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Abstract 

 

Under various conditions of liver injury, the intrahepatic biliary epithelium undergoes 

dynamic tissue expansion and remodeling, a process known as ductular reaction (DR). 

Mouse models defective in inducing such a tissue-remodeling process are more 

susceptible to liver injury, suggesting a crucial role of this process in liver regeneration. 

However, the molecular mechanisms regulating the biliary epithelial cell (BEC) 

dynamics in DR remain largely unclear. Here, I demonstrate that the transcription factor 

Krüppel-like factor 5 (Klf5) is highly enriched in mouse liver BECs and plays a key role 

for regulation of DR, specifically under cholestatic injury conditions. Although mice 

lacking Klf5 in both hepatocytes and BECs (Klf5-LKO mice) did not exhibit any 

apparent phenotype in the hepatobiliary system under normal conditions, they exhibited 

significant defects in biliary epithelial tissue remodeling upon 

3,5-diethoxycarbonyl-1,4-dihydrocollidine-induced cholangitis, concomitantly with 

exacerbated cholestasis and reduced survival rate. In contrast, mice lacking Klf5 solely 

in hepatocytes did not exhibit any such phenotypes, confirming Klf5’s specific role in 

BECs. RNA-Seq analyses of BECs isolated from the Klf5-LKO mouse livers revealed 

that the Klf5 KO primarily affected expression of cell cycle-related genes. Moreover, 

immunostaining analysis with the proliferation marker Ki67 disclosed that the 

Klf5-LKO mice had significantly reduced BEC proliferation levels upon injury. These 

results indicate that Klf5 plays a critical role in DR and biliary epithelial tissue 

expansion and remodeling by inducing BEC proliferation, thereby contributing to liver 
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regeneration. 
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Introduction 

 

The liver is a vital organ for life and plays an array of critical biological functions, 

including metabolism, detoxification, serum protein production, and bile secretion. 

Being inherently susceptible to a wide range of chemicals, toxins, and xenobiotics 

entering from the intestinal tract through the portal venous flow, the liver has 

tremendous capability to regenerate itself in response to various types of injury. 

Although hepatocytes, parenchymal cells of the liver, elicit vigorous regenerative 

activity through proliferation and self-duplication (1, 2), other non-parenchymal cells in 

the liver also contribute significantly to the regenerative process, such as by inducing 

fibrogenesis for temporal repair of tissue architecture, evoking and modulating the 

immune and inflammatory responses, and supporting hepatocyte renewal (Figure 1). 

 

Among liver non-parenchymal cells, biliary epithelial cells (BECs) compose the bile 

duct, a conduit system that collects bile produced by hepatocytes and excretes it to the 

intestine. Although the bile duct is a quiescent tissue under normal conditions, it 

undergoes dynamic tissue remodeling once the liver is injured; the biliary tree structure 

arborizes and transforms adaptively so that the branches extend toward the sites of 

parenchymal injury (3) (Figure 2). This remodeling process is called the ductular 

reaction (DR) and is associated with various liver disorders in human patients, such as 

viral hepatitis, acute and chronic cholestasis, alcoholic liver disease, and nonalcoholic 

fatty liver disease (4). Although the DR has been classically assumed to correspond to 
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the emergence and expansion of liver stem/progenitor cells (LPC) that differentiate into 

hepatocytes, thereby contributing to renewal of the parenchymal tissue (5, 6), this 

notion has been challenged in recent years based on the results obtained from in vivo 

genetic lineage-tracing studies in mice (6, 7). Thus, in most, if not all, cases of liver 

regeneration upon chronic injury in mice, newly formed hepatocytes are derived almost 

exclusively from pre-existing hepatocytes rather than LPCs or BECs. Nevertheless, 

mouse models with attenuated or diminished DR generally suffer from more aggravated 

liver injury, suggesting that DR is a fundamental physiological reaction for the liver to 

counter toxic attacks.  

 

DR is a rare tubulogenesis that occurs in the adult stage, not in the developmental 

stage when most tube formation processes occur; hence it is a very interesting model for 

tubulogenesis to understand the diversity of the tube formation process, in addition to its 

clinical significance. Tubulogenesis is a fundamental and coordinated process for 

multicellular organisms to achieve transportation of liquids and gas throughout the body. 

Bile duct formation during embryogenesis definitely undergo following morphogenesis 

steps; first, precursor cells of BECs form a continuous single-layered ring (ductal plate) 

around the portal mesenchyme; second, the ductal plate becomes partially bilayered; 

third, focal dilations appear between the two cell layers, giving rise to the bile ducts (8). 

In contrast to such a pre-determined morphogenesis step during bile duct development 

regulated by the built-in signals, DR is the adaptive transformation process that changes 

the biliary structure into various tube morphologies against the injury; hence there 
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plausibly supposed to be diverse molecular mechanism regulating DR to achieve the 

various morphologies of bile duct against the various injury. As DR is induced by 

coordinated actions of BECs and other liver cell types, several kinds of humoral factors 

and extracellular signals have been identified that regulate proliferation and 

differentiation of BECs (9–11). In contrast, it still remains largely unknown how BEC 

intrinsic genetic programs and gene regulatory networks that regulate DR. Previous 

identified outside signals are certainly important; however, they seem to act on BECs 

not solely but simultaneously and have functional redundancy (e.g. BECs proliferation) 

in the injury conditions so that I thought it is difficult to understand comprehensive 

molecular gene regulatory networks that regulate DR by the approach focusing on each 

outside signal. To understand the tube remodeling process of the biliary architecture and 

especially its underlying mechanism comprehensively, I focused on the BEC 

transcription factors because they integrate outside signals on BECs arose from various 

types of injury and instruct the intrinsic gene regulatory networks to form biliary 

architecture adequately. 

 

Although tube morphology and the formation process vary in organs, signals and 

molecules that control tube morphologies are conserved among various organs and also 

species. Especially, fibroblast growth factors (Fgfs) are known to play critical roles in 

branching morphogenesis to induce proliferation of the tubes and budding branches in 

many organs and species (12). Because Fgf7 is a member of FGF family and was shown 

to induce DR as an aforementioned humoral factor in the author’s laboratory (11), I 
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focused on the Fgf7 downstream signal. To identify the BEC intrinsic transcription 

factor regulating DR, I reanalyzed the microarray data of BECs transcriptional profile 

presented by Dorrell et al. (13) and found fourteen candidate DR regulating 

transcription factors which are enriched in BEC under the cholestatic injury (data not 

shown). To further narrow the candidates, I focused Fgfbp1 which is the Fgf7 

downstream target (14) and reported to express in BECs under the cholestatic injury 

condition (11); and I picked Krüppel-like factor 5 (Klf5) because Klf5 regulates Fgfbp1 

transcriptionally (15) so that I speculated that this transcription factor potentially 

regulates Fgf7 downstream signal. 

 

Klf5 is a member of Krüppel-like factors, which are versatile transcription factors that 

play diverse roles in processes such as cell proliferation, differentiation, development 

and regeneration in a wide range of tissues and cell types (16). Notably, Klf5 has been 

shown to be involved in the development and maintenance of several kinds of epithelial 

tissues and organs, including the intestine, lung, and renal collecting duct (17–19). In 

the small intestine, for example, Klf5 is locally expressed in the crypt and maintains 

tissue morphology by contributing to the maintenance of intestinal stem cells (20). With 

regard to the liver, however, there are few reports addressing the role of Klf5 in organ 

homeostasis and regeneration, although its involvement in hepatocarcinogenesis has 

been well documented (21). In this study, I revealed that in the mouse liver, Klf5 is a 

transcription factor that was highly expressed in BECs. In vivo studies employing liver 

cell type-specific knockout mouse models, in combination with multiple liver injury 
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protocols with different etiologies, delineated a hitherto unidentified role of Klf5 in the 

biliary epithelium under cholestatic injury conditions.  
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Materials and Methods 

 

Animals and Liver Injury Models 

Wild-type (WT) C57BL/6J mice were purchased from CLEA Japan, Inc. To generate 

liver epithelial-specific Klf5 KO (Klf5-LKO) mice, mice harboring floxed alleles of the 

Klf5 gene (Klf5flox/flox ) (22) were crossed with Alfp-Cre Tg mice (kindly provided by 

Dr. Klaus Kaestner, University of Pennsylvania) (23). For the hepatocyte-specific Klf5 

KO (Klf5-HKO) experiments, the recombinant adeno-associated virus expressing a 

codon-optimized Cre variant (iCre) under the control of a hepatocyte-specific promoter 

(rAAV2/8-iCre) (7) was packaged in HEK293 cells according to the protocol described 

previously (24). iCre was acquired from the pDIRE plasmid, which was a gift from Rolf 

Zeller [Addgene plasmid # 26745, (25)]. The titered virus was delivered by 

intraperitoneal injection at a dose of 1× 1011 vector genomes/mouse. 

For injury models, mice were fed a 0.1% DDC-containing diet (F-4643; Bio-Serv) for 

the DDC model or administered TAA (204-00881; Wako; 300 mg/L) in drinking water 

for the TAA model. The duration of each injury protocol is indicated in the figure 

legends. For in vivo EdU labeling assays to monitor BEC proliferation, EdU was 

injected intraperitoneally at a dose of 2 mg/mouse. Overexpression of Fgf7 and Tweak 

in the mouse liver was achieved by hydrodynamic tail vein injection essentially as 

described previously (3), with 10 µg of plasmids per 20 g body weight being injected to 

mice at the age of 6- to 8-week-old. 
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All animals were maintained under standard specific pathogen-free conditions. All 

animal experiments were conducted in accordance with the Guideline for the Care and 

Use of Laboratory Animals of The University of Tokyo, under the approval of the 

Institutional Animal Care and Use Committee of Institute of Molecular and Cellular 

Biosciences, The University of Tokyo (approval numbers 2501, 2501-1, 2609, 2706, 

2804 and 2904). 

