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Introduction

1. Introduction

Intermediate filaments (IFs) represent one of the three major filamentous systems of the
cell and function as cytoskeletal scaffolds in the nucleus and cytoplasm [1-3]. IF proteins
are divided into five subgroups (Table 1): Four of them are localized in the cytoplasm
(Type I-1V) and one in the nucleus (Type V- lamins) [4-5]. Specifically, keratins constitute
type I and type Il IF proteins, building obligatory type I- type Il heteropolymers in

epithelial cells [6-7].

Table 1. Classification and localization of intermediate filament (IF) proteins

Localization

Type Name
Type | Acidic keratins
epithelia
Type Il Basic keratins
Mesenchymal cells
Vimentin
(e.g. fibroblast, endothelium, leukocytes)
Desmin Muscle cells
Type Il
Glial fibrillary acidic protein (GFAP) Astrocytes, glial cells,
Hepatic stellate cells
Peripherin Peripheral nervous system (PNS) neurons
Neurofilament subunits:
NF-L (low),
NF-M (medium), Central nervous system (CNS) neurons
NF-H (high)
Type IV
a- internexin CNS neurons
Nestin Neuroepithelial stem cells,
muscle cells
Desmuslin Muscle
A-type lamins (Lamins A and C) Differentiated cells
Type V B-type lamins (Lamins B1 and B2) nucleus Ubiquitous

Table 1 adapted from [4-5].
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1.1 Keratins

Keratins (Ks) share the common secondary structure with other IF proteins consisting of
N-terminal head domain, central a-helical rod domain and C-terminal tail domain [8-9].
According to their isoelectric point (pl), keratins can be categorized into acidic type |
keratins (pl ranging from 4.9 to 5.4) and basic type Il keratins (pl of 6.5-8.5), and so far 28
type | and 26 type 11 keratins have been identified in humans [10-12]. In human genome,
the keratin genes are localized at two different chromosomal sites: chromosome 17g21.2
(type | keratins except K18) and chromosome 12g13.13 (type Il keratins and K18) [12].
Keratins are epithelial-specific IF proteins, that are distributed in a tissue-specific manner
(Table 2) [6-7, 13].

Table 2. Distributions of keratins in epithelial tissues

Tissue Keratin (K)
Bile duct K7, K8, K18, K19
Gallbladder K7, K8, K18, K19, K20
Adult Hepatocyte K8, K18
Ductal pancreas K7, K8, K18, K19
Pancreas acinar cell K8, K18, K19
Colon K7, K8, K18, K19, K20
Small intestine K7, K8, K18, K19, K20
Stomach K7, K8, K18, K19, K20
Kidney K7, K8, K18, K19
Corneal epithelium K3, K12

Table 2 adapted from [13-15].

Biochemically, keratins are resistant to proteases and because of their marked insolubility
can be isolated in solutions containing strong denaturing reagents such as 8M urea [16], or
with the well-established high salt extraction (HSE) method that is used to obtain keratin
enriched fractions [17]. On the other hand, keratins are capable of spontaneously

reassembling into dimers/polymers in agueous solution or even low molar urea [18-19].
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1.2 Function of keratins

The understanding of the physiological significance of keratins is growing due to a large
number of human diseases that are linked to keratin mutations (Table 3) [13, 20].
Moreover, investigations from keratin-knockout (KO) and other keratin-deficient
transgenic mice models [21-30] demonstrate that keratins play important roles in the

maintenance of cellular homeostasis.

Table 3. Representative human disorders related with keratin mutations

Diseases Keratin (K)
Epidermolysis bullosa simplex K5, K14
Monilethrix K81, K83, K86
Ectodermal dysplasia of hair and nail type K85
Meesmann corneal epithelial dystrophy K3, K12
Inflammatory bowel disease K8, K18
Familial cirrhosis K8, K18
White sponge nevus K4, K13
Ichthyosis bullosa of Siemens K2
Pseudofolliculitis barbae K75
Dowling-Degos disease K5
Ichthyosis hystrix Curth-Macklin K1
Epidermolytic palmoplantar keratoderma K1, K9

Table 3 adapted from [31-32].

Keratins serve as a cytoprotective cytoskeletal scaffold maintaining the structural integrity
and providing support against mechanical stress [33-35]. Furthermore, keratins
mediate/facilitate various non-mechanical biological functions such as 1) regulation of
protein targeting and cellular transport in epithelial cells [36-37]; 2) establishment of
cellular polarity [38]; 3) cell metabolic processes by modulating protein synthesis and cell

growth [39]; 4) defense against apoptosis [40-41].
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1.3 Keratin 19

K19 is a type | keratin with a molecular weight of 40 kDa and pl of 5.2, that forms
intermediate filaments with type 1l keratins (preferentially interacts with K7 to form
heterodimers) [10, 42-43]. Notably, K19 has a very short the tail domains and constitutes
the smallest known type | polypeptide [42].

Ductal epithelia (e.g. the lining of gastroenteropancreatic and hepatobiliary tracts) are
among tissues with the highest K19 expression (Table 2) [10, 44-45]. Of note, K19
expression is restricted to the biliary system in adult liver under physiological condition,
and therefore, K19 represents as an established marker for cholangiocytes [46]. Besides,
K19 is the established stem cell marker and the double labeling of K19 and 5-bromo-2-
deoxyuridine (BrdU) has been applied in the identification of epithelial stem cells [47]. In
liver K19 is also expressed in liver progenitor cells (LPCs), which are activated during
liver regeneration process as in response to liver damage [48-50]. For example, recent
study showed that loss of canal of Hering marked with K19 staining appeared in the early
stage of primary biliary cirrhosis (PBC), and this finding may provide support to clinical
diagnosis of PBC [51]. Further, K19 is also often expressed in a variety of human cancers,
such as urothelial bladder carcinoma, advanced thyroid cancer and hepatocellular
carcinoma (HCC) [10, 44-45, 52]. Specifically, in the subtype of HCC which characterized
with expression of K19, it is histologically poorly differentiated and exhibit aggressive
tumour activity. The cultured K19-positive HCC cells still exhibited high invasive
potential in vitro [53-54]. Because of that, K19 serves as an important serum tumor marker
as well as a pathological adjunct in diagnostics of carcinoma of unknown primary [13, 44-
45].

