but decreased in Mdr2-/- mice 

treated with vimentin Vivo-Morpholino (Figure 8b). 
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Figure 8: Evaluation of hepatic inflammation in liver sections. [a] 

Immunohistochemistry for F4/80 in liver sections, original magnification 20X, scale bar 

= 100 μm. Percentage of F4/80-positive area. *p<0.05 versus WT mice; #p<0.05 versus 

Mdr2-/- mice. [B] The mRNA expression of proinflammatory markers was evaluated by 

qPCR in isolated cholangiocytes. *p<0.05 versus WT mice; #p<0.05 versus Mdr2-/- mice. 
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Expression of EMT Markers in Human PSC Patients and Isolated PSC Patient-

derived Cholangiocytes 

By qPCR, we observed that the mRNA expression of vimentin and S100a4 was 

significantly higher in PSC patients compared to healthy controls, whereas the expression 

of E-cadherin and N-cadherin showed no significant differences in PSC patients compared 

with healthy controls (Figure 9a, Table 2). In addition, there was increased 

immunoreactivity of vimentin expression and decreased CK-19 staining intensity in liver 

sections from early stage PSC patients compared to healthy controls (Figure 9b). 

Upregulation of vimentin and CK-19 expression was significantly exacerbated in liver 

sections from late stage PSC patients (Figure 9b). Based on immunoblots, there were 

increased protein levels of vimentin, along with α-SMA and Col1a1 in PSC patients 

compared to healthy controls (Figure 10). However, there was no significant difference in 

E-cadherin expression between PSC patients and healthy controls (Figure 9-10). 

Morphological changes were observed with the staining of vimentin in hPSCL cells 

compared to HIBEpiCs (Figure 11). Staining for CK-19 and HNF4α was used to verify 

the purity of the cultured cells and to exclude contamination with hepatocytes (Figure 11). 
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Figure 9: Expression of EMT markers in human PSC patients. [a] The mRNA 

expression of EMT markers was evaluated by qPCR in healthy controls and PSC patients. 

*p<0.05 versus healthy controls. [b] Immunohistochemistry for vimentin (in brown) in 

liver sections co-stained for CK-19 (in red) in human FFPE sections, original magnifcation 

20X, scale bar = 100 μm. [c] Immunofluorescence for E-cadherin (in green) in liver 

sections co-stained with CK-19 (in red). Nuclei are stained with DAPI.  Original 

magnification 20X, scale bar = 10 μm. 
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Figure 10: Protein levels of EMT and fibrotic markers in human PSC patients. 

Western blot analyses for EMT and fibrotic markers in healthy controls and PSC patients. 

Protein expression levels were normalized to GAPDH expression levels. *p<0.05 versus 

healthy controls. 
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Figure 11: Expression of vimentin in hPSCL and HIBEpiCs. Immunofluorescence for 

vimentin, CK-19 and HNF4α (in green) in hPSCL and HIBEpiCs. Nuclei are stained with 

DAPI.  Original magnification 20X, scale bar = 50 μm. 
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Loss of Vimentin Reduces Mesenchymal Phenotypes of Cholangiocytes Induced by 

TGF-β1 In Vitro 

Since studies have suggested that TGF-β1 can induce EMT in cultured 

cholangiocytes (47, 50, 78), we treated HIBEpiCs with TGF-β1 either alone or in 

combination with control or vimentin CRISPR/Cas9 KO plasmid. Partial silencing of 

vimentin was demonstrated as approximately 50% knockdown efficiency when compared 

with basal and control KO groups (Figure 12a). We observed elevated expression of 

vimentin and reduced expression of E-cadherin in HIBEpiCs treated with TGF-β1 alone, 

which was significantly altered with the presence of vimentin CRISPR/Cas9 KO plasmid 

(Figure 12a). In addition, knockdown of vimentin suppressed TGF-β1-induced expression 

of fibrosis markers (Col1a1 and Fn1) and senescence markers (p16 and p21) in cultured 

HIBEpiCs (Figure 12b). Collectively, these data indicate that inhibition of vimentin 

reduces mesenchymal phenotype of cholangiocytes induced by TGF-β1 in vitro. 