 

Immunostaining analyses with tissue sections 

Dissected livers were directly embedded in Tissue-Tek O.C.T. Compound (4583; 

Sakura Finetek USA, Inc.), and snap frozen. Frozen sections (8 µm) of the liver were 

prepared using a HM525 cryostat (Microm International) and placed on 

aminopropyltriethoxysilane-coated glass slides (Matsunami Glass). Fixation was 

performed with acetone or/and 4% paraformaldehyde after sectioning. After blocking in 

3% bovine serum albumin in phosphate-buffered saline (PBS) containing 0.1% Triton 

X-100 or 3% fetal bovine serum in PBS containing 0.1% Triton X-100, the samples 

were incubated with primary antibodies described in Table 3 and then with 

fluorescence-conjugated secondary antibodies. Nuclei were counterstained with 

Hoechst 33342 (Sigma). Liver sections were imaged with fluorescence microscopes 

(Axio Observer.Z1, Zeiss; IX83, Olympus) and a confocal laser-scanning microscope 

(Fluoview FV1200 and FV3000, Olympus). Immunostaining of 200-µm tissue sections 

was performed according to the protocol described previously (3). For 3D presentation, 
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surfaces were virtually constructed using the “Surface” function in IMARIS software 

(Bitplane). 

TUNEL assay was performed using the In Situ Apoptosis Detection kit (MK500; 

TaKaRa) according to the manufacturer’s instructions, and the fluorescence signal was 

enhanced by treating the samples with AlexaFluor488-conjugated anti-fluorescein 

antibodies (200-542-037, Jackson ImmunoResearch Laboratories Inc.). 

 

Quantitative analyses in tissue sections 

For the quantification of positive areas with CK19 expression (Figure9B, Figure 14B, 

Figure 15B, and Figure 18C), immunostained whole liver sections were imaged and 

quantified using an IN Cell Analyzer 2000 (GE Healthcare). The ratio of CK19+ area 

per total liver area was calculated. More than three mice were used for each of the 

control and Klf5-LKO groups in all experiments. For BEC proliferation and apoptosis 

assays in Figure 23 and Figure 25, numbers of Ki67+/CK19+ and TUNEL+/CK19+ cells 

were manually counted and the ratios to the total numbers of CK19+ cells were 

calculated. More than 10 fields in each section were randomly selected for analysis. 

For the quantification of biliary branches in the 3D images (Figure 12), confocal 

image stacks were recorded with a confocal microscope (FV3000, Olympus) using a 

20×/0.75 NA objective lens (UPLSAPO 20X; Olympus). Settings used were: 800 × 800 

pixel frame size; 795 nm pixel size; 1.02 µm z-distances between sections; and a 12.5 

ms/pixel scan speed. Each visual field was acquired in a uniform size; 636.396 µm × 

636.396 µm in the X-Y plane, throughout the full length of the Z-axis to represent the 
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entire structure in 200-µm-thick tissue sections. For 3D images, Gaussian smoothing 

(0.795 voxel radius) was performed. Biliary branches were skeletonized as filaments (as 

exemplified in Figure 12A) and the length and volume size of each branch segment 

were quantified using the “Filament Tracer” application attached to IMARIS. When 

comparing the thickness of biliary branches (Figure 12C), “branch thickness index” was 

calculated as the square root of the quotient obtained by dividing the branch volume 

size by the branch length. 

 

Cell preparation and flow cytometry 

Preparation of cell fractions from adult mouse livers was performed as described 

previously (26). Briefly, a single cell suspension from the mouse liver was obtained by 

a two-step collagenase perfusion method and the parenchymal (hepatocyte) and 

non-parenchymal cell (NPC) fractions were prepared by centrifugal separation. To 

prepare the BEC fraction, NPCs were treated with anti-EpCAM monoclonal antibody 

(Table 3) and the samples were sorted by Moflo XDP (Beckman-Coulter). Non-viable 

cells were excluded by propidium iodide staining. 

In the EdU incorporation experiments, NPCs were co-stained with anti-EpCAM and 

anti-CD45 antibodies and BEC fractions were identified as an EpCAM+ CD45- cell 

population. EdU detection was performed by using the Click-iT Plus EdU Alexa Fluor 

488 Cytometry Assay Kit (Life Technologies), following the manufacturer’s 

instructions. The samples were analyzed by FACSCanto II (BD Biosciences). 

Non-viable cells were excluded by Fixable Viability Stain 450 (BD Biosciences). 
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Gene expression analysis by quantitative RT-PCR 

Total RNA was isolated from whole liver samples or sorted cell populations using 

TRIzol reagent (Invitrogen), treated with DNaseI (Invitrogen), and then used for cDNA 

synthesis with PrimeScript RT Master Mix (Takara). Quantitative RT-PCR analyses 

were performed using LightCycler (Roche) with SYBR Premix Ex Taq (Takara). 

Gapdh was used as the internal control. Primer sequences are listed in Table 1. 

 

Genomic PCR analysis for Klf5 deletion 

Isolated hepatocytes, BECs, and NPCs (1.0 × 102 cells for each) were lysed in a 

buffer containing 65 mM Tris-HCl, pH 8.8, 16.6 mM ammonium sulfate, 1 mM 

2-mercaptoethanol, 6.7 µM EDTA, and 0.5% Triton X-100. The lysates were subjected 

to genomic PCR amplification of the Klf5 gene locus with Tks Gflex DNA Polymerase 

(Takara) using Thermal Cycler (Bio-Rad). Primer sequences are listed in Table 2. 

Cycling conditions were as follows: 98°C for 1 min; followed by 40 cycles of 98°C for 

10 sec, 62°C for 15 sec and 68°C for 3 min; and a final, 10 minute elongation step at 

68°C. The amplified samples were analyzed by agarose gel electrophoresis along with 

DNA size markers (100 bp ladder and 1 kb ladder: New England Biolabs). 

 

RNA-Seq 

BEC populations were prepared by cell sorting from the control and Klf5-LKO mice 

treated with DDC for one week (N = 3 mice for each genotype; 1.0-1.7 × 104 cells per 
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sample). The cells obtained from each one mouse was individually used to prepare a 

RNA-Seq library (resulting in 6 libraries in total). Total RNA was isolated using the 

TRIzol reagent (Invitrogen), treated with DNaseI (Invitrogen) and purified using TRIzol 

reagent again. Total RNA samples that met the quality control thresholds (RNA 

integrity RIN > 8.5) were used to prepare barcoded libraries with the SMARTer Ultra 

Low Input RNA Kit for Sequencing - v3 (Takara) and subsequently with the Nextera 

XT DNA Library Preparation Kit (Illumina) according to the manufacturers’ 

instructions. Library samples were sequenced on HiSeq 2000 (Illumina). 

 

RNA-Seq data analysis 

 The first 14 bases from each read were trimmed, and the subsequent 52 bases were 

aligned to the Mus musculus genome (UCSC mm10) using Tophat. Only the reads that 

uniquely aligned to the transcripts were counted. Transcript counts were normalized, 

and differential gene expression was calculated using DESeq2 package in R (27). 

Significant DEG were selected based on a false-discovery q-value cutoff of 0.1. GO 

analysis was performed using the DAVID database (28). GSEA was employed to 

identify significantly affected biological pathways using the GO biological process 

modules, the KEGG gene sets modules and Reactome gene sets modules. After 

Kolmogorov–Smirnoff testing, the gene sets showing NOM p-val < 0.05 and FDR q-val 

< 0.25 were considered enriched. RNA-seq fastq files and processed data files were 

deposited into the NCBI database under accession number GSE97167. 
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RNA-Seq fastq files on intestinal crypt samples from the intestine-specific Klf5 KO 

and control mice (29, 30) were obtained from GEO database under accession number 

GSE79758 (“Differential gene expression in intestinal mouse crypts after loss of 

KLF5”). These data were also analyzed as described above. 

 

Statistical Analysis 

Data are expressed as the mean ± standard deviation of the mean (SD). The 

Shapiro-Wilk test was used to assess the normality of distribution of investigated 

parameters, and significant differences were tested using the unpaired two-tailed Mann 

Whitney U test or Student t test accordingly. Statistical analyses were performed using 

the R software and the Prism software (GraphPad, San Diego, CA). Differences were 

considered statistically significant at P < 0.05. 
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Results 

 

Klf5 is expressed predominantly in biliary epithelial cells in the liver 

To identify candidate transcription factors that are expressed in BECs and are 

potentially involved in regulation of DR, I utilized publicly available BEC 

transcriptome datasets. A previous study by Dorrell et al. (13) examined mRNA profiles 

of the BEC-enriched non-parenchymal cell fractions (“ductal NPC” fractions) sorted 

from the liver of both normal and 3,5-diethoxycarbonyl-1,4-dihydrocollidine 

(DDC)-treated mice based on the expression of surface markers. DDC administration is 

a well-established model for chronic and cholestatic liver injury in mice, which 

accompanies typical DR induction. Upon examining the gene expression data profile, 

with a particular focus on transcription factors, I noticed that expression of Klf5 was 

highly enriched in MIC1C3+/CD133+/CD26 −  BEC fractions, particularly under 

DDC-induced injury conditions (data not shown). Of note, as Klf5 transcriptionally 

regulates Fgfbp1 that is a target of Fgf7 signaling (15, 14), I was motivated to explore 

the possibility that this transcription factor mediates the Fgf7 signal to DR.  

 

To reveal a potential role of Klf5 in regulating DR in injured livers, I first confirmed 

its expression profile in the DDC-induced mouse liver injury model. Quantitative 

reverse transcription-polymerase chain reaction (RT-PCR) analysis using whole liver 

samples revealed that Klf5 was expressed in the liver and that its expression level 

increased significantly in the time course of injury, along with that of the BEC marker 
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Epcam (Figure 3). To determine whether Klf5 is expressed in BECs, I isolated BECs 

using a cell sorter based on the expression of EpCAM as a cell surface antigen of BECs. 

RT-PCR analysis revealed that Klf5 expression was highly enriched in the EpCAM+ 

BEC fraction, whereas it was barely detected in other non-parenchymal cells or 

hepatocytes, both under normal conditions and DDC injury conditions (Figure 4). Of 

note, the levels of Klf5 expression in BECs were comparable under the normal and 

injured conditions. Immunostaining analysis of liver sections also showed that Klf5 was 

predominantly expressed in BECs in both normal and injured livers (Figure 5).  