In order to investigate the biological function of K19 in vivo, K19-KO mice were
generated [55]. Previous report demonstrated that K19 are largely dispensable under basal
conditions, since K19-KO mice are viable, fertile, and phenotypically largely normal, and
loss of K19 only leads to mild muscular phenotype [56]. As mentioned above in Table 3,
recent publication identified K19 G17S variant in patients with PBC [57], indicating that
mutations in K19 may predispose to development of cholestatic liver disorders. Given that
4
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K19 is highly expressed in ductal epithelia, | analyzed the function of K19 in my PhD

thesis.

1.4 Biliary system

The three-dimensional tree-like structure of biliary system is lined by cholangiocytes
(approximately 5% of cells in liver), which function as ductal bile modifier during
transport to the duodenum and facilitate the detoxification of xenobiotics in daily
metabolism [58-59]. The complex network of biliary system begins with the canal of
Hering, a channel connecting the hepatocellular sinusoid with the smallest ducts, which is
composed of cholangiocytes, hepatocytes and also bipotential hepatic progenitor cells [60-
61]. Intrahepatic bile ducts converge to form extrahepatic bile ducts (Figure 1). With the
progressive enlargement of the ductal system, cholangiocytes become larger in size and

more columnar in shape [60, 62-63].

o canals of Hering

<— small bile ductules (<15 pm)

<— interlobular ducts (15-100 pm)
<«— septal ducts (100-300 um)

<— area ducts (300-400 pm)
«— segmental ducts (400-800 pm)

™ hepatic duct (> 800 pm)

= common hepatic duct

Figure 1. Schematic morphology of biliary structures. The biliary system is made of ductal structures
extending from the canals of Hering up to the extrahepatic bile ducts, thereby connecting hepatocellular

sinusoids with small intestines. Scheme according to Tabibian JH et al. with minor changes [63].
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As mentioned above, large and small intrahepatic bile ducts are composed of large and
small cholangiocytes, respectively. Based on the physiological studies with animal models,
the heterogeneity between small and large cholangioctes was identified: (1) Differential
expressed genes between two types were identified by microarray analysis, suggesting the
functional difference between small and large bile ducts [64]; (2) Morphological difference
was found by histological analysis both from normal condition and CBDL-induced
cholestatic condition that large bile ducts looks more columnar compared to small ducts
[65]. (3) Large cholangiocytes, rather than small cholangiocyte, reacted to liver injury
induced by carbon teterchloride (CCl,) or common bile duct ligation (CBDL) [65-66]; (4)
Only large cholangiocytes expressed somatostatin receptor type 2 (SSTR2) and responded

to secretin-mediated ductal bile secretion [65, 67-68].

1.4.1 Function of biliary system

The main physiological function of biliary system is modification of bile produced in
hepatocytes and transportation of bile through small and large intrahepatic bile ducts to the
gallbladder and to the intestine [60, 63].

The biliary epithelium takes part in the regulation of bile formation by re-absorption of
some biliary constituents, such as glucose [69], amino acids [70] and bile acid [71]. By
absorbing glucose and amino acids from bile, it provides an osmotic gradient facilitating
the water flow from bile into cholangiocytes [72-73].

The disordered bile formation and/or bile flow has been observed in patients with

cholestatic liver diseases (Table 4), leading to development of biliary fibrosis [74-77].
Cholestatic injury can be detected by the increased serum alkaline phosphatase (ALP)
and/or y-glutamyl transpeptidase (y-GT) levels at early stage, followed by conjugated

bilirubin level at later or more severe stages [78].
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Table 4. Common cholestatic disorders from human patients

Name

Pathology

Demographics

Primary biliary cirrhosis
(PBC)

Small duct cholangitis,
ductopenia,
ductal proliferation,
interface hepatitis

Predominantly found in
middle age females,
co-exist with autoimmunity

Primary sclerosing
cholangitis (PSC)

Periductal fibrosis and inflammation,
absence of bile ducts in some portal
tracts and ductal proliferation in other
portal tracts

More elderly men than women;
co-exist with colitis
with high prevalence

Drug induced cholestasis

Cholestasis or cholestatic hepatitis

More common in elderly people;

10% of drug induced liver injury
is cholestatic

Biliary atresia

Obliteration or discontinuity of
extrahepatic biliary system,

jaundice,
even cirrhosis in the long run

Exclusively in neonatal
population

Table 4 adapted from [77].

1.4.2 Bile Production

Bile is an iso-osmotic fluid with dark green to yellowish brown color, primarily produced

by hepatocytes and concentrated in gall bladder [79]. Bile consists of: proteins (globulins,

albumins, etc), lipids (phospholipids, cholesterol, etc), carbohydrates, vitamins, mineral

salts, and trace elements [80-81]. The major bile components are: bile acids (67%),
phospholipids (22%), proteins (4.5%), cholesterol (4%), and bilirubin (0.3%) [81].