 

HHSteCs Treated with Cholangiocyte Supernatant Lacking Vimentin Have 

Decreased Fibrotic Reaction In Vitro 

We incubated HHSteCs with cholangiocyte supernatant collected from WT, Mdr2-

/-, Mdr2-/- vimentin Vivo-Morpholino-treated, and Mdr2-/- mice treated with mismatched 

Vivo-Morpholino to evaluate the paracrine effect of cholangiocyte supernatant on HSC 

activation. Interestingly, there was increased expression of fibrosis markers (TGF-β1, 

Col1a1 and Fn1) and decreased expression of E-cadherin and senescence markers (p16 

and p21) in HHSteCs treated with cholangiocyte supernatant from Mdr2-/- when compared 
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with supernatant from WT mice (Figure 13). Gene expression was altered in HHSteCs 

treated with cholangiocyte supernatant from Mdr2-/- mice treated with vimentin Vivo-

Morpholino compared with supernatant from Mdr2-/- mice. No significant difference was 

observed in Mdr2-/- mice treated with mismatched Vivo-Morpholino when compared with 

Mdr2-/- mice (Figure 13). 

 

 

 

Figure 12: Loss of vimentin reduces mesenchymal phenotypes of cholangiocytes 

induced by TGF-β1 in vitro. [a-b] The mRNA expression of EMT markers (vimentin and 

E-cadherin), fibrotic markers (Col1a1 and Fn1) and senescence markers (p16 and p21) 

was evaluated by qPCR in basal HIBEpiCs and control or vimentin CRISPR/Cas9 KO 

plasmid-transfected HIBEpiCs with/without TGF-β1 stimulation. *p<0.05 versus basal 

HIBEpiCs; #p<0.05 versus HIBEpiCs treated with TGF-β1. 
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Figure 13: HHSteCs treated with cholangiocyte supernatant lacking vimentin have 

decreased fibrotic reaction in vitro. The mRNA expression of fibrotic markers (Col1a1, 

Fn1 and TGF-β1), senescence markers (p16 and p21) and E-cadherin was evaluated by 

qPCR in HHSteCs treated with cholangiocyte supernatant collected from WT, Mdr2-/-, 

Mdr2-/- vimentin Vivo-Morpholino-treated and Mdr2-/- mice treated with mismatched 

Vivo-Morpholino. *p<0.05 vs. basal HHSteCs; #p<0.05 vs. HHSteCs treated with 

cholangiocyte supernatant from Mdr2-/- mice.   
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Validation of the SR-/-/Mdr2-/- Mouse Model 

To validate SR and Mdr2 deletion in SR-/-/Mdr2-/- homozygous mice, genomic 

DNA was extracted from tail tissue and subjected to PCR genotyping analysis (Figure 14). 

DNA from SR-/-/Mdr2-/- mice showed bands corresponding to the mutant alleles of both 

SR and Mdr2. There was enhanced immunoreactivity of SR (red arrows) in liver sections 

from Mdr2-/- compared to the corresponding WT mice (Figure 15); no immunoreactivity 

for SR was observed in SR-/- and SR-/-/Mdr2-/- mice compared to WT mice (Figure 15, 

green arrowheads).   

 

SR Depletion Ameliorates Liver Damage in Mdr2-/- mice 

Mdr2-/- mice display typical features of PSC such as increased connective tissue 

deposition and higher inflammatory infiltration, phenotypes that were improved in SR-/-

/Mdr2-/- mice; and no significant changes were noted in SR-/- compared to WT mice 

(Figure 16).  No significant changes were observed in the morphology of pancreas, heart, 

kidney, stomach, small and large intestine in all animal groups (Figure 16).  The spleen of 

Mdr2-/- mice showed a higher presence of white pulp compared to red pulp, probably due 

to an increase in the inflammatory reaction (Figure 16). There was enhanced inflammatory 

infiltration in the pulmonary parenchyma of the lungs of Mdr2-/- mice that was reduced in 

SR-/-/Mdr2-/- mice (Figure 16).  Liver to body weight ratio increased in Mdr2-/- compared 

to the corresponding WT mice but decreased in SR-/-/Mdr2-/- compared to Mdr2-/- mice 

(Table 4).  Serum levels of SGPT, SGOT and ALP increased in Mdr2-/- compared to WT 
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mice but decreased in SR-/-/Mdr2-/- compared to Mdr2-/- mice (Table 4). There were 

increased serum levels of TGF-β in Mdr2-/- compared to WT mice, levels that returned to 

levels similar to that of normal values in SR-/-/Mdr2-/- mice (Table 4).  