 

Liver-specific Klf5-knockout mice develop normally with no obvious defect in the 

liver under normal conditions 

To assess the functional involvement of Klf5 in DR regulation in vivo, I crossed Klf5 

flox mice (22) with the Alfp-Cre transgenic mice (23) to produce liver epithelial 

cell-specific Klf5 conditional knockout mice (Alfp-CreTg/+;Klf5flox/flox). In the Alfp-Cre 

transgenic line, the Cre recombinase is expressed under the control of the α-fetoprotein 

(Alfp) gene enhancer and the albumin (Alb) gene promoter and starts to be expressed in 

fetal liver hepatoblasts, which are bi-potential stem/progenitor cells giving rise to 

hepatocytes and BECs in the postnatal liver; thus, Cre-mediated recombination at a 

target locus is initially induced in hepatoblasts and hence is inherited and present in the 

entire epithelial cell lineages in the adult liver, including hepatocytes and BECs, as well 

as LPCs upon liver injury (Figure 6A) (11). It should be noted that expression of 

Alfp-Cre in the adult liver, which might possibly be induced more strongly in cells with 
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stem/progenitor-like characters, does not affect this recombination pattern in principle. 

In addition, the recombination does not occur in other, non-epithelial lineages, such as 

sinusoidal endothelial cells or hepatic stellate cells, as they originate from distinct types 

of lineage-specific progenitor cells other than hepatoblasts and do not express Alfp or 

Alb. 

 

Nevertheless, I empirically determined the recombination profile in the compound 

mutant mice and, as expected, genomic PCR analysis revealed that deletion of Klf5 was 

achieved efficiently and specifically in both hepatocytes and BECs, but not in other 

NPCs, in the Alfp-CreTg/+;Klf5flox/flox mouse liver (Figure 6B). Immunostaining analysis 

also confirmed the complete absence of Klf5 protein expression in the liver of these 

mice (Figure 6C), which are referred to as Klf5-LKO mice hereafter. 

 

Although the systemic deletion of the Klf5 gene has been reported to result in 

embryonic lethality (31), Klf5-LKO mice were viable and developed normally. No 

significant difference was observed between the Klf5-LKO and control mice in terms of 

body weight, liver weight, liver-to-body weight ratio (Figure 7A), and serum tests for 

liver injury markers (Figure 7B). Hematoxylin and eosin staining (Figure 7C) and 

immunostaining for BEC markers (Figure 7D) also revealed no histological abnormality 

in the liver and bile ducts in the Klf5-LKO mice. These results indicate that although 

expression of Klf5 is clearly detected in BECs, it is likely dispensable for development 

and function under physiological conditions of the hepatobiliary system.  
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Ductular reaction upon cholestatic liver injury is suppressed in Klf5-LKO mice 

To test whether any functional requirement of Klf5 could be manifested upon liver 

injury, I next applied the hepatotoxin DDC-induced injury protocol to Klf5-LKO mice. 

Upon DDC administration, the Klf5-LKO mice exhibited significantly increased 

mortality compared to the control mice (Figure 8A). In accordance with this observation, 

the level of DDC-induced cholestasis was aggravated in Klf5-LKO mice as represented 

by increased serum cholestatic marker levels, alkaline phosphatase (ALP), and total 

bilirubin (T-BIL) (Figure 8B), whereas the serum levels of hepatocyte injury markers 

[alanine aminotransferase (ALT) and aspartate aminotransferase (AST)] were not 

different between the cohorts (Figure 8C). 

 

In control mice, DDC-induced liver injury caused a massive DR, which is remodeling 

of bile ducts that can be observed in liver sections as expansion and parenchymal 

invasion of cells expressing BEC markers such as CK19 (Figure 9A). In Klf5-LKO 

mouse livers, however, DR was completely suppressed at four weeks after 

administration of DDC. Quantitative analyses of the level of DR induction along the 

time course of DDC administration showed that there was a significant difference in DR 

induction between the Klf5-LKO and control mice at two weeks and thereafter (Figure 

9B). Immunostaining analyses employing other BEC markers, EpCAM and promonin-1 

(Prom1), also showed essentially the same expression pattern as that of CK19 (Figure 
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10), confirming that DR was severely suppressed in Klf5-LKO mice upon 

DDC-induced liver injury. 

 

As DR reflects structural transformation of the biliary tree, I also examined the biliary 

epithelial tissue morphology at the three-dimensional (3D) level. Immunostaining for 

CK19 using 200 µm-thick tissue sections and subsequent analysis with confocal 

microscopy (3) revealed that bile ducts in the Klf5-LKO mouse liver contain fewer 

number of branches than those in the control liver, while that the length or thickness of 

the branches was not significantly different between the cohorts (Figure 11, Figure 12). 

Of note, CK19+ cell clusters that were spatially separated from the biliary tree in the 

Klf5-LKO liver were observed, implicating disorganization of the biliary structure in 

the absence of Klf5 function. 

 

To determine whether the role of Klf5 in DR regulation can be more generalized, I 

next assessed the DR phenotype in the Klf5-LKO liver by applying other types of liver 

injury protocols. Thioacetamide (TAA) is known to induce local hepatocyte injury 

around the central vein caused by reactive oxygen species, leading to DR induction in 

the absence of apparent cholestasis (32). Upon induction of the TAA-induced liver 

injury for 8 weeks, the Klf5 expression in BECs was confirmed to be present both at the 

mRNA and protein levels in wild-type (WT) mice (Figure 13, A and B). I administrated 

TAA to Klf5-LKO and control mice and evaluated the level of DR induction by CK19 

immunostaining. Expansion of the CK19+ cells was not affected in the Klf5-LKO liver, 
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indicating that Klf5 is dispensable for DR upon TAA injury, and hence, is not likely a 

universal regulator for DR (Figure 14). As a model for cholestatic liver injury 

alternative to the DDC protocol, I utilized the Abcb4 KO mouse model and crossed it 

with the Klf5-LKO mouse strain. Abcb4 (also known as Mdr2 in mice, homologous to 

human MDR3) transports phosphatidylcholine into bile and prevents bile acid toxicity, 

the genetic mutations of which lead to a chronic and cholestatic disorder called 

progressive familial intrahepatic cholestasis type 3. Accordingly, Abcb4 KO mice 

exhibit the cholestatic injury phenotype with DR induction as they develop (33, 34), 

where the expression of Klf5 in the remodeling biliary epithelium was again confirmed 

(Figure 13, A and C). In the livers of the Abcb4 KO; Klf5-LKO double KO mice, DR 

was significantly suppressed when compared to the control liver (Figure 15) and CK19+ 

cell clusters that were spatially separated from the biliary tree were also observed in the 

double KO mouse liver (Figure 16). Taken together, these results suggest that Klf5 

plays an essential role in DR induction specifically upon cholestatic liver injury, thereby 

contributing to amelioration of cholestasis. 

 

BEC-intrinsic expression of Klf5 is responsible for DR regulation 

The results from RT-PCR and immunostaining analyses showed that Klf5 was 

predominantly expressed in BECs and was barely detected in hepatocytes (Figure 4 and 

Figure 5), which makes it likely that the aforementioned phenotypes in Klf5-LKO mice 

are attributable to the loss of Klf5 in BECs. A previous study, however, reported 

expression and a metabolic function of Klf5 in hepatocytes using primary cultured 
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mouse hepatocytes (35). To eliminate the possibility that Klf5 in hepatocytes may have 

caused the DR phenotype in Klf5-LKO mice, I assessed the function of Klf5 

particularly in hepatocytes. It has been well-established that recombinant human 

adeno-associated virus 2 vector pseudo-serotyped with type 8 capsid (rAAV2/8) can 

specifically and efficiently transduce in vivo in mouse hepatocytes, but not BECs. I, 

thus, applied rAAV2/8 expressing an improved version of the Cre recombinase (iCre) 

under the control of a hepatocyte-specific promoter (7) to Klf5 flox/flox mice to achieve 

hepatocyte-specific deletion of Klf5 (Figure 17A). Genomic PCR analysis revealed that 

the deletion was achieved efficiently in hepatocytes, but not in BECs (Figure 17B), and 

these mice (hereafter referred to as Klf5-HKO mice) were then subjected to the DDC 

liver injury protocol. Induction of DR upon DDC administration was not at all affected 

in Klf5-HKO mice (Figure 18, B and C), and the survival rates were indistinguishable 

between Klf5-HKO mice and the control (Figure 18A). These results strongly suggest 

that Klf5 expressed in BECs per se plays a role in DR regulation in a cell-intrinsic 

manner. 

 

It has been well-documented that induction and expansion of the DR is controlled by 

several kinds of humoral factors, such as fibroblast growth factor 7 (Fgf7), tumor 

necrosis factor-like weak inducer of apoptosis (TWEAK), and hepatocyte growth factor 

(HGF) (9–11). These growth factors and cytokines are produced by liver 

non-parenchymal cells such as mesenchymal cells, immune cells, and endothelial cells 

in the wake of injury and inflammatory responses and can act directly on BECs. In the 
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livers of DDC-treated Klf5-LKO mice, the expression level of neither Fgf7, Tweak, or 

Hgf was significantly affected (Figure 19). This further supports the notion that loss of 

Klf5 affected DR primarily in a biliary epithelial tissue intrinsic manner, rather than 

through tissue microenvironment or the niche surrounding BECs. 

 

Klf5 regulates proliferation of BECs upon DDC-induced liver injury 

To address the mechanism whereby Klf5 induces and regulates DR, I compared gene 

expression profiles between wild-type and Klf5-deficient BECs under DDC-induced 

cholestatic condition. As the DR suppression phenotype and exacerbated cholestasis in 

Klf5-LKO mice were already evident at two weeks of DDC administration (Figure 8B 

and Figure 9B), I focused on analyzing samples from one-week injured animals to 

detect the earliest changes at the initial stage of DR. EpCAM+ cells were sorted from 

livers of Klf5-LKO mice and control mice after one week of DDC treatment and 

subjected to RNA-sequencing (RNA-Seq) analysis (N = 3 library samples for each 

genotype). According to the procedures described in Experimental procedures, I was 

able to identify 440 differential expression genes (DEG) (27), and DAVID gene 

ontology (GO) analysis (28) showed that they belonged primarily to categories involved 

in cell cycle regulation (e.g., cell division and mitotic nuclear division) in the Biological 

Process category (Figure 20). To further estimate the biological processes that could 

contribute to DR suppression in Klf5-LKO mice, I performed Gene Set Enrichment 

Analysis (GSEA) using DEG, which allowed us to compare the DEG to particular gene 

sets that are pre-made according to previously reported information about genes (36). 
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The results also indicated that Klf5 regulated cellular processes involved in cell cycle 

progression (Figure 21). 