Bile formation process requires a concerted regulation of membrane transport systems in
both hepatocytes and cholangiocytes [63], since primary bile is generated by hepatocytes
[82] and afterwards it is modified by cholangiocytes when passing through biliary
structures [83]. A large number of transporters located on both the apical and basolateral
membranes of hepatocytes (Table 5) and cholangiocytes (Table 6) have been identified,

which play an important role in regulating the physiological biliary homeostasis [84-85].
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Table 5. Major bile-related transporters in hepatocytes

Apical Basolateral
Name Function Name Function
BSEP/ABCB11 Transport of bile acids from NTCP/SLC10A1 Uptake of bile acids
hepatocytes into bile
MRP2/ABCC2 Export of organic anions OATP/SLC21A Transport of bile acids
MDR1/ABCB1 Efflux of cationic drugs OSTa/OSTh Export of organic anions
MDR3/ABCB4 Transport of MRP3/ABCC3 Export of organic anions
phosphatidylcholine (PC)
MRP4/ABCC4
ABCG5 Export of cholesterol and NBC4c/SLC4A5 Na’-HCO3" symporter
sterols
ABCGS8
AE2/SLC4A2 CI/HCO3" anion exchanger NHE1/SLC9AL Na*/H* exchanger
AQP8 Water channel SK2 Potassium channel
NHE3/SLC9A3 Na'/H"* exchanger SLC12A2 Uptake of Na*, K*, and CI
CI" channel Exports chloride

BSEP, bile salt export pump; ABCB, ATP-binding cassette, subfamily B member; MRP, multidrug
resistance-associated protein; ABCC, ATP-binding cassette, subfamily C member; MDR, multidrug
resistance protein; ABCG, ATP-binding cassette, subfamily G member; AE, anion exchange protein;
SLC, solute carrier family; AQP, aquaporin; NHE, sodium-hydrogen exchanger; NTCP, Na*-
taurocholate cotransporting polypeptide; OATP, organic anion-transporting polypeptide; OST, organic
solute transporter; NBC, sodium bicarbonate cotransporter. Table 5 adapted from[80].

Table 6. Major bile-related transporters in cholangiocytes

Apical Basolateral
Name Function Name Function
AE2/ SLC4A2 CI'/HCO3 anion exchanger AQP4 Water channel
CFTR CI" channel MRP3/ABCC3 Export of organic anions
MRP4/ABCC4
NBC4/SLC4A5 Na*-HCO3" symporter SK2 Potassium channel
ASBT/SLC10A2 | Uptake of bile acids and Na* Truncated Export of bile acids and Na*
ASBT/SLC10A2
AQP1 Water channel SLC12A2 Import of Na*, K*, and CI
NHE/SLC9 Na'/H" exchanger
NDCBE/SLC4A8 Imports HCO3™ and Na*
Exports H" and CI
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AE, anion exchange protein; CFTR, cystic fibrosis transmembrane conductance regulator; NBC,
sodium bicarbonate cotransporter; ASBT, apical sodium dependent bile acid transporter; AQP,
aquaporin; NDCBE, Na*-driven CI/HCO3" exchanger. Table 6 adapted from [80].

1.5 Oval cell

Liver serves as a major detoxifying organ and is capable of self-renewal even in adulthood
[86]. Liver regeneration represents a tightly regulated biological process in response to
liver injury and involves different cell populations: On one hand, mature hepatocytes
possess the ability to proliferate and repopulate the damaged liver; however, when the
proliferating ability of mature hepatocytes is suppressed or exhausted, LPC become

activated and can differentiate into either hepatocytes or cholangiocytes [87-89].

1.5.1 Oval cells are K19-positive liver progenitor cells (LPCs)

In rodents, oval cells (OCs) represent the best studied LPC population. They received this
name because of an oval-shaped nucleus with approximately 10 mm in size and have a
high nuclear/cytoplasmic ratio [88, 90]. OCs are located primarily in the Canals of Hering
(Figure 1) [91-92]. The amount of quiescent OCs is very limited under basal conditions,
but OCs are activated in a number of stress conditions such as chronic viral hepatitis-
induced hepatocellular carcinogenesis, alcoholic liver disease, and nonalcoholic fatty liver
disease (NAFLD) [93-96]. OCs are able to differentiate into both hepatocytes and
cholangiocytes, and express both biliary marker such as K19 and hepatic markers as alpha-
fetoprotein (AFP) and albumin [97-98].

Recent studies demonstrated that HCC may developed from OCs and hepatocytes [99],
which raises the hypothesis that OCs may serve as cancer stem cells contributing to the
formation of HCC given that oval cell markers, such as K19 and/or epithelial cell adhesion
molecule (EpCAM), were identified in HCC patients and associated with poor prognosis
[52, 100-105]. Of note, OCs and liver cancer stem cells share similar markers, such as
EpCAM [105], which serves as proliferation promoting regulators in the cancer

development [106]. However, both LPCs and liver cancer stem cells represent a
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heterogeneous population with various differentiation features [99, 107], further

comprehensive clarification studies still need to be carried out.

1.5.2 Diverse signaling pathways during oval cell differentiation

As mentioned above, OCs can be activated during chronic liver injury and capable of
differentiating towards both cholangiocytes and hepatocytes depending on the activation of
either Wnt or Notch signaling, respectively [108]. Animal studies showed that Wnt
signaling was induced in cholestatic livers, coupled with increased OC activation and
atypical ductular proliferation (ADP). Isolated LPCs from cholestatic livers showed
nuclear localization of -catenin in response to Wnt3a stimulation in vitro [109]. Besides,
activation of Wnt/B-catenin pathway in vitro was sufficient to induce proliferation of LPC
[110]. A correlation between LPC activation and upregulated Wnt signalinghas also been

demonstrated in patients with chronic liver diseases such as acute hepatitis (AH) [111].

Several investigations based on rodent models demonstrated that Notch2 signaling is
involved biliary development, growth, and regeneration [112-115]. As response to
cholestatic injury, expression of Notch2 was upregulated in both cholangiocytes and OCs
[108, 116]. Moreover, tubule formation is critical in biliary regeneration to reconstitute the
three-dimensional tree-like structure of biliary system and recent study showed that this
process is impaired in liver-specific Notch-2 KO mice whereas activation of OC
differentiation into cholangiocytes is not significantly affected [116]. In agreement with
that, paucity of bile ducts in patients with Alagille syndrome (AGS) is associated with
impaired biliary differentiation of OCs [117], consistent with previous finding that
mutations of Notch ligand Jagged1 leads to AGS [118-119].