 

Vimentin Expression was Decreased in SR-/-/Mdr2-/- Mice 

Mesenchymal marker expression of vimentin was assessed via 

immunofluorescence in liver sections. Vimentin expression was increased in Mdr2-/- mice 

compared to control mice, mostly in biliary epithelium and the periductal region, as 

demonstrated by co-staining for CK-19 (Figure 17). However, knockout of SR reduced 

the expression of vimentin in Mdr2-/- mice. 

 

Effects of SR Depletion on Other Mesenchymal Markers 

To evaluate the effects of SR depletion on other mesenchymal markers, qPCR 

analysis of isolated cholangiocytes was performed. There was increased expression of N-

cadherin, vimentin and S100A4 in Mdr2-/- mice compared to WT mice, changes that were 

reversed in SR-/-/Mdr2-/- mice compared to Mdr2-/- mice (Figure 18). 
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Figure 14: Genotyping for SR and Mdr2. Genomic DNA from tail tissues of all 6 animal 

groups were amplified by PCR for genotyping. The DNA bands corresponding to the WT 

and mutant alleles are marked on the right. Top, SR; Bottom, Mdr2. 
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Figure 15: Expression of SR in liver sections. Immunohistochemistry for SR shows that 

Mdr2-/- mice have higher immunoreactivity for SR (red arrows depicting bile ducts) 

compared to WT mice. No immunoreactivity was observed for SR in SR-/- and SR-/-/Mdr2-

/- mice (green arrowheads). Original magnification 40X.   
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Table 4: Liver and body weight, liver/body weight ratio, serum chemistry and TGF-β1 levels in SR-/-/Mdr2-/- mice and 

relevant controls. 

 C57 FVB  C57/FVB SR-/- Mdr2-/- SR-/-/Mdr2-/- 

Liver weight (gm) 

1.7±0.3 

n=34 

1.6±0.1 

n=13 

1.6±0.1 

n=12 

1.6±0.4 

n=15 

2.6±0.1* 

n=15 

2.2±0.1 

n=11 

Body weight (gm) 

26.0±0.5 

n=34 

30.0±0.5 

n=13 

31.1±1.4 

n=12 

32.0 ± 1.5 

n=15 

30.6±0.4 

n=15 

30.6±1.1 

n=11 

Liver to body weight 

ratio (%) 

6.4±0.2 

n=34 

5.4±0.1 

n=13 

5.2±0.3 

n=12 

5.7±0.2 

n=15 

8.5±0.3* 

n=15 

7.2±0.1# 

n=11 

SGPT 

(Units/L) 

326.3±32.6 

n=4 

131.3±16.6 

n=4 

 124.3±11.9 

n=4 

321.5±68.4 

n=4 

1153.5±55.6* 

n=4 

794.5±21.9# 

n=4 

SGOT 

(Units/L) 

485.0±53.5 

n=4 

431.3±25.9 

n=4 

 570±89.8 

n=4 

 427.5±174.3 

n=4 

1710.3±216.8* 

n=4 

893.8±102.8# 

n=4 

ALP 

(Units/L) 

<45±5.0 

n=4 

<50±0.0 

n=4 

<56.5±6.5 

n=4 

 <47.25±2.8 

n=4 

342.5±27.2* 

n=4 

 237.0±17.5# 

n=4 

TGF-β1 levels in 

serum 

(pg/ml) 

276.9±36.3 

n=4 

78.7±4.7 

n=4 

 118.5±10.2 

n=4 

 69.4±0.8 

n=4 

7970.7±304.8* 

n=4 

1617.5±132.3# 

n=4 

TGF-β1 levels in 

cholangiocyte 

supernatant 

(ng/ml) 

4.0±0.5 

n=4 

0.5±0.3 

n=4 

 1.3±0.5 

n=4 

 24.7±1.2 

n=4 

764.5±30.0* 

n=4 

216.9±10.6# 

n=4 

 

*P<0.05 vs. WT mice; #P<0.05 vs. Mdr2-/- mice. 
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Figure 16 H&E staining in different organs. Morphology of liver, pancreas, heart, 

spleen, lung, kidney, stomach, small and large intestine was evaluated by H&E staining. 