 

These results from GO analyses are consistent with the notion that Klf5 is a 

pro-proliferation factor in many types of epithelial cells, including those in normal and 

cancer tissues, regulating components of both direct accelerators and breaks in the cell 

cycle (37, 38). Thus, many cyclins, cyclin-dependent kinases (Cdks), and Cdk inhibitors 

have been reported to be targets of Klf5 (29, 37, 38). I, therefore, compared the DEG 

identified herein with the one reported in the GEO database from a study on an 

intestine-specific deletion of Klf5 (Figure 22A) (29). The RNA-Seq data on BECs 

showed that expression of some cell cycle-related genes was indeed downregulated 

upon Klf5 deficiency, whereas the set of the genes affected in BECs were not 

necessarily consistent with those in the intestine (Figure 22, B and C). Quantitative 

RT-PCR analysis using isolated BEC fractions confirmed that expression of cyclin 

genes, Ccna2, Ccnb1, and Ccnb2, was significantly suppressed in Klf5-LKO mice 

under the DDC-induced injury condition (Figure 22C). 

 

To empirically determine the role of Klf5 as a regulator of BEC proliferation in DR, I 

immunostained liver sections for the proliferation marker Ki67 and quantitated the level 

of BEC proliferation upon DDC injury (Figure 23). Ki67+ cells among the CK19+ BEC 

population reduced significantly in Klf5-LKO mice, suggesting that suppression of DR 

upon the loss of Klf5 is, in part, due to reduced proliferation rate of BECs. To further 
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strengthen this notion, I also performed an in vivo 5-ethynyl-2’-deoxyuridine  (EdU) 

incorporation assay (Figure 24A). Flow cytometric analysis of EdU+ cells in BEC 

fractions isolated from the livers of DDC-injured animals showed that those BECs that 

entered the cell cycle and had undergone the S phase were significantly reduced in 

Klf5-LKO mice (Figure 24B). As Klf5 has also been implicated in cell survival by 

suppressing apoptosis (29, 38, 39), I also investigated whether DR suppression in 

Klf5-LKO mice was associated with aberrant induction of apoptosis in BECs. In situ 

terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining assays 

using liver sections revealed that TUNEL+ apoptotic cells among the CK19+ BEC 

population did not increase significantly in Klf5-LKO mice compared with those in the 

control mice (Figure 25). In addition, the result of GSEA did not show that Klf5 was 

involved in apoptosis or cell death (Figure 21, A and B). 

 

Among the known signaling molecules and pathways involved in DR regulation, the 

roles of Fgf7 and Tweak are quite remarkable, in that simple overexpression of either of 

these factors alone in the healthy adult mouse liver can sufficiently induce DR through 

BEC proliferation (3, 9, 11). In order to address a possible role of Klf5 as a downstream 

effector of these pro-proliferative signals in BECs, I overexpressed each of these 

humoral factors by hydrodynamic delivery of the gene expression plasmids into the 

liver of Klf5-LKO mice and assessed the BEC proliferation rates by the EdU 

incorporation assay (Figure 26A). The rate of EdU+ BECs did not significantly reduce 
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in Klf5-LKO mice (Figure 26, B and C), suggesting that these factors can affect BEC 

proliferation independent of Klf5. 

 

The Notch and Wnt signaling pathways are also known to play important roles in 

promoting DR and BEC proliferation. However, the RNA-Seq data and subsequent 

pathway analyses using KEGG pathway gene sets revealed that neither Notch or Wnt 

signaling was significantly affected in the absence of Klf5 expression (Figure 27A, and 

Figure 28A). More specifically, although Notch1, Notch2, and Jag1 have been reported 

to be involved in BEC proliferation (40–42), expression levels of these genes as well as 

their target genes, Hes1 and Hey1, remained unchanged in Klf5-deficient BECs (Figure 

28B). Indeed, none of the genes listed in the 

“KEGG_NOTCH_SIGNALING_PATHWAY” dataset showed differential expression 

(data not shown). DEG were not enriched in Wnt signaling pathways either (Figure 

28A). These results suggest that Klf5 functions as a more proximal factor controlling 

cell cycle progression in BECs, rather than by acting upstream of or modulating the 

activities of these signaling pathways in DR induction. 

 

I also subjected the RNA-Seq data to leading edge analysis (36), which enables us to 

extract the core genes from particular gene sets, and found that the core genes 

contributing to the “KEGG_FOCAL_ADHESION” and “KEGG_ECM–

RECEPTOR_INTERACTION” pathways were Lama3 and Lamb3 (Figure 27B). 

Quantitative RT-PCR analysis confirmed that expression of these genes in BECs was 
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certainly reduced in Klf5-LKO mice (Figure 29A). Both of the Lama3 and Lamb3 genes 

encode the components of Laminin-332 (the α3 and β3 subunits, respectively), an 

extracellular matrix (ECM) protein that is well known to be critically involved in the 

maintenance of skin architecture by composing hemidesmosome and thereby bridging 

the epidermis and the underlying dermis (43). Intriguingly, expression of these genes in 

BECs tended to be augmented specifically under the DDC-induced cholestatic liver 

injury condition, but not under the TAA-induced injury condition (Figure 29B). This 

gene expression pattern correlates well with the DR phenotype in Klf5-LKO mice and 

hence suggests that Laminin-332 may be a critical target molecule of Klf5 to maintain 

biliary architecture under the cholestatic liver injury conditions. 
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Discussion 

 

The transcription factor Klf5 has been shown to play diverse roles in various types of 

tissues and cells, including embryonic stem cells, vascular endothelial cells, fibroblasts, 

and epithelial cells. In vivo studies using several kinds of tissue-specific conditional 

knockout mice have revealed that Klf5 is critically involved in developmental 

morphogenesis and/or in maintenance of tissue morphology and functions against injury 

in multiple epithelial tissues, such as tissues in the intestine, lung, and kidney. Here, I 

have demonstrated for the first time that Klf5 also plays a physiologically important 

role in yet another epithelial tissue the intrahepatic biliary epithelium, specifically under 

cholestatic liver injury conditions. Notably, based on a transcriptomic meta-analysis that 

compared a large number of microarray data, a very recent report by Passman et al. 

suggested that Klf5 is a candidate marker molecule for LPCs (44). This notion is 

consistent with the present finding that expression of the gene was highly enriched in 

BECs in the injured liver, which corresponds to LPCs, among liver cell populations 

(Figure 4). 

 

DR is a histopathological phenomenon that can be typically recognized by 

microscopic observation of tissue sections as an ectopic emergence and expansion of 

biliary-like cells in the parenchymal region upon liver injury. Recent studies have 

established that it actually represents dynamic remodeling of the tree-like structure of 

the intrahepatic biliary epithelial tissue. A characteristic feature of this remodeling is 
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that the structural transformations of the biliary tree are diverse and correlated with the 

parenchymal injury patterns (3). Thus, under the DDC-induced cholestatic injury 

condition, when hepatocyte damage occurs across the liver parenchyma, including the 

peri-portal venous region, biliary branches split intricately around the portal vein and 

expand randomly to the parenchymal area in all directions. In the TAA model, where 

zonal metabolizing activity restricts production of toxic metabolites and concomitant 

hepatocyte injury only to the peri-central venous region, the branches exhibited a 

different structure that extended in a relatively straight line toward the distant injured 

area. The present results showed that the involvement of Klf5 was essential for DR 

induction in the DDC model, but not in the TAA model, strongly suggesting that such a 

morphological diversity in the biliary remodeling is associated with distinct molecular 

mechanisms. Hence, this study has further substantiated the concept that DR actually 

involves phenotypically and mechanistically diverged heterogenic tissue remodeling 

processes not only at the cellular but also at the molecular level. 

 

The results of quantitative gene expression analysis revealed that expression of the 

Klf5 mRNA in BECs was kept constant upon liver injury and under different types of 

liver injury conditions (Figure 13A). It has been reported that Klf5 proteins undergo 

several types of post-translational modifications, including acetylation, sumoylation, 

and phosphorylation, that can modulate their stability, subcellular localization, and/or 

transactivation activities (45). It is thus possible that the Klf5 function in BECs is 
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regulated at the post-translational level in a cholestatic liver injury-specific manner, 

which needs to be addressed in future studies. 

 

The unbiased approach employing the whole transcriptome analysis based on 

RNA-Seq has shown that Klf5 is primarily involved in regulation of cell proliferation in 

BECs under the DDC injury condition (Figure 20-22). This was somewhat surprising, 

as BEC proliferation is induced not only under this particular injury condition but also 

upon TAA-induced liver injury (7). The previous study has revealed that a select 

population of BECs proliferates continuously and makes a major contribution in DR 

induction under the TAA liver injury, although it is not yet defined whether this 

population is conserved among different types of mouse liver injury models (7). In rat 

liver injury models, there are different proliferative compartments that differentially 

respond to the types of liver injury (46–48). Klf5 might regulate cell type-specific 

proliferation signals in a subpopulation of BECs under cholestatic liver injury. 

 

Studies using various KO mouse models have shown that the Notch, Wnt, Fgf7, and 

Tweak signaling pathways play important roles in DR induction, particularly under the 

DDC-induced liver injury condition (42, 49–51). In the present RNA-Seq analysis 

neither of the Notch or Wnt signaling pathways was significantly affected by the lack of 

Klf5 expression, nor did the MAP kinase, Akt, or NF-kB pathways, which are the 

potential downstream signaling mechanisms for Fgf7 or Tweak (Figure 21, Figure 27A, 

and Figure 28). Hence, Klf5 does not likely function as an upstream regulator and may 
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rather play a role as a downstream effector and/or a transcriptional coactivator in 

relation to these pathways. A very recent report suggested that Wnt non-canonical 

signaling pathway, not the β-catenin-dependent canonical pathway, is involved in DDC 

induced-BEC proliferation (51). Notably, Klf5 is a biologically relevant target of Wnt1 

signaling that is activated in a β-catenin-independent manner in a mammary epithelial 

cell line (52). This Wnt non-canonical signal, however, upregulates Klf5 at the mRNA 

level. As the expression level of Klf5 mRNA in BECs did not increase in the 

DDC-injured liver compared to that in the normal liver (Figure 4 and Figure 13A), the 

relevance of the relationship between Wnt1 signaling and Klf5 in DR induction requires 

further investigation. 