1.6 Animal models for biliary injury

A number of murine models have been introduced in order to mimic the humancholestatic
disorders [120]. Generally, these animal models can be categorized into three groups: (1)

genetically manipulated animals such as multidrug resistance gene 2 (Mdr2) KO mice

10
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[121-122]; (2) animals treated with xenobiotic drugs such as dihydrocollidine [123-124] or
bile acids such as cholic acid (CA) [125-126]; (3) animals subjected to mechanical
cholestasis via operation such as CBDL [127].

1.6.1 Chronic feeding with 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)

Chronic feeding with a diet containing 0.1% 3,5-diethoxycarbonyl-1,4-dihydrocollidine
(DDC) represents a well-established murine model of xenobiotic-induced cholestatic
disease [124, 128-129]. Long-term treatment with this porphyrinogenic drug leads to
formation of protoporphyrin plugs that obstruct intrahepatic bile ducts thereby resulting in
biliary injury peaking at 4 weeks after beginning of DDC treatment. DDC causes ductular
reaction, biliary fibrosis and increased serum bilirubin levels [124]. Notably, DDC-induced
ductular proliferation can be clearly distinguished from ductular proliferation caused by
mechanical obstruction of common bile duct ligation, in that the formation is characterized
by poorly defined lumen (Figure 2a), and is therefore termed as “atypical ductular
proliferation” [123].

Figure 2. Different types of ductular proliferation in regenerating livers. (a) The atypical ductular
proliferation (ADP) in 4-week DDC-fed mouse is characterized by extended and anastomosing structure with
poorly defined lumen. (b) 21 days after common bile duct ligation, liver exhibits a large amount of bile ducts
with open lumen. Scale bar = 100 pum.

11
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Chronic administration of DDC also induces the activation and proliferation of oval cells
characterized by strong A6-positive staining [90, 123, 130], and recent study showed that
hepatocyte growth factor (HGF)/c-Met signaling regulates the oval cell reaction in
response to DDC [131]. Besides, a report described an association between DDC-induced
oval cell activation and liver cancer development using transgenic mice expressing
hepatitis B virus X (HBx) protein. In these mice, DDC treatment resulted in increased
numbers of OCs and development of HCCs and cholangiocellular carcinomas after 7
months [132].

1.6.2 Common bile duct ligation (CBDL)

Cholangiocytes composing large bile ducts (diameter > 15 um in rat) are the major cells
affected by the severe obstructive injury caused by CBDL [68]. In the early stage after
operation (within 2 days), animals suffer excessive accumulation of hydrophobic bile
acids, which activate apoptotic signaling pathways [133]. A key component of initial
inflammatory response to cholestasis [134], neutrophil infiltration can also be observed
three days after CBDL [127, 135]. An increased proinflammatory cytokine synthesis and
marked proinflammatory response is elicited by altered Kupffer cell function [136],

coupled with extensive epithelial apoptosis and progression of necrosis [137].

Although accumulation of hydrophobic bile salts can be partially compensated by
cytoprotective mechanisms such as alterations in bile acid synthesis, transport, and
detoxification, the cholestatic liver injury cannot be fully rescued [138-139]. As a response
to CBDL, an intensive ductular reaction takes place in the elongated and fibrotic portal
area. It is characterized by increased numbers of bile ducts with open lumens (Figure 2b),
reaches its peak around 5 days after CBDL and is reduced to continuously low levels
afterwards (ranging 3-7 days) [127, 140].

In long-term extrahepatic cholestasis, the marked pathogenic feature is the development of
liver fibrosis [127, 141]. Hepatic stellate cells (HSC) and myofibroblasts are activated in
response to chronic injury and synthesize extracellular matrix (ECM) components that lead
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to progressive liver scarring [127, 142-143]. Chronic injection of CCl, is another well-
established method to induce toxin-mediated liver fibrosis, which would result in
formation of scarring fibers generally after 4 weeks of treatment [144]. As mentioned
above, only large cholangiocytes (not small cholangiocytes) react to CBDL- and CCl,-
induced liver damage, and the proliferating cholangiocytes originated from existing biliary
epithelium in CBDL-induced ductal proliferation [145].

1.7 Aim of this study

K19 represents the most widely used marker of biliary epithelia and hepatic progenitor
cells; however, its functional significance in both cell populations remains unknown.
Recently, K19 G17S variant was found in patients with cholestatic liver disease termed as
primary biliary cirrhosis [57] whereas K19 expression within hepatocellular carcinoma was

described to constitute a “stemness”-related marker that is associated with poor prognosis.

To further elucidate the importance of K19 in biliary/hepatic progenitor cell systems, |
analyzed K19 knockout mice both under basal condition and in two well-established
murine stress models, i.e. chronic feeding with DDC-containing diet and CBDL.

In my thesis, | focused on following questions:

- What is the importance of K19 in the unstressed biliary epithelia?

- How does the K19 loss affect the morphology of the biliary keratin network?
- Does K19 affect the process of bile production and secretion?

- What is the importance of K19 in selected biliary/progenitor stress models?

- Does K19 affect the development of biliary fibrosis?