Original magnification 20X. 
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Figure 17: Vimentin expression was decreased in SR-/-/Mdr2-/- mice. Mesenchymal 

marker expression of vimentin was assessed via immunofluorescence in liver sections. 

Vimentin expression was increased in Mdr2-/- mice compared to WT mice, mostly in 

biliary epithelium and the periductal region as indicated by co-staining for CK-19. 

However, knockout of SR reduced expression of vimentin. Nuclei are stained with DAPI. 

Original magnification 20X, scale bar = 100 μm. 
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Figure 18: Effects of SR depletion on other mesenchymal markers. Evaluation of 

mesenchymal markers in isolated cholangiocytes by qPCR. There was increased 

expression of N-cadherin, vimentin and S100A4 in Mdr2-/- mice compared to WT mice, 

changes that were reversed in SR-/-/Mdr2-/- mice compared to Mdr2-/- mice. 
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IBDM was Decreased in SR-/-/Mdr2-/- Mice 

In Mdr2-/- mice, there was increased IBDM compared to WT mice, which was 

reduced in SR-/-/Mdr2-/- compared to Mdr2-/- mice (Figure 19a); no significant changes in 

IBDM were noted in SR-/- compared to WT mice (Figure 19a). There was increased 

expression of PCNA and Ki67 in cholangiocytes from Mdr2-/- mice, which was decreased 

in SR-/-/Mdr2-/- compared to Mdr2-/- mice (Figure 19b, 20); no significant changes were 

observed in the biliary expression of PCNA and Ki67 in SR-/- mice compared to WT mice 

(Figure 19b).   

 

 

Knockout of SR Decreased Liver Fibrosis in Mdr2-/- Mice 

There was enhanced collagen deposition in liver sections from Mdr2-/- compared 

to WT mice, which was significantly decreased in SR-/-/Mdr2-/- compared to Mdr2-/- mice 

(Figure 21a). By immunofluorescence in liver sections, there was enhanced 

immunoreactivity for Col1a1 (green color co-stained with CK-19, red) in Mdr2-/- 

compared to WT mice, which was reduced in SR-/-/Mdr2-/- compared to Mdr2-/- mice 

(Figure 21b).  Similarly, there was enhanced co-localization of α-SMA (red) and desmin 

(green) in HSCs from Mdr2-/- compared to WT mice, immunoreactivity that was decreased 

in SR-/-/Mdr2-/- compared to Mdr2-/- mice (Figure 21c).  In addition, there was enhanced 

expression of Col1a1 and FN-1 in isolated cholangiocytes and HSCs from Mdr2-/- mice 

compared to the corresponding WT mice, increase that was significantly reduced in SR-/-

/Mdr2-/- mice compared to Mdr2-/- mice (Figure 20, 21d).   
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Figure 19: Measurement of ductular reaction. [a] There was increased IBDM (red 

arrows) in Mdr2-/- mice compared to WT mice, which was reduced in SR-/-/Mdr2-/- mice 

compared to Mdr2-/- mice; no significant changes in IBDM were noted in SR-/- compared 

to WT mice.  Original magnification 40X. [b] There was increased mRNA expression of 

PCNA and Ki67 in cholangiocytes from Mdr2-/- mice, which was decreased in SR-/-/Mdr2-

/- compared to Mdr2-/- mice. *p<0.05 versus FVB mice; #p<0.05 versus Mdr2-/- mice.   
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Figure 20: Western blot data for isolated cholangiocytes. Representative western blot 

images (of n=3 western blots for each protein) for the expression of PCNA, Col1a1, p16, 

IL-6 and TNF-α in isolated cholangiocytes.  Protein expression levels were normalized to 

β-actin. Data are presented as mean ± SEM. *p<0.05 vs. FVB mice; #p<0.05 vs. Mdr2-/- 

mice. 
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Figure 21: Knockout of SR decreased liver fibrosis in Mdr2-/- mice. [a] Measurement 

of collagen deposition in liver sections.  Orig. magnification 20X.  [b-c] 

Immunofluorescence for Col1a1 (green color, costained for CK-19 in red) and α-SMA 