 

With regard to Fgf7 and Tweak, I examined their possible roles as upstream signals 

for Klf5 more directly by employing in vivo gene expression and DR induction 

experiments in the mouse liver. Contrary to my expectations, the results indicated that 

Fgf7 and Tweak were capable of inducing BEC proliferation even in the absence of 

Klf5 (Figure 26, B and C), suggesting that Klf5 is not the primary target of these signals. 

It should be noteworthy that in those experimental settings DR and BEC proliferation 

were achieved without any induction of liver injury or concomitant inflammatory 

responses. A number of studies have pointed out a function for Klf5 as a mediator of 

external stress responses following tissue injuries, such as those provoked by the 

bacterial membrane component lipopolysaccharide or ionizing radiation (53, 54). 

Cholestatic injury conditions cause damages and stresses directly on BECs (55, 56) and 
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hence could be the trigger for the Klf5 activation. Humoral signals such as Fgf7 and 

Tweak may act cooperatively with the stress-activated Klf5 and their modes of action 

on BECs could differ under liver injury conditions. 

 

In organs and tissues containing epithelial cells, Klf5 regulates diverse biological 

functions. In many cases, the loss of Klf5 affects cell proliferation conspicuously, with 

several cell-cycle associated genes being identified as critical targets of this 

transcription factor. Ccnb1, Ccnd1, Cdk1, and Cdkn2b have been reported to be direct 

targets, substantiated by in vitro assay, and also in a study using intestine-specific Klf5 

KO mice (29, 37, 38, 57–60), whereas the present RNA-Seq showed that only Ccnb1 

and Cdk1 were significantly affected on loss of Klf5 in BECs (Figure 22). Moreover, 

Klf5 is involved in the maturation, and not the proliferation, of lung epithelial cells (19). 

These findings together indicate that Klf5 functions are not necessarily consistent 

among the different epithelial cell types and that even cell cycle-related genes critically 

regulated by Klf5 may vary depending on the context of the cell types. It has been 

reported that Klf5 regulates gene expression in concert with other cell type-specific 

transcription factors (61, 62), which may render Klf5 with such diverse transcriptional 

abilities and functions in context-dependent manners. 

 

In Klf5-LKO mice upon DDC administration, the level of DR induction as revealed by 

CK19+ area seemed to increase slightly during the very early phase and peaked around 

1-2 weeks after the onset of injury, after which time point it tended to reduce gradually 
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(Figure 9B). As the proliferation of BECs was still weakly induced, albeit significantly 

suppressed, in the Klf5-LKO mice (Figure 23 and Figure 24), the observed DR 

phenotype suggests that Klf5 likely contributes in regulating cellular functions other 

than proliferation in BECs. Of note, 3D immunostaining analysis showed that some 

CK19+ cell clusters were certainly separated from the bile ducts upon DDC 

administration in Klf5-LKO mice (Figure 11), suggesting that Klf5 may be involved in 

maintaining tissue structural integrity of bile ducts against biliary pressure and/or 

cholangitis under the cholestatic conditions. Epithelial cells in general, including BECs, 

are structurally supported by ECMs and receive signals from ECM proteins. It is well 

established that in the course of bile duct development, ECMs such as α1-containing 

laminin and α5-containing laminin play fundamental roles by regulating initiation of 

tubulogenesis and maturation of the duct structure, respectively (63). At the adult stage, 

remodeling of ECMs such as collagens and laminins occurs along with DR induction 

when the liver is injured, and functional evidence has been accumulated stating that 

selective contribution of DR to biliary maintenance or hepatocyte differentiation 

depends on the types of ECMs, suggesting a close relationship between ECMs and DR 

regulation (64). Intriguingly, GSEA pathway analysis of the present RNA-Seq data 

revealed four pathways that were significantly affected by Klf5 deletion, among which 

“ECM–receptor interaction” and “focal adhesion” were included (Figure 27A). 

Moreover, I identified the laminin-332 components Lama3 and Lamb3 as candidate 

Klf5 target genes in BECs (Figure 29). This notion is consistent with a previous study 

by Shinoda et al. showing by microarray analyses that expression of genes related to 



 36 

ECMs and adhesion molecules, including Lama3 and Lamb3, was up-regulated by 

overexpression of Klf5 in a chondrogenic cell line (65). Importantly, the expressions of 

these laminin component genes in BECs were upregulated specifically under the 

DDC-induced cholestatic injury condition. Thus, it is tempting to speculate that Klf5 

regulates certain aspects of interactions between BECs and the ECM microenvironment, 

plausibly via laminin-332 deposition, that is critical for maintaining the bile duct 

structure under conditions of biliary stress. Future studies aimed at elucidating the 

functional relevance and the modes of action of laminin-332 in the BEC–ECM 

interaction and the remodeling and maintenance of the biliary epithelial structure should 

lead to further understanding of the molecular mechanisms underlying DR induction 

under cholestatic liver injury conditions. 
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Conclusion 

 

DR is a dynamic remodeling of the tree-like structure of the intrahepatic biliary 

epithelial tissue. A characteristic feature of this remodeling is that the structural 

transformations of the biliary tree are diverse and correlated with the parenchymal 

injury patterns. The present study showed that Klf5 is enriched in BECs and regulates 

DR through cell proliferation regulation and maintenance the remodeling/remodeled 

biliary structure only under the cholestatic-injury model (Figure30A). This study 

demonstrates the BEC transcription factor that regulates DR under the cholestatic-injury 

for the first time and indicates other intrinsic genetic signal networks that regulate DR 

under other types of injury so that this study strongly suggests that such a 

morphological diversity in the biliary remodeling arose from the parenchymal injury 

patterns is associated with distinct BEC-intrinsic molecular mechanisms.  

I identified Klf5 as a regulator of BEC proliferation and several cyclins as candidate 

target molecules functioning downstream of Klf5 in DR under cholestatic-injury. Bile 

ducts in the Klf5-LKO mouse liver contain the fewer number of branches than those in 

the control liver although the features of branches are normal in the point of length and 

thickness after DDC-treatment. From the viewpoint of tubulogenesis, this result 

indicates that there is the mechanism that protects newly remodeling/remodeled biliary 

branches against the cholestatic-injury in addition to simple cell proliferation. In 

addition to cell-cycle regulation, Klf5 core function is probably regulation of the BEC–

ECM interaction through deposition of laminin-332 by plausibly transcriptional 
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regulation of Lama3 and Lamb3 (Figure30B). Future studies aimed at elucidating the 

functional relevance and the modes of action of laminin-332 lead to further 

understanding of the molecular mechanisms underlying DR induction under cholestatic 

liver injury conditions.  
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Figure 1. Liver structure 

(A and B) These figures show schematic of the liver (from A, Zoan., StemBook (“Liver 

development”), 2008). 

(C) This figure shows the structures of sectioned liver tissue (from A. Miyajima et al., 

Cell stem cell, 2014)  

  

Figure 3 Cellular architecture of the liver.

(A) The schematic shows an adult liver (red), with the gall bladder and extra hepatic ducts (green), in relation to the
stomach and intestine (yellow). The extra hepatic duct system consists of the hepatic ducts (hd), which drain bile from

the liver into the common hepatic duct (chd) to the gall bladder via the cystic duct (cd) and into the duodenum

through the common bile duct (cbd). (B) A schematic of the cellular architecture of the liver showing the hepatocytes
(pink) arranged in hepatic plates separated by sinusoid spaces radiating around a central vein. Bile canaliculi on the

surface of adjoining hepatocytes drain bile into the bile ducts (green), which run parallel to portal veins (blue) and

hepatic arteries (red) to form the “portal triad”. (Panel B is adapted with permission from Bloom and Fawcett: A Text

Book of Histology 10th Edition).

From: Liver development

StemBook [Internet].

Cambridge (MA): Harvard Stem Cell Institute; 2008-.
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major hematopoietic organ and blood cells occupy the majority
of liver cells, a combination of negative selection by CD45 (com-
mon leukocyte antigen) and TER119 (erythroid cell antigen) and
positive selection by some cell surfacemarkers has been utilized
to successfully isolate hepatoblasts. In many cases, the sorted
cells from fetal liver were evaluated by the expression of liver-
specific genes such as AFP and ALB, clonogenicity and bipo-
tency in vitro, and their ability to repopulate adult liver upon
transplantation. Suzuki et al. (2000) developed a single-cell-
based assay called the hepatic colony-forming unit in culture
(H-CFU-C) and showed that the CD45– TER119– c-Kit– CD29+

CD49f+ fraction of E13.5 mouse liver contained colony-forming
cells with the potential to differentiate into hepatocytic and chol-
angiocytic lineages. Since then, sorting for c-Kitlow (Minguet
et al., 2003), c-Kit– c-Met+ CD49f+/low (Suzuki et al., 2003),
CD13+ (Kakinuma et al., 2009), or CD13+ c-Kit– CD49f!/low