13
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2. Material and Methods

2.1 Materials
2.1.1 General equipment and consumables

2.1.1.1 General equipment

Table 7. List of general experimental equipments

Name Company
7500 Fast Real time PCR System Applied Biosystems
ED Precision Balance Sartorius
Horizontal electrophoresis system (Sub-Cell GT Cell) Bio-Rad
Cooling Centrifuge 5417R Eppendorf
Beckman DU640 Spectophotometer Beckman Coulter
Cryostat HM 550 Microm
Axioskop Carl Zeiss Microscopy
QlImaging QICam CCD digital camera (QICAM Fast 1394) Qimaging
Hypercassette (18 x 24 cm) GE Healthcare
Leica Application Suite v4.2 software Leica microsystems
Microscope (DM 5500B) Leica microsystems
NanoDrop 2000c Thermo Scientific
pH-Meter (Seven Easy ph S20-K) Mettler-Toledo
Pipettes Eppendorf
PowerPac Basic Power Supply Bio-Rad
Tetra Blotting Module Bio-Rad
Mini-PROTEAN Tetra system Bio-Rad
PCR Thermocycler Bio-Rad
Thermomixer Comfort Eppendorf
UV Illuminator Modell 2011 LKB
Water bath Haake W13 Fisons
Luminescent Image Analyzer LAS 4000 System Fujifilm
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Name Company
Speed vacuum centrifuge Eppendorf
Ice machine AF200 Scotsman Ice Systems
Magnetic stirrer MR 3001 Heidolph
Microwave oven 800 SEVERIN
Pipetus Hirschmann
Shaker Polymax 1040 Heidolph
M.1.S.T. 12 Immunostaining tray Cell Path
Fluorescence microplate reader BioTek
Temperatur-Kontrollmodul TKM-0904 FMI
Potter-Elvehjem Tissue Grinder with Smooth pestle VWR
2.1.1.2 Consumables
Table 8. List of consumables
Name Company
96well plates Nunc
Coverslips Roth
Cryotubes Nunc
Disposable Scalpels sterile B.Braun
Falcon 2059 polypropylene tube BD
Filter papers Whatman
Forceps B2B
Injection needles B.Braun

Hyperfilm ECL (18 x 24 cm)

GE healthcare

Polystyrene tubes BD
Polyvinylidene fluoride (PVDF) membrane Millipore
Safe-Lock Eppendorf tubes Eppendorf
Glassware Schott
Slides Roth
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Name Company
Super Frost slides Roth
Tweezers B2B
Amicon Ultra-0.5 Centrifugal Filter Unit Millipore
with Ultracel-10 membrane
Serological pipettes Corning
Sterile filter-tips Sarstedt
Microtubes Sarstedt
UV cuvettes Brand
Tissue processing/embedding cassettes Simport
Dako Pen Dako
PERMA-HAND Suture (1678H), Size: 5-0 Ethicon
2.1.1.3 Kits, enzymes, and commercial solutions
Table 9. List of commercial kits, enzymes and solutions
Name Company
DNeasy Blood & Tissue Kit Qiagen
Rneasy Mini Kit Qiagen
Rneasy Micro Kit Qiagen
DNA Taq Polymerase with 10x reaction buffer Fermentas
Proteinase K Qiagen

SYBR Green gPCR SuperMix

Applied Biosystems

Dnase Set (Rnase-Free)

Qiagen

Restore Western Blot Stripping Buffer

Thermo Scientific

Oligo (dT)yo Primer Invitrogen

Super Script Il reverse Transcriptase Invitrogen
Bio-Rad Protein assay Bio-Rad
Serum bile acid assay kit DiaSys

RNAqueous-Micro Kit

Life technologies

Prolong Gold Antifade Reagent with DAPI

Invitrogen
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Name Company
Antigen Unmasking Solution Vector labs
Vectastain ABC kit Vector labs
Vector VIP substrate kit for peroxidase Vector labs
PageRuler Prestained Protein Ladder Fermentas
GeneRuler 1 kb Plus DNA Ladder Thermo Scientific
ECL Prime Western Blotting Detection Reagents GE Healthcare
ECL Western Blotting Detection Reagents GE Healthcare

2.1.2 Chemicals, buffers/ solutions

Table 10. List of chemicals

Name Company
Acetic Acid (100%) Merck
Acetone AppliChem
Acrylamide/ Bisacrylamide Solution (30%) Sigma
Agarose Biozym
Albumin bovine Fraction V Serva
Ammonium acetate Sigma
Ammonium bicarbonate Sigma
Ammonium chloride Sigma
Ammonium persulfate Sigma
Ammonium sulfate Sigma
Bradford Reagent Bio-Rad
Bromphenol Blue sodium salt Sigma
Calcium Chloride Sigma
Carprofen Pfizer
Citric acid monohydrate Fluka
Chloramines-T Sigma
Coomassie brilliant blue (R250) Sigma
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Name Company
Diethylpyrocarbonate (DEPC) water Invitrogen
Deoxynucleotides Set (ANTP) Invitrogen
DL-Dithiothreitol (DTT) Sigma
Empigen BB Detergent Sigma
Enrofloxacin Bayer
Entellan Merck
Eosin G (0.5%) Merck
Ehrlich’s solution Sigma
Ethanol Sigma
Ethidium Bromide Sigma
Ethylenediaminetetraacetic acid (EDTA)- disodium salt Roth
Formaldehyde (37%) Roth
Glucose Merck
Glycerin Roth
Glycerol Serva
Goat serum Invitrogen
Haematoxylin Merck
Hydrochloric Acid (37%) Sigma
Hydrogen peroxide (H,0,) (30%) Fischer
Isofluran Abbott
Isopropanol Sigma
Magnesium chloride Sigma
Methanol Sigma
Methylbutane Merck
Methyl Green Sigma
Milk powder Roth
Mounting Medium Immunotech
Sodium hydroxide pellet AppliChem
Nonidet P40 (NP 40) Roche
Orange G Merck
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Name Company
Paraformaldehyde Merck
Perchloric acid Fluka
pH Meter-calibration solutions Merck
Phenylmethanesulfonyl fluoride (PMSF) Sigma
10 x Phosphate Buffered Saline (PBS) Gibco
Ponceau S Merck
Potassium Chloride Merck
Potassium hexacyanoferrate (2) trihydrate Sigma
Potassium phosphate monobasic Sigma
Protease Inhibitor Cocktail Sigma
Protoporphyrin IX disodium salt Sigma