(green color, costained for desmin in red) in liver sections. Scale bar = 100 μm.  [d] qPCR 

for fibrotic markers in isolated cholangiocytes and HSCs.  Data are mean ± SEM.  *p<0.05 

vs. FVB mice; #p<0.05 vs. Mdr2-/- mice.   
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Biliary Senescence and Activation of HSCs were Decreased in SR-/-/Mdr2-/- Mice 

IPA was performed to ascertain the cellular context of the differentially expressed 

signaling mechanisms related to the Sct/SR axis-mediated liver injury. IPA demonstrated 

that the cellular senescence pathway was likely linked to altered signaling through p16 

and CCL2-related pathological mechanisms (related by the Sct/SR axis) (Fig. 22). To 

evaluate the underlying mechanisms by which the modulation of SR expression regulates 

liver fibrosis, we evaluated the effect of SR knock-out on cellular senescence in liver 

sections, isolated cholangiocytes and HSCs.  By SA-β-gal staining in liver sections there 

was enhanced biliary senescence from Mdr2-/- compared to WT mice, which was 

significantly decreased in SR-/-/Mdr2-/- when compared to Mdr2-/- mice (Figure 23a).  By 

immunofluorescence in liver sections from Mdr2-/- mice, there was enhanced 

immunoreactivity for p16 (co-stained for CK-19) in cholangiocytes compared to WT mice, 

immunoreactivity that was reduced in SR-/-/Mdr2-/- compared to Mdr2-/- mice (Figure 23b). 

There was enhanced expression of p16 and CCL2 in cholangiocytes from Mdr2-/- mice 

compared to WT mice, which decreased in SR-/-/Mdr2-/- compared to Mdr2-/- mice (Figure 

20, 23c).  Conversely, the expression of p16 and CCL2 was significantly decreased in 

HSCs from Mdr2-/- compared to WT mice, changes that returned to values similar to those 

of the normal WT group in SR-/-/Mdr2-/- mice (Figure 23c).  
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Figure 22: IPA signaling. IPA software identifies downstream target genes of fibrosis 

and senescence that are regulated by the Sct/SR axis. 
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Figure 23: Biliary senescence and activation of HSCs were decreased in SR-/-/Mdr2-

/- mice. [a] Measurement of cellular senescence in liver sections by SA-β-gal staining in 

liver sections (original magnification 40X) [b] Immunofluorescence for p16 (green, co-

stained for CK-19, red) in liver sections, nuclei are stained with DAPI.  Scale bar = 20 

μm.  [c] Results of qPCR for senescence markers in isolated cholangiocytes and HSCs.  

Data are mean ± SEM.  *p<0.05 vs. FVB mice; #p<0.05 vs. Mdr2-/- mice.   
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Loss of SR Reduced Secretin Levels and the Expression of MicroRNA 125b in Mdr2-

/- Mice 

Secretin levels in cholangiocyte supernatants were increased in Mdr2-/- mice 

compared to WT mice, and decreased in SR-/-/Mdr2-/- compared to Mdr2-/- mice (Figure 

24a). The expression of microRNA 125b was decreased in cholangiocytes from Mdr2-/- 

compared to WT mice, expression that returned to values similar to that of the normal WT 

group in SR-/-/Mdr2-/- mice (Figure 24b).   

 

Hepatic Inflammation was Decreased in SR-/-/Mdr2-/- Mice 

We observed enhanced levels of IL-6 and TNF-α in cholangiocytes from Mdr2-/- 

mice compared to WT mice but decreased levels in cholangiocytes from SR-/-/Mdr2-/- 

compared to Mdr2-/- mice (Figure 25a). Mouse cytokine array showed increased 

inflammatory cytokine expression in cholangiocyte supernatants from Mdr2-/- mice 

compared to WT mice, which decreased in SR-/-/Mdr2-/- compared to Mdr2-/- mice, 

suggesting SR regulates the inflammatory response in cholangiocytes (Figure 25b). 

 

TGF-β1 Levels were Decreased in SR-/-/Mdr2-/- Mice 

There were enhanced levels of TGF-β1 in cholangiocyte supernatants from Mdr2-

/- mice, levels that returned to values similar to that of the WT group in cholangiocyte 

supernatants from SR-/-/Mdr2-/- mice (Table 4).   