CD133+ (Kamiya et al., 2009) in combination with CD45! and
TER119! has been applied to isolate the hepatoblast compart-
ment. Alternatively, positive selection with a single specific
marker has also been reported to isolate hepatoblasts. Delta-
like 1 homolog (Dlk1), also known as Pref-1, is expressed in liver
buds as early as E9.0 in mouse embryo and can also be used
to isolate bipotential cells. Dlk1 expression is gradually
decreased in the liver by the neonatal stage and becomes unde-
tectable in adult liver. Dlk1+ cells isolated from E14.5 livers form
highly proliferative colonies composed of the hepatocyte and
cholangiocyte lineages in vitro (Tanimizu et al., 2003). E-cad-
herin, an epithelial-specific marker, was also utilized to isolate
hepatoblasts (Nitou et al., 2002; Nierhoff et al., 2005). E12.5 liver
epithelial cells were shown to specifically express E-cadherin,
Dlk1, and Liv2, a unique marker for epithelial cells in the E9.5–
E12.5 fetal liver (Watanabe et al., 2002), and sorted E-cadherin+

cells repopulated the liver after transplantation. Nierhoff et al.
(2007) also identified additional markers, CD24a and Neighbor
of Punc E11 (Nope), to isolate hepatoblasts by comparing the
gene expression profiles of purified E13.5 E-cadherin+ liver
cells and adult liver. Epithelial cell adhesion molecule (EpCAM)
was expressed in HNF4a+ hepatoblasts of liver buds as
early as E9.5 in mice. The EpCAM+ Dlk1+ cell population sorted
from E11.5 liver contained in vitro colony-forming cells, indi-
cating that hepatoblasts are present in this population at this

early stage of liver development (Tanaka et al., 2009) (Figure 2).
However, clonogenic mouse hepatic cells were found in
EpCAM– Dlk1+ cells at E13.5, suggesting that hepatoblasts likely
change their characteristics during the course of liver develop-
ment. Alternatively, fate mapping by dye labeling revealed that
there are distinct endodermal regions that give rise to hepato-
blasts (Tremblay and Zaret, 2005), thus it might be possible
that regionally distinct hepatoblast descendants could have
different properties. Gadue et al. (2009) generated two mono-
clonal antibodies, ENDM1 and ENDM2, that show remarkable
specificity for mouse foregut ventral endoderm. Interestingly,
the endoderm population recognized by those antibodies has
the potential to generate cells of the hepatic lineage, although
these markers are downregulated by specification to the hepatic
fate. These antibodies may be useful to further study the charac-
teristics of endoderm progenitor cells (Xu et al., 2011). The
expression profile of representative cell surface markers during
liver development is illustrated in Figure 2, and the characteriza-
tion of hepatoblasts by prospective isolation is summarized in
Table 1.
Engraftment of in vitro expanded hepatoblasts in adult mouse

liver injury models can be used to demonstrate some aspects of
stem cell activity. However, unlike long-term repopulation of a
single sorted hematopoietic stem cell, which demonstrates
self-renewal and multidifferentiation potential in mice, engraft-
ment of hepatoblasts requires a large number of cells, with
more than 5 3 104 cells needed to engraft a single mouse or
rat (Kakinuma et al., 2009; Nierhoff et al., 2005; Oertel et al.,
2008; Suzuki et al., 2000; Tanimizu et al., 2003). In addition,
engraftment of transplanted hepatoblasts to bile ducts has
not necessarily been convincingly demonstrated, most likely
because of the lack of an appropriate bile duct injury model to
assess engraftment. Thus, transplantation studies using hepato-
blasts do not provide sufficient evidence to fulfill the stringent
criteria of ‘‘stemness’’ that is used for other stem cell types,
such as hematopoietic stem cells.

Stem Cell Properties of Fetal Liver Cells
Several reports using culture systems have demonstrated the
presence of a potential liver ‘‘stem cell’’ in the fetal liver, which
has the capacity for unlimited proliferation and multilineage
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Figure 1. Schematic Overview of Liver
Lobule
The portal triad consists of the portal vein,
hepatic artery, and bile ducts. Blood from the
portal vein and the hepatic artery flows toward
the central vein between hepatocytes through
the sinusoids surrounded by fenestrated hepatic
sinusoidal endothelial cells (HSECs). Bile pro-
duced by hepatocytes is collected into bile ducts
via the bile canaliculi. Kupffer cells, resident mac-
rophages of the liver, are located at the luminal
side of sinusoids, while hepatic stellate cells
(HSCs) are positioned in close proximity to HSECs
at the ‘‘space of Disse,’’ a location between
hepatocytes and a sinusoid. The canal of Hering
is the junctional region between hepatocytes and
bile ducts.
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Figure 2. Representative image of ductular reaction 

Immunostaining for CK19 (green) in physiological (the left panel) and injured (the right 

panel) livers shown with counterstaining for nuclei (Blue). PV means Portal Vein. 

  

some of the Tg mice compared with the control (data not
shown). In the case of the mice fed DDC for 6 wk, some
morphological changes associated with the reacting duct-
ules were observed in the Tg mice, including thickened
epithelial layers and more dilated luminal structures
(Supplemental Fig. S10D,E). Most remarkably, immuno-
staining analyses revealed that A6+ CK19! newly
formed hepatocytes were dramatically increased around
the expanding A6+ CK19+ LPCs (Figs. 6E; Supplemental
Fig. S10E). This strongly suggests that overexpression of
FGF7 contributes to parenchymal regeneration by accel-
erating differentiation and production of hepatocytes
from LPCs in the DDC-induced liver injury model. In
conclusion, our results indicate that FGF7 secreted by
Thy1+ cells mediates the activation of adult LPCs as a
niche signal and promotes progenitor cell-dependent liver
regeneration (Fig. 7).

Discussion

In this study, we demonstrate that FGF7 plays a critical
role in inducing LPCs and that the LPC response contrib-
utes to survival in severe liver injury. From the stand-
point of adult tissue stem/progenitor cells, this study has
substantiated the concept of the niche for LPCs in the
regenerating liver by molecular characterization.

In general, tissue stem/progenitor cells are supported
and regulated by their surrounding microenvironment or
the stem cell niche. While several secreted molecules
that participate in the LPC response have been reported
(Erker and Grompe 2007), their possible involvement as

niche signals has not been explored. This study provides
compelling evidence that Thy1+ periportal cells form the
niche for LPCs by residing in close proximity to LPCs and
producing a key regulatory factor, FGF7. Since FGF7-
producing Thy1+ cells express markers for portal fibro-
blasts, hepatic stellate cells, and myofibroblast, we con-
sider that Thy1+ cells are a heterogeneous population of
mesenchymal cells. Our data are consistent with a pre-
vious report that hepatic stellate cells express FGF7 in
chronic liver disease (Steiling et al. 2004). Although fur-
ther characterization of the Thy1+ cells is needed to give
a clear definition of the LPC niche, we hereby propose
that the stem cell niche is present in the adult liver under
the regenerating conditions. It has been reported that
Thy1+ cells are also observed in the livers of patients with
fulminant liver failure accompanying the LPC response
(Dezso et al. 2007). In addition, high expression of FGF7 in
patients with chronic liver diseases (Steiling et al. 2004;
Otte et al. 2007) and in experimental rat models of hepatic
fibrosis (Murakami et al. 2011) were previously reported.
Thus, we predict that LPCs are regulated through the same
mechanism in humans as in rodents.

The LPC response is a complicated physiological re-
sponse to liver injuries involving several kinds of cells,
such as hepatocytes, BECs, immune cells, hepatic stellate
cells, and portal fibroblasts. We demonstrated that FGF7
is both necessary and sufficient for its induction. To our
knowledge, this is the first study to prove that FGF sig-
naling is involved in LPC regulation. Upstream and
downstream signaling events of FGF7 need to be explored
to further elucidate the regulatory mechanism of LPCs.
Previous studies have identified TNF (tumor necrosis
factor)-like weak inducer of apoptosis (Tweak) as a mito-
gen for LPCs (Jakubowski et al. 2005; Tirnitz-Parker et al.
2010). Tweak is a member of the TNF family and binds to
the FGF-inducible 14-kDa protein (Fn14) receptor (Meighan-
Mantha et al. 1999). Although the LPC response in Fn14
knockout mice was attenuated after 2 wk of CDE treat-
ment, it was restored later and eventually resulted in a
level equivalent to that in wild-type mice (Tirnitz-Parker
et al. 2010). In contrast, we showed in this study that LPC
activation was not sufficiently induced in Fgf7 knockout
mice even after long-term liver injury. Thus, the role of
FGF7 signal may be more direct and indispensable in LPC
induction, while that of the Tweak/Fn14 pathway may be
rather enhancing and not necessarily required. Recently,
hepatocyte growth factor (HGF)/c-Met signaling has been
reported to play a necessary role in LPC-mediated liver
regeneration in the mouse DDC diet model (Ishikawa et al.
2012), although it remains unexplored whether it can also
be sufficient to induce the LPC response, as is the case
with FGF7. The relationship between FGF7 and these
signaling pathways is an important issue to be addressed.
In addition, recent studies have suggested that the cellu-
lar and molecular mechanisms underlying the injury/
regeneration processes in the DDC injury are apparently
different from the CDE regimen, another well-appreci-
ated model to study LPCs (Boulter et al. 2012; Español-
Suñer et al. 2012). It should be determined whether and
how FGF7 is involved in the latter case.

Figure 7. A model for regulatory mechanism of the LPC
response by FGF7. In injured livers, Thy1+ mesenchymal cells
expand in the periportal area and produce FGF7. FGF7 contrib-
utes to liver regeneration by initiating the activation and pro-
liferation of LPCs as the functional niche signal.

FGF7 regulates liver progenitor cells

GENES & DEVELOPMENT 177

 Cold Spring Harbor Laboratory Press on February 18, 2013 - Published by genesdev.cshlp.orgDownloaded from 

Physiological liver Injured liver 



 49 

 
 

Figure 3. Klf5 and the BEC marker Epcam expression level in the time course of 

DDC-induced injury 

Expression levels of Klf5 and Epcam in whole liver mRNA samples prepared from WT 

mice were determined by quantitative RT-PCR. 
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Figure 4. Expression level of Klf5 in liver cell fractions 

Expression level of Klf5 in liver cell fractions collected from DDC-treated (three weeks) 

and non-treated (Normal diet) WT mice analyzed by quantitative RT-PCR. Adequate cell 

fractionations were confirmed by analyses of a BEC marker gene (Epcam) and a 

hepatocyte marker gene (Tat). 
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Figure 5. Immunostaining for Klf5 in the time course of DDC-induced injury 

Immunostaining for Klf5 (red in the upper and center panels; gray scale in the lower 

panels) and CK19 (green) in the WT mouse liver. Counterstaining for nuclei is shown 

in blue (upper and center panels). Regions indicated by white boxes in the upper panels 

are magnified in the middle and lower panels. Dashed lines show portal veins. Scale bar 

= 50 µm. 
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Figure 6. Liver-specific Klf5-knockout mice 

(A) Scheme of the course of embryonic liver development and Alfp-Cre expression. In 

the Alfp-Cre Tg line, the Cre recombinase under the control of an Alfp gene enhancer 

and an Alb gene promoter starts to be expressed in hepatoblasts in the fetal liver, and 

Alfp-Cre–mediated recombination at a target locus is initially induced in hepatoblasts. 