RNAIlater RNA stabilization Buffer

Life technologies

RNAIlater-ICE RNA stabilization Buffer

Life technologies

Sodium dodecylsulfate (SDS) Roth
Sodium dihydrogenphosphate 2-hydrate (NaH,PO,) Roth
Sodium acetate trihydrate Roth
Sodium carbonate (Na,COs) Merck
Sodium chloride VWR
Sodium dihydrogen phosphate Sigma
Sodium hydrogen carbonate Merck
Sodium hydroxide Merck
Sucrose Sigma
Sulphuric acid (H,SO,) Merck
Tetramethylethylenediamine (TEMED) Sigma
Trans-4-hydrox-L-proline Sigma
Tris (tris-hydroxymethyl-aminomethane) Sigma
Tri-sodium citrate 2-hydrate Roth
Triton X-100 Sigma
Tween 20 Roth
Xylene J.T. Baker
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Name Company
R-Mercaptoethanol AppliChem

Unless stated otherwise, all buffers/ solutions in table 2.5 were prepared with either

distilled water or Millipore water (Millipore, Billerica, USA).

Table 11. List of experimental buffers/ solutions

Buffer / Solution

Composition

1 x Phosphate buffered saline (PBS)

137 mM NaCl
2,7 mM KClI
10 mM Na,HPO,
1,8 mM KH,PO,
Adjust pH to 7,4 with HCI

Distilled water to 1 L

TX buffer for High Salt Extraction

1% Triton X-100
5mMEDTA in 1 x PBS (pH 7.4)
1 mM PMSF (add freshly before use)

0.2% Protease inhibitor cocktail (add freshly before use)

PBS-T for washing

0.1% Tween-20 in 1 x PBS

Acetate-citrate buffer (pH 6.5)

For hydroxyproline assay: 1L

0.2 M Citric acid
0.2 M Acetic acid
0.4 M Sodium acetate
0.85 M NaOH

Add waterto | L

10x running buffer

for SDS-PAGE (1 L)

30,2 g Tris (250 mM)
144 g Glycine (1,92 M)
10 g SDS (1%, wi/v)

Dilute to 1x buffer with distilled water for SDS-PAGE

Homogenization buffer

for protein isolation

0.187 M Tris-HCI (pH 6.8)
3% SDS

5mM EDTA
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Buffer / Solution

Composition

Staining solution for SDS-PAGE: 1L

0.5 g Coomassie R250
250 ml Isopropanol
100 ml acetic acid

650 ml distilled water

Resolving buffer for WB

1.5 M Tris-HCl in distilled water, pH 8.8

Stacking buffer for WB

0.5 M Tris-HCl in distilled water, pH 6.8

Blocking buffer for WB

5% (w/v) milk powder in PBS-T

10x Transferring buffer for WB: 1L

30,4 g Tris
72,1 g Glycin

Distilled water to 1 L

1 x Transferring buffer for WB: 1L

100 ml 10 x transferring buffer
200 ml Methanol

Distilled water to 1 L

Destaining solution for SDS-PAGE: 1L

95 ml Isopropanol
95 ml acetic acid

810 ml distilled water

50x TAE (Tris-aetate-EDTA)
buffer stock (pH 8.3)

for agarose gel electrophoresis

242 g Tris
53,1 ml acidic acid
100 ml 0,5 M EDTA

distilled water to 1 L

4 x reducing Laemmli Buffer

for SDS-PAGE (100 ml)

40 ml Glycerol
8g SDS
8 ml B-Mercaptoethanol
0,02 g Bromophenol blue
25 ml 1M Tris-HCI (pH 6.8)

Add distilled water to 100 ml

2.1.3 Oligonucleotides
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Oligonucleotides used during this thesis are listed below in table 2.6 and table 2.7. If not

stated otherwise, all oligonucleotides were designed based on sequences from musculus

species.

Table 12. List of oligonucleotides for quantitative RT-PCR

Gene Name Abbreviation Forward Primer Reverse Primer
(5’-3) (5-3)
Keratin 8 Krt8 ggacatcgagatcaccacct tgaagccagggctagtgagt
Keratin 18 Krtl8 caagtctgccgaaatcagggac tccaagttgatgttctggtttt
Keratin 19 Krtl9 cggtggaagttttagtggga agtaggaggcgagacgatca
Collagen type 1 Collal tgaagaactggactgtcccaacc gggtccctcgactcctacatctt
Keratin 7 Krt7 acggctgctgagaatgagtt cgtgaagggtcttgaggaag
Solute carrier organic
anion transporter
family, member 1al Slcolal atccagtgtgtggggacaat gcagctgcaattttgaaaca
Potassium inwardly-
rectifying channel,
subfamily J, member 16 Kcnjl6 gctttgectcatgtggegea ttgggctctcaccgtgeect
Peroxisome proliferator
-activated receptor,
gamma, coactivator 1 Ppargcla caaccgcagtcgceaacatgetc gggaacccttggggtcatttgg
alpha
Phosphoenolpyruvate
carboxykinase 1,
cytosolic Pckl tgcactctgtggggtgecct cagctcagggttgcaggecc
Aquaporin 1 Agpl ttaggtggctcagcceeget gccaaatgaccgggceagggt
Transforming growth Tgfbl gcgtgctaatggtggaccgca gggggttcgggcactgcttc
factor, beta 1
Somatostatin receptor 2 Sstr2 tgagtggtacggaggatggggaga tcctctgggteteegtggteteat
Alkaline phosphatase, Alpl gggcaatgaggtcacatcca gtggttcacccgagtggtag
liver/ bone/ kidney
Polo-like kinase 3 PIk3 ctacagcaccgccatatcgt ctggttccaacagggtgtgt

Oligonucleotides used for screening of K19 mice were described previously [55].
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Table 13. List of oligonucleotides for K19 genotyping