 

 



 

58 

 

 

Figure 24: Loss of SR reduced secretin and miR-125b levels in Mdr2-/- mice. [a] 

Secretin levels were measured in collected serum and cholangiocyte supernatants with an 

ELISA kit. Data are mean ± SEM.  *p<0.05 vs. FVB mice; #p<0.05 vs. Mdr2-/- mice. [b] 

Results of qPCR for miR-125b in isolated cholangiocytes.  Data were normalized to a 

housekeeping gene, U6. Data are mean ± SEM.  *p<0.05 vs. FVB mice; #p<0.05 vs. Mdr2-

/- mice.  
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Figure 25: Hepatic inflammation was decreased in SR-/-/Mdr2-/- mice. [a] Results of  

qPCR for inflammatory markers (IL-6 and TNF-α) in isolated cholangiocytes.  Data are 

mean ± SEM.  *p<0.05 vs. FVB mice; #p<0.05 vs. Mdr2-/- mice. [b] Mouse cytokine array 

was performed using cholangiocyte supernatants.  
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In Vitro Paracrine Effect of Cholangiocyte Supernatant on the Expression of 

Senescent and Fibrosis Genes in HHSteCs 

There was increased gene expression of fibrosis markers but decreased senescence 

gene expression in HHSteCs treated with cholangiocyte supernatants from Mdr2-/- mice 

compared to HHSteCs treated with supernatant from WT mice; the gene expression of 

fibrosis markers matched normal levels when HHSteCs were treated with cholangiocyte 

supernatant from SR-/-/Mdr2-/- mice (Figure 26a). These effects were also reversed when 

HHSteCs were preincubated with LY2109761 (a TGF-β1 receptor antagonist) before 

treatment with the cholangiocyte supernatants from Mdr2-/- mice (Figure 26b).   
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Figure 26: TGF-β1 receptor antagonist reversed the fibrotic reaction in HHSteCs. 

[a] Results of qPCR for fibrosis and senescence markers in HHSteCs treated with 

cholangiocyte supernatants. Data are mean ± SEM. *p<0.05 vs. HHSteCs treated with 

FVB mice derived cholangiocyte supernatants. #p<0.05 vs. HHSteCs treated with 

cholangiocyte supernatants from Mdr2-/- mice. [b] Results of qPCR for fibrosis and 

senescence markers in HHSteCs treated with cholangiocyte supernatants from Mdr2-/- 

mice with or without the TGF-β1 receptor antagonist, LY2109761. #p<0.05 vs. HHSteCs 

treated with cholangiocyte supernatants from Mdr2-/- mice. 
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CHAPTER IV  

CONCLUSION 

 

The main findings of the present study indicate that there was: (1) enhanced 

expression of mesenchymal phenotypes in cholangiocytes of Mdr2-/- mice, which was 

reduced by treatment with vimentin Vivo-Morpholino as well as genetical depletion of SR; 

and (2) liver damage, ductular reaction, biliary senescence and liver fibrosis that were 

concomitantly decreased in Mdr2-/- vimentin Vivo-Morpholino-treated mice as well as SR-

/-/Mdr2-/- mice.  We also demonstrated that: (i) overexpression of vimentin and other 

mesenchymal markers were observed in PSC patients and hPSCL cells compared to 

healthy controls and HIBEpiCs (normal cholangiocyte lines), respectively; (ii) in vitro 

silencing of vimentin reduced TGF-β1-induced mesenchymal phenotypes of HIBEpiCs; 

and (iii) HHSteCs treated with cholangiocyte supernatants with reduced levels of vimentin 

and TGF-β1 displayed decreased fibrotic reaction. 

EMT is a phenomenon that has been identified in several types of chronic fibrotic 

disorders, where epithelial cells acquire mesenchymal features, thereby contributing to the 

fibrogenic process (79, 80). EMT has also been observed in embryonic development and 

tumor progression (81, 82). The key steps of EMT include loss of epithelial cell-cell 

adhesion and degradation of junctional proteins, including E-cadherin; and upregulation 

of cytoskeletal proteins belonging to the mesenchymal lineage, including vimentin, 