As Cre/loxP-mediated genomic recombination is irreversible and inheritable during 

ontogeny, Alfp-Cre–mediated recombination at the target locus should be present in the 

entire epithelial cell lineages in the adult liver, including hepatocytes and BECs. (B) 

Genomic PCR analysis for Cre-mediated recombination in the Klf5 locus. The upper 

and lower panels show amplicons corresponding to non-recombined (floxed) and 

recombined (Cre-deleted) alleles, respectively. The lanes indicated as L1 and L2 were 

loaded with 100 bp ladder and 1 kb ladder DNA size markers, respectively. The sizes of 

markers (bp) are indicated to the left. (C) Loss of Klf5 expression in the Klf5 LKO 

mouse liver was confirmed at the protein level. Immunostaining results for Klf5 (red) 

and CK19 (green) are shown with counterstaining for nuclei (Blue). Regions indicated 

by white boxes in the left panels are magnified in the right panels together with single 

color channel images. Dashed lines show portal veins. Scale bar = 50 µm. 
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Figure 7. Normal liver development in Klf5 LKO mice 

(A) Klf5 LKO mice did not show any significant difference from control mice in terms 

of body weight, liver weight, and the proportion of the liver weight to the body weight. 

N = 5 and 6 for the control and the Klf5 LKO mice, respectively. P-values calculated by 

Student t test. (B) Serum biochemistry tests for hepatocyte injury markers (ALT and 

AST) and cholestasis markers (ALP and T-BIL), showing that no liver injury was 

induced in Klf5 LKO mice under physiological conditions. N = 4 mice for each group. 

P-values calculated by Mann Whitney U test. (C) H&E staining did not show any 

apparent difference in histology of the liver between the control and Klf5 LKO mice. 

Scale bar = 100 µm. (D) Immunostaining for CK19 (green) in the Klf5 LKO and 
control livers in normal conditions. Counterstaining for nuclei is also shown (Blue). 

Dashed lines show portal veins. Scale bar = 100 µm. 
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Figure 8. Survival curve and serum tests of Klf5 LKO mice upon DDC 

administration 
(A) Kaplan–Meier survival curves of control (N = 49) and Klf5 LKO (N = 70) mice treated with 

DDC. (B) Serum T-BIL and ALP levels were measured in control and Klf5 LKO mice treated 

with DDC for one week (N = 5 mice) or two weeks (N = 6 mice). P-values calculated by Mann 

Whitney U test. (C) Serum ALT and AST levels in the Klf5 LKO and control mice upon DDC 

administration for one week (N = 5 mice for each group) or two weeks (N = 6 mice for each 

group), showing that hepatocyte injury was not exacerbated in the Klf5 LKO mice. P-values 

calculated by Mann Whitney U test. 
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Figure 9. DR induction upon DDC-induced liver injury is suppressed in Klf5 LKO 

mice. 

(A) Representative images for CK19 immunostaining (green) of whole liver sections 

prepared form the control (left) and Klf5 LKO (right) mice treated with DDC for four 

weeks. Counterstaining for nuclei is also included (Blue). Scale bar = 500 µm. (B) 

Quantification of CK19+ areas in whole liver sections. Data represent the mean ± SD. N 

≥ 4 mice for each time points. P-values calculated by Mann Whitney U test for each 

time point comparing the control and Klf5 LKO mice and were as follows: 0.343 (DDC 

0 week), 0.700 (DDC 1 week), 0.0207 (DDC 2 weeks), 0.0238 (DDC 3 weeks), and 

0.0286 (DDC 4 weeks). 

  



 60 

A 

 

 

B 

 

 

Figure 10. Immunostaining analyses employing other BEC markers 

(A) Immunostaining for EpCAM (green) and CK19 (red) in the Klf5 LKO and control 

livers treated with DDC for four weeks. Scale bar = 100 µm. (B) Immunostaining for 
Prom1 (green) and CK19 (red) in the Klf5 LKO and control livers treated with DDC for 

four weeks. Scale bar = 100 µm. 
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Figure 11. The biliary epithelial tissue morphology upon DDC adminstration at the 

three-dimensional (3D) level 

3D immunostaining for CK19 (green) in the Klf5 LKO and control livers treated with 

DDC for 4 wk. Stacked images were obtained with confocal microscopy and used to 

reconstruct a 3D image using the IMARIS software. The image is shown in surface 

mode. Note that a CK19+ cell cluster separated from the biliary tree structure is 

observed in the Klf5 LKO liver (white arrow). Scale bar = 50 µm. 
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Figure 12. The biliary branch length and thickness quantification upon DDC 

administration 

(A) Representative images for CK19 staining (green) and traced biliary branch structure 

(magenta in the right panel) for quantitative analyses of 3D immunostaining data. Scale 

bar = 50 µm. (B) The number of biliary branches per unit view field (636.396 µm × 

636.396 µm × 200 µm) in the Klf5-LKO and control livers treated with DDC for four 
weeks. N = 3 mice for each group and more than 5 views were analyzed per mouse. 

P-value was calculated by Student t test to be 0.00540. (C) Violin plots comparing the 

length (left panel) and the thickness (right panel) of the biliary branches in the 

Klf5-LKO and control livers treated with DDC for four weeks. “Branch thickness index” 
was calculated as the square root of the quotient obtained by dividing the branch 

volume size by the branch length. 

  



 63 

A 

  
B 

 
C 

 
  



 64 

 

Figure 13. Klf5 expression patterns under liver injury conditions other than DDC 

liver injury. 

(A) Expression levels of the Klf5 in BECs under different injury conditions. mRNA 

samples were prepared from BEC fractions obtained from the WT mice under 

physiological conditions (fed normal diet: ND), upon DDC administration for five 

weeks, or upon TAA administration for eight weeks were subjected to quantitative 

RT-PCR analyses and subjected to quantitative RT-PCR analyses. P-value = 0.232 

calculated by Kruskal-Wallis test. (B and C) Immunostaining for Klf5 (red) and CK19 

(green) in the WT mouse liver upon TAA administration for eight weeks (B) and Abcb4 

KO; Klf5flox/flox mouse (Abcb4 single knockout mouse) liver at eight weeks after birth 

(C). Counterstaining for nuclei is shown in blue. Non-specific autofluorescence signals 

(arrowheads) were acquired using a filter channel without any corresponding staining 

and are also shown in gray. Relevant signals for Klf5 are indicated by arrows. Scale bar 

= 50 mm.  
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Figure 14. DR was not affected in Klf5 LKO mice upon TAA-injury 

(A) Representative images of immunostaining for CK19 (green) in the Klf5 LKO and 

control livers treated with TAA for eight weeks. Counterstaining for nuclei is also 

included (Blue). Scale bar = 100 µm. (B) Quantification of CK19+ areas in whole liver 
sections prepared from the TAA-treated mice as in (A). N = 4 mice for each group. 

P-values calculated by Student t test. 
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Figure 15. Loss of Klf5 affects DR induction specifically under cholestatic liver 

injury conditions. 

(A) Representative images of immunostaining for CK19 (green) in the Abcb4 KO;Klf5 

LKO double knockout and control (Abcb4 single knockout) livers at eight weeks after 

birth. Counterstaining for nuclei is also shown (Blue). Scale bar = 100 µm. (B) 

Quantification of CK19+ areas in whole liver sections prepared from the Abcb4 KO 

cohorts as in (A). N = 4 and 3 mice for the control (Abcb4 single knockout) and the 

Klf5 LKO (Abcb4 KO; Klf5 LKO double knockout) groups, respectively. P-values 

calculated by Student t test. 
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Figure 16 The biliary epithelial tissue morphology of the Abcb4 KO; Klf5 LKO 

double knockout mice at the three-dimensional (3D) level  

3D immunostaining for CK19 (green) in the Abcb4 KO; Klf5 LKO double knockout 

and control (Abcb4 single knockout) livers at eight weeks after birth. Stacked images 

were obtained with confocal microscopy and used to reconstruct a 3D image using the 

IMARIS software. The image is shown in surface mode. White arrows indicate CK19+ 

cells separated from the biliary tree structure. Scale bar = 50 µm. 
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Figure 17. rAAV2/8-iCre mediated hepatocyte-specific deletion of Klf5 

(A) Experimental scheme for analyses on the effect of hepatocyte-specific loss of Klf5. 

(B) Genomic PCR analysis for Cre-mediated recombination in the Klf5 locus. The 

upper and lower panels show amplicons corresponding to non-recombined (floxed) and 

recombined (Cre-deleted) alleles, respectively. The lanes indicated as L1 and L2 were 

loaded with 100 bp ladder and 1 kb ladder DNA size markers, respectively. The sizes of 

markers (bp) are indicated to the left. 
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Figure18. Deletion of Klf5 in hepatocytes does not affect DR induction. 

(A) Kaplan–Meier survival curves of control (N = 27) and Klf5 HKO (N = 30) mice 

treated with DDC. For comparison, the survival curves of Klf5-LKO and the control 

mice shown above in Figure 8A are also overlaid. (B) Immunostaining for CK19 

(green) in the Klf5 LKO and control livers treated with DDC for four weeks shown with 

counterstaining for nuclei (Blue). Scale bar = 100 µm. (C) Quantification of CK19+ 
areas in whole liver sections prepared from Klf5-HKO and AAV i.p. control mice. For 

comparison, the data of Klf5-LKO and the control mice shown above in Figure 9B are 

also overlaid. Data represent mean ± SD. N ≥ 3 mice for each time points. P-values 

calculated by Mann Whitney U test for each time points comparing the Klf5 HKO and 

control mice and were as follows: 0.100 (DDC 0 week), 0.100 (DDC 1 week), 0.400 

(DDC 2 weeks), 0.900 (DDC 3 weeks), and 0.857 (DDC 4 weeks). 
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Figure 19. Expression levels of cytokines and growth factors involved in DR 

induction 

Whole liver mRNA samples prepared from the control and Klf5 LKO mice treated with 

DDC for one week were subjected to quantitative RT-PCR analyses. N = 4 mice. 