Name

(5°- sequence- 3°)

mK19- PGK" (Knock-out)

ctaaagcgcatgctccagact

mK19-R2G (Common)

cctgactagattcaagttaactg

mK19- #25 (Wild type)

cggtggaagttttagtggga

2.1.4 Antibodies

2.1.4.1 Primary antibodies for experiments

Table 14. List of primary antibodies for experiments

Antibodies Host Application (dilution) Manufacturer
anti 3-actin mouse WB Cell signaling
D237 (Keratinl8 rabbit IHC (1:3000) Ana Spec
Asp237)
Ks 8.7 mouse IF (1:10) Progen
Ks 18.04 mouse IF (1:10) Progen
anti Ki-67 rat IHC (1:100) Dako
anti Keratin 19 rat WB (1:100) DSHB
IF (1:20)
A6 rat IF (1:50) from Dr.Valentina M. Factor
RCK105 (anti Keratin 7) Mouse IF (1:20) Progen
pankeratin (Z0622) Rabbit IF (1:500) Dako
2.1.4.2 Secondary antibodies for Immunoblotting
Table 15. List of secondary antibodies for Western blotting
Antibodies Dilution Manufacturer
Rabbit anti-guinea pig 19G- HRP 1:10,000 Invitrogen
Goat anti-mouse 1gG (H+L), Horseradish Peroxidase Conjugate 1:10,000 Invitrogen
Goat anti-rabbit 1gG (H+L), Horseradish Peroxidase Conjugate 1:10,000 Invitrogen
Goat anti-rat 1gG (H+L), Horseradish Peroxidase Conjugate 1:10,000 Invitrogen
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2.1.4.3 Secondary antibodies for Immunohistochemistry

Table 16. List for secondary antibodies for IHC

Antibodies Dilution Manufacturer
Biotinylated goat anti-mouse 1gG Antibody 1:200 Vector
Biotinylated rabbit anti-rat IgG Antibody 1:200 Vector
Biotinylated goat anti-rabbit 1gG antibody 1:200 Vector
Biotinylated goat anti-guinea pig 1gG antibody 1:200 Vector

2.1.4.4 Secondary antibodies for Immunofluorescence

Table 17. List for secondary antibodies for IF

Antibodies Dilution Manufacturer

Alexa Fluor 488 Goat Anti-rat 1IgG (H+L) 1:200 Invitrogen
Alexa Fluor 568 Goat Anti-rat 19G (H+L) 1:200 Invitrogen
Alexa Fluor 488 Goat Anti-mouse IgG (H+L) 1:200 Invitrogen
Alexa Fluor 568 Goat Anti-mouse 1gG (H+L) 1:200 Invitrogen
Alexa Fluor 488 Goat Anti-rabbit 1gG (H+L) 1:200 Invitrogen
Alexa Fluor 568 Goat Anti-rabbit 1IgG (H+L) 1:200 Invitrogen
Alexa Fluor 488 Goat Anti-guinea pig 1gG (H+L) 1:200 Invitrogen
Alexa Fluor 568 Goat Anti-guinea pig 1gG (H+L) 1:200 Invitrogen
Alexa Fluor 555 Donkey Anti-goat 1gG (H+L) 1:200 Invitrogen

2.1.5 Mice

Wild-type and keratin 19 deficient (K19 -/-) mice were obtained by the breeding of keratin
19 heterozygous (K19 +/-) mice as described previously [55]. All animals were bred from
the in-house animal facility of Ulm University. All animals used in the present study were
cared for in accordance with the criteria outlined in the European Convention for the
Protection of Vertebrate Animals. All experiments were approved by the State of Baden-

Wiirttemberg in Germany and the University of Ulm Animal Care Committee.
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2.2 Methods

2.2.1 DNA isolation and genotyping

DNA isolation was performed according to the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany). After tissue lysis with proteinase K, DNA selectively binds to the
silica-based DNeasy membrane, while contaminants pass through. Then DNA is purified

through several washing steps and then eluted for future analysis.

0.4 — 0.6 cm long mouse tails were cut and the mixture of Buffer ALT and proteinase K
was added for tissue digestion. After vortexing, the suspension was incubated at 56 °C
overnight. Next, Buffer AL and 100% ethanol was added for precipitation of DNA and the
samples were mixed thoroughly by vortexing. The lysate was transferred to DNeasy Mini
spin column and spinned down to bind DNA to DNeasy membrane. Flow-through with
contaminants was discarded. Buffer AW1 and Buffer AW2 were added sequentially into
the spin column and remaining contaminants were washed away by centrifugation. Then,
purified DNA was eluted from spin column in two continuous steps with Buffer AE
containing 10mM Tris-HCl and 0,5 mM EDTA (pH 9,0). DNA solution was kept at 4 °C

for long-term storage.

K19 KO mice were genotyped by polymerase chain reaction (PCR) using genomic DNA

isolated from tails. Following PCR mixture was used:

Table 18. PCR mix system with 30 pl for each sample

Components/ Reagents Amounts
10x PCR buffer 3ul
dNTP (10 mM) 0,6 pl
MgClI; (25 mM) 2,4 ul
Primers (10 pM/ul) x 3 1,4 pl for each primer
DNA polymerase (5U/ pl) 0,18 pl
Sample DNA around 100 ng
DEPC water to 30 pl

The PCR reaction was performed using the following program:
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Table 19. Program for K19 genotyping PCR

No. of cycle Time Temperature Note
1 5 min 94 °C Initialization
1 min 94 °C Denaturation
35 1 min 60 °C Annealing
2 min 72 °C Elongation
1 8 min 72 °C Final elongation
1 forever 4°C Cooling

To check whether the K19-genotyping PCR give rise to the anticipated DNA fragments,
1% (wi/v) agarose gel electrophoresis was performed. The gels were supplemented with 0.5
pg/ml ethidium bromide to visualize the DNA bands. 1 x TAE (Tris- acetate- EDTA)
buffer was used as a running buffer. When placing the gel under ultraviolet (UV) light,
ethidium bromide which intercalates between DNA strands generated intense orange
fluorescence. A 739 bp fragment represented the K19 null allele, while a 932 bp fragment
indicated the K19 WT allele, and both fragments were present in the heterozygous mice.
The size of PCR products was determined by comparing them with GeneRuler 1kb Plus
DNA Ladder (Thermo Scientific, Schwerte, Germany).