S100a4 and, eventually, α-SMA (48). Additional changes during EMT include the 

generation of fibroblasts associated with accumulation of extracellular matrix and 
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increased matrix metalloproteinases (MMPs), particularly MMP2 and MMP9 during liver 

fibrosis (47, 83). In the current study, we found that there were enhanced mesenchymal 

phenotypes of cholangiocytes in Mdr2-/- compared to WT mice, which may contribute to 

the population of portal fibroblasts (48, 49, 83). Although our data support the existence 

of cholangiocytes with a mesenchymal phenotype, it is contradictory to the findings by 

Chu et al., who used Alfp-Cre x Rosa26-YFP mice to achieve lineage tracing for all 

epithelial cells of the liver (hepatocytes, cholangiocytes, and their bipotential progenitors) 

with yellow fluorescent protein (YFP) (50). They found no evidence of YFP co-

localization with the mesenchymal markers S100a4, vimentin or α-SMA in mouse models 

of liver fibrosis, including BDL and CCl4 treatment; however, several factors may explain 

this discrepancy. First, the studies were conducted with different animal models from the 

ones in our study. Although all three models are widely used in the experimental liver 

fibrosis setting, Mdr2-/- mice have been recognized to share several important morphologic 

and pathogenetic characteristics with human PSC patients (40, 84-86). Second, different 

experimental approaches were utilized to evaluate mesenchymal traits. We realize that 

immunostaining itself may cause many nonspecific signals and some mesenchymal 

markers may not be cell-type specific, which limits the specificity of this technique. 

However, lineage tracing studies using the Cre-LoxP system also has some pitfalls. The 

efficiency of Cre-mediated recombination is not 100%. It is theoretically possible that 

mesenchymal transition might have occurred in the non-labeled cells. Furthermore, we 

demonstrated in the current study that overexpression of vimentin and decreased CK-19 

staining intensity were observed in PSC patients compared with healthy controls. 
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Interestingly, E-cadherin protein expression was not decreased in PSC patients, which 

might be due to the abundant E-cadherin expressed in hepatocytes. Although loss of E-

cadherin has been recognized as a hallmark of EMT, the observation of maintained E-

cadherin expression in cholangiocytes has also been demonstrated by Yasunori et al. (80). 

With regard to hepatocellular carcinoma (HCC), E-cadherin expression is commonly 

variable and is elevated in 40% of HCC cases, suggesting its paradoxical roles in liver 

diseases (87-89). Another study has demonstrated that cholangiocytes within sites of 

ductular reaction from patients with PSC, PBC and alcoholic cirrhosis showed significant 

induction of S100a4, MMP2 and vimentin, suggesting that the development of portal tract 

fibrosis is associated with local induction of an EMT process (47). However, no co-

localization of CK-19 and α-SMA were observed in human liver sections, which we 

believe is because only mature myofibroblasts express α-SMA and they may have already 

lost the expression of CK-19 after migration.  

The molecular mechanisms that regulate changes in EMT include paracrine and 

autocrine factors (cytokines, proinflammatory mediators, and growth factors), and several 

signaling pathways (TGF-β, Hedgehog and Wnt/β-catenin) (83). Among these signaling 

pathways, the TGF-β1 pathway is critical to the progression of fibrosis and is the major 

inducer of EMT.  TGF-β1 binds to the functional complex of the TGF-β receptor family 

at the cell surface, which leads to the phosphorylation of Smad2/3 (8, 90, 91). Studies 

using cultured cholangiocytes have shown that TGF-β1 treatment evoked a decrease in the 

expression of epithelial markers and an increase in the expression of vimentin and other 

mesenchymal markers (80, 92, 93). In the current study, we found that the effects of 
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inhibiting vimentin in Mdr2-/- mice on mesenchymal phenotypes of cholangiocytes and 

liver fibrosis were associated with decreased levels of TGF-β1. Furthermore, cellular 

senescence and its associated secretion of SASP factors (e.g., TGF-β1, p16 and SA-β-gal) 

have been considered as key hallmarks of cholangiopathies, including PSC and PBC, and 

contribute to enhanced liver fibrosis (11, 70). We have previously shown that TGF-β1 

increases biliary senescence by an autocrine loop, which in turn leads to the paracrine 

activation of HSCs by cholangiocytes (11). In addition, as we have shown that SASP 

factors secreted by cholangiocytes attracted macrophages to the periductular area during 

liver damage. The increased number of macrophages also secrete inflammatory cytokines 

and other factors, which may alter cholangiocyte phenotype and secretory function in a 

paracrine manner. 