P-values calculated by Mann Whitney U test. 
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Figure 20. Transcriptome analysis by RNA-seq and subsequent DAVID gene 

ontology (GO) analysis 

DEG were categorized in Biological GO terms using DAVID. 
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Figure 21. Transcriptome analysis by RNA-seq and subsequent Gene Set 

Enrichment Analysis (GSEA) reveals that Klf5 regulates cell proliferation in 

BECs. 

(A and B) GSEA using DEG to identify enriched biological GO terms. The SIZE 

column indicates the number of genes hit in each gene set. The entire list of enriched 

gene sets categorized in GO biological process terms that were downregulated (A) and 

upregulated (B) by Klf5 deletion in BECs. Gene sets that meet the criteria for both 

NOM p-val < 0.05 and FDR q-val < 0.25 are considered to be significantly enriched and 

are listed. (C) A representative enrichment plot, corresponding to the 

“GO_MITOTIC_CELL_CYCLE” set in (A). The heat map shows expression levels of 

genes included in the gene set. The left three and right three columns correspond to 

BEC samples from the control and Klf5 LKO livers, respectively. The expression levels 

are indicated according to the scale bar to the right. 
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Common downregulated genes
gene baseMean log2FoldChange lfcSE padj
Ccna2 567 -0.985 0.204 2.13E-04
Ccnb1 498 -0.948 0.189 9.62E-05
Cdk1 768 -0.492 0.165 0.089
Downregulated genes only in the intestine
gene baseMean log2FoldChange lfcSE padj
Ccnd1 2525 0.042 0.152 0.969
Ccne1 170 -0.431 0.211 0.413
Downregulated genes only in BEC
gene baseMean log2FoldChange lfcSE padj
Ccnb2 598 -0.947 0.189 9.62E-05
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Figure 22. The cell cycle related genes affected in BECs not necessarily consistent 

with those in the intestine 

(A) Venn diagram showing DEG identified in the intestine (left circle) and BECs (right 

circle) upon Klf5 deletion. Numbers shown in black and gray characters in the diagram 

indicate the counts of downregulated and upregulated genes, respectively. (B) RNA-seq 

data for expression levels for cell cycle-related genes. Three categories correspond to 

those in the Venn diagram shown in (A). (C) Expression levels of cell cycle-related 

genes. BECs mRNA samples prepared from the control and Klf5 LKO mice treated 

with DDC for two weeks were subjected to quantitative RT-PCR analyses. N = 4 mice. 

P-values were calculated by Mann Whitney U test and were as follows: 0.0286 (Klf5), 

0.0286 (Ccna2), 0.0286 (Ccnb1), and 0.0286 (Ccnb2). 
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Figure 23. Immunostaining liver sections of Klf5 LKO mice upon DDC 

administration for the proliferation marker Ki67 

(A) Immunostaining for Ki67 (red) and CK19 (green) in the Klf5 LKO and control 

livers treated with DDC for one week shown with counterstaining for nuclei (Blue). 

Two regions of interest indicated by white boxes in the left panels are magnified in the 

right panels. Scale bar = 50 µm. (B) Quantification of Ki67+ cells in the CK19+ BEC 
population. N = 4 mice. P-values calculated by Student t test. 
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Figure 24. EdU incorporation by BECs in Klf5 LKO mice upon DDC 

administration 

(A) Experimental scheme of EdU incorporation experiment in Klf5 LKO mice. (B) 

Quantification of EdU+ cells in BECs as revealed by flow cytometry analyses. N = 5 

mice. P-value was calculated by Student t test to be 0.0224. 
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Figure 25. Detecting dead cells in liver sections of Klf5 LKO mice upon DDC 

administration 

(A) TUNEL staining (red) was performed to detect apoptotic cells with 

co-immunostaining for CK19 (green) in the Klf5 LKO and control livers treated with 

DDC for two weeks. Counterstaining for nuclei is also shown (Blue). Scale bar = 50 µm. 
(B) Quantification of TUNEL+ cells in the CK19+ BEC population. N = 4 mice. 

P-values calculated by Student t test. 
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Figure 26. Fgf7 and Tweak affect BECs proliferation independent of Klf5 

(A) Experimental scheme of EdU incorporation experiment in Klf5 LKO mice in which 

livers Fgf7 or Tweak were overexpressed by hydrodynamic delivery of the expression 

plasmid. (B) Quantification of EdU-positive BECs from Fgf7 overexpressed livers of 

the control and Klf5 LKO mice by flow cytometry in cells isolated from mice. N = 3 

mice. P-values calculated by Student t test. (C) Quantification of EdU-positive BECs 

from Tweak overexpressed livers of the control and Klf5 LKO mice by flow cytometry 

in cells isolated from mice. N = 3 mice. P-values calculated by Student t test. 
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Figure 27. GSEA pathway analysis and leading edge analysis 

(A) The entire list of enriched KEGG pathway gene sets. The SIZE column indicates 

the number of genes hit in each gene set. Gene sets that meet the criteria for both NOM 

p-val < 0.05 and FDR q-val < 0.25 are considered to be significantly enriched and are 

listed. (B) Leading edge analysis of the entire list of enriched KEGG pathway gene sets 

shown in (A). The range of colors in the heatmap (pink, light blue, and dark blue) 

corresponds to the range of gene expression values (moderate, low, and lowest, 

respectively). 
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Figure 28. Neither Notch or Wnt signaling was significantly affected in the absence 

of Klf5 expression  

(A) Wnt signaling pathway enrichment plot. NOM p-val = 0.817 and FDR q-val = 

0.950. (B) Expression levels of Notch signaling-related genes as revealed by RNA-seq 

analysis. 
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Figure 29. Candidate downstream molecules of Klf5 

(A) Expression levels of the Lama3 and Lamb3. BECs mRNA samples prepared from 

the control and Klf5 LKO mice treated with DDC for two weeks were subjected to 

quantitative RT-PCR analyses. N = 4 mice. P-values were calculated by Mann Whitney 

U test and were as follows: 0.0286 (Lama3) and 0.0286 (Lamb3). (B) Expression 

profiles of Lama3 and Lamb3 in BECs upon liver injury. BEC mRNA samples prepared 

from the WT mice under physiological conditions (fed normal diet: ND), upon DDC 

administration for five weeks, or upon TAA administration for eight weeks were 

subjected to quantitative RT-PCR analyses. P-values were calculated by Kruskal-Wallis 

test and were as follows: 0.0286 (Lama3) and 0.00360(Lamb3). 
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Figure 30. Klf5 plausible DR regulation mechanism 

(A) Model of biliary remodeling under the cholestatic liver-injury. Upper diagrams 

show the normal remodeling and lower diagrams show the remodeling defect due to the 

loss of Klf5. Abbreviations: BD, bile duct; PV, portal vein. (B) Scheme of Klf5 

downstream targets and functions under the cholestatic liver-injury. 
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Table 1. List of primers used for quantitative RT-PCR in this study 

Gene Direction Sequence (5' to 3') 

Ccna2 
Forward CTTGGCTGCACCAACAGTAA 

Reverse CAAACTCAGTTCTCCCAAAAACA 

Ccnb1 
Forward ACCAGAGGTGGAACTTGCTG 

Reverse GGCTTGGAGAGGGATTATCA 

Ccnb2 
Forward TGAAACCAGTGCAGATGGAG 

Reverse CAGAGAAAGCTTGGCAGAGG 

Ccne1 
Forward TTGCAAGACCCAGATGAAGA 

Reverse TCCACGCATGCTGAATTATC 

Cdk1 
Forward TCCGTCGTAACCTGTTGAGT 

Reverse TGGCCAGTGACTCTGTGTCT 

Epcam 
Forward AGGGGCGATCCAGAACAACG 

Reverse ATGGTCGTAGGGGCTTTCTC 

Fgf7 
Forward TTTGGAAAGAGCGACGACTT 

Reverse GGCAGGATCCGTGTCAGTAT 

Gapdh 
Forward TGTGTCCGTCGTGGATCTGA 

Reverse TTGCTGTTGAAGTCGCAGGAG 

Hgf 
Forward CCCGAGAACTTCAAATGCAA 

Reverse TATGACGGTGTAAATCCTCCA 

Klf5 
Forward TGCGATTATAATGGTTGCACA 

Reverse GGTGCACTTGTAGGGCTTCT 

Lama3 
Forward TGTACCTTGGGAATAAGGATGC 

Reverse CGTCAGGACCTGGTCTATCTG 

Lamb3 
Forward AGCCAGCAGGCAATGAAT 

Reverse GCCGGTCCTTCAACTCTGTAT 

Tat 
Forward CATCTGGAGCCATGTACCTT 

Reverse TCCAGCATCATCACCTCG 

Tweak 

(Tnfsf12) 

Forward GCCCATTATGAGGTTCATCC 

Reverse TCACTGTCCCATCCACACC 
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Table 2. List of primers used for genomic PCR in this study 

Gene Direction Sequence (5' to 3') 

Klf5 
Forward GTAATGGATGTGAACAGATTTGAGG 

Reverse GTAAACACTGCCGTTTACGTTTTGA 
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Table 3. List of antibodies used in this study 

Antigen Source / Supplier Host Fixation Dilutio

n 

Ref. 

CD45＊ BD Pharmingen 

(Franklin Lakes, NJ), 

Cat. No. 553081 

Rat No fixation 1/100  

CK19 In-house Rabbit PFA only  

or Acetone & 

PFA 

1/2000 (66) 

EpCAM BD Pharmingen 

(Franklin Lakes, NJ), 

Cat. No. 552370 

Rat Acetone & PFA 1/200  

EpCAM＊ In-house Rat No fixation 1/100 (26) 

Ki67 invitrogen (Carlsbad, 

CA), Cat. No. 

14-5698-82 

Rabbit PFA  1/200  

Klf5 Generous gift from Drs. 

Ryozo Nagai (Jichi 

Medical University, 

Tochigi, Japan) and 

Ichiro Manabe (Chiba 

University, Chiba, Japan) 

(KM1784) 

Rat PFA  1/300 (67) 

Prominin1 Biolegend (San Diego, 

CA), Cat. No. 141207 

Rat Acetone 1/100  

＊These antibody were used for FACS. The others were used for immunostaining. 
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