2.2.2 Mouse experiments

2.2.2.1 Induction of chronic liver injury

Chronic liver injury was induced in male three-month old wild type (WT) and K19- KO
mice (both on FVB/N background) by feeding with 0,1% 3,5-diethoxycarbonyl-1,4-
dihydrocollidine supplemented diet (Ssniff, Soest, Germany) [124]. DDC was
administrated for 4 weeks. Untreated four-month old male WT and K19-KO mice were
used as controls. Littermates obtained by breeding of heterozygous animals were used in

all experiments.

After measuring body weight, all mice were sacrificed by CO; inhalation. Blood was
collected by intracardiac puncture for serum extraction. Alanine/ aspartate
aminotransferase (ALT/AST), alkaline phosphatase (ALP) and total bilirubin (Bili tot)

levels were measured in clinical chemistry department of University Medical Center Ulm.
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Common bile ducts (CBDs), gallbladders (GBs) and colons were taken for histological
assessment. CBDs, GBs and colons from untreated animals were also collected for

immunofluorescence (IF) and RNA analysis.

Livers were removed, weighed, cut into different pieces and put:
- in formaldehyde for histological analysis

- in liquid nitrogen pre-cooled 2-methylbutane for IF

- in liquid nitrogen for biochemical analyses

- in RNAlater Stabilization Reagent (Life technologies, Darmstadt, Germany) for RNA
analysis

2.2.2.2 Induction of biliary obstruction

To induce biliary obstruction, CBDL model was used [127]. Male three-month old WT and
K19- KO mice (both on FVB/N background) were anesthetized with isoflurane. Midline
laparotomy (~ 1 cm) was performed and the bile duct was ligated with PERMA-HAND
Suture (Ethicon, Norderstedt, Germany): two ligatures were placed at the proximal portion
and distal portion of the bile duct, respectively. The bile duct was then cut between the
ligatures. After operation mice were placed on a heat pad (FMI, Seeheim, Germany) to
recover. All the operated mice received 5 mg/kg Enrofloxacin (Bayer, Leverkusen,
Germany) as an antibiotic prophylaxis and Carprofen (Pfizer, New York, USA) as an
analgesic once per day by subcutaneous injection until sacrifice. Untreated four-month old

male WT and K19-KO mice were used as controls.

After measuring body weight, all mice were sacrificed either 5 days or 21 days after CBDL
by CO; inhalation. Blood was collected by intracardiac puncture for serum extraction.
ALT/AST, ALP, Bili tot level were measured in clinical chemistry department of

University Medical Center Ulm.
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GBs and livers were processed as described above.

2.2.3 RNA lIsolation
2.2.3.1 Total liver RNA isolation
Liver RNA was isolated using RNeasy Mini Kit (Qiagen) according to manufacturer’s

protocol with minor modification.

Briefly, a piece of liver stored in RNAlater stabilization solution (Life technologies) was
cut (less than 30 mg) and homogenized in Buffer RLT containing 1% (v/v) R-
mercaptoethanol. 70% ethanol was added to the lysate to enable binding of RNA to the
RNeasy membrane. Lysate was transferred into RNeasy Mini spin column. RNA
selectively bound to RNeasy membrane and the remaining solution passed through during
centrifugation. Since even very small amounts of remaining DNA may affect the
subsequent RT-PCR analysis, remaining DNA was removed by on-column DNase
digestion step using RNase-Free DNase set. First, buffer RW1 was added to RNeasy spin
column in order to wash it via centrifugation; then 80 pl of DNase-Mix solution (70 pl
Buffer RDD + 10 pl DNase I) was added directly onto the membrane and incubated for 15
min at room temperature for DNase digestion. Afterwards, DNase | was removed by
another washing step with Buffer RW1. Subsequently, RNA was purified via two washing
steps with Buffer RPE. Finally, RNeasy spin column was placed in a new 1,5 ml microtube
and RNA was eluted with RNase-free water through centrifugation. To maximize the RNA
yield, the RNA elution step was repeated. RNA was kept at -80 °C until further analysis.

2.2.3.2RNA isolation from common bile ducts, gallbladders and colons
Since RNA amount from tiny piece of tissue like common bile ducts, gallbladders or
colons was very limited, RNAqueous-Micro kit (Life technologies) was utilized to enrich

maximal concentrated RNA for following real time RT-PCR analysis.

Tissue was homogenized with lysis buffer on ice, then 100% ethanol was added to the

lysate for optimal binding of RNA to the membrane. Lysate solution was loaded onto a

Micro filter. During centrifugation with maximum speed, RNA was bound to filter. RNA
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was purified by one washing step with Wash solution 1 and two washing steps with Wash
solution 2/3 via centrifugation at maximum speed. By doing so, contaminants were eluted
from the filter as flow-through. After discarding the flow-through, empty filter was
centrifuged at maximum speed to remove residual fluid and to dry filter. Next, RNA was
eluted with pre-heated (75 °C) Elution solution by centrifugation at maximum speed. To
maximize the RNA vyield, the elution step was repeated with the same volume of Elution
solution. DNase | treatment and subsequent DNase inactivation was performed since trace
amount of contaminating genomic DNA need to be removed prior to the RT-PCR analysis:
DNase | buffer and DNase | were added into eluted RNA solution, the solution was mixed
thoroughly by pipetting and incubated at 37 °C for 20 min. Afterwards, DNase Inactivation
Reagent was added into the mixture and the solution was incubated at room temperature
for 2 min. DNase Inactivation Reagent was then precipitated by centrifugation at
maximum speed. Purified RNA was transferred to a new RNase-free tube and stored at