Changes in ductular reaction in response to cholestatic liver injury are modulated 

by a number of neuroendocrine/gastrointestinal factors such as melatonin, gastrin, 

histamine, sex hormones and Sct (5, 94, 95).  Among these neuroendocrine factors, Sct 

(which exerts its effects by selective interaction with basolateral SR expressed only by 

cholangiocytes) plays a key role in the autocrine modulation of biliary 

damage/proliferation/homeostasis in addition to the paracrine regulation of liver 

inflammation and fibrosis (8, 57, 58).  For example, we have previously shown that: (i) 

Sct increases ductular reaction by both autocrine and paracrine pathways through 

upregulation of cAMP-dependent protein kinase A signaling as well as microRNA 125b-

dependent VEGF-A expression (58, 94, 96); and (ii) knockout of the Sct/SR axis reduces 

biliary hyperplasia as well as liver fibrosis by a paracrine mechanism involving a 
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microRNA 125b-dependent decrease of biliary TGF-β1 secretion (8, 58). IPA indicated 

that the Sct/SR axis is a major upstream regulator of the pathway networks under our 

experimental conditions, perhaps suggesting a central role of Sct in regulating biliary 

senescence and fibrosis.  However, our previous studies have limitations because we did 

not evaluate the potential role of the Sct/SR axis on the modulation of cellular senescence 

that may affect both the senescence of cholangiocytes (by an autocrine loop) as well as 

the senescence of HSCs by a paracrine mechanism associated with the release of SASP 

factors (e.g., TGF-β1, IL-6, CCL2, p16/21, SA-β-gal, PAI-1 and substance P) (34, 37, 70, 

97, 98) that play key roles in the activation of HSCs and liver fibrosis (10, 34).  Supporting 

this finding, a recent in vitro study in the human cholangiocyte line, MMNK-1, identified 

by microarray analysis differentially regulated genes in response to 

lysophosphatidylcholine, which included IL-6, TGF-β1 and PAI-1 (98).  Parallel to this 

line of research, we have not only demonstrated that TGF-β1 induces the activation of 

HSCs through decreased cellular senescence by a paracrine mechanism, but also provided 

novel evidence that TGF-β1 increases biliary senescence by an autocrine loop, thus further 

increasing the paracrine activation of HSCs by cholangiocytes.  Moreover, supporting the 

key role of TGF-β1 in modulating biliary homeostasis and liver fibrosis, Mdr2-/- mice 

treated with the SR antagonist (Sec 5-27) displayed reduced biliary mass and HSC 

activation, which correlates with decreased TGF-β1 expression (8).  The observation that 

attenuated liver fibrosis is associated with decreased senescence of cholangiocytes 

(associated with reduced Sct-dependent TGF-β1 expression/secretion) is consistent with 

the finding by Moncsek et al. who demonstrated that senescent cholangiocytes promote 
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the development of liver fibrosis by secretion of Bcl-XL, which is a key survival factor 

for several senescent cell types (10). Inhibition of Bcl-XL in Mdr2-/- mice depletes 

senescent cholangiocytes and reduces liver fibrosis.   

However, one of the unsolved questions of this study is the mechanism by which 

the Sct/SR axis regulates the differential changes of senescence in cholangiocytes and 

HSCs. We postulate that this difference may be explained in terms of the heterogeneity of 

the biliary epithelium, as the Sct/SR axis may target different sized cholangiocytes that 

could respond differentially to liver injury (99). We speculate that a subset of large 

cholangiocytes may lose the ability to proliferate and undergo cellular senescence and 

subsequently interact with nearby undamaged small and large cholangiocytes inducing 

damage/senescence of these cells. However, additional studies are required to isolate and 

characterize these different subsets of cholangiocytes in order to pinpoint the specific 

subpopulations of cholangiocytes undergoing senescence. 

In conclusion, we have identified that vimentin Morpholino treatment as well as 

genetically depleting SR in Mdr2-/- mice reduces the mesenchymal phenotype of 

cholangiocytes, ductular reaction, biliary senescence and liver fibrosis, and the pro-

fibrotic activation of HSCs by a paracrine mechanism. Inhibition of vimentin expression 

may be a key therapeutic strategy in the treatment of cholangiopathies, including PSC. 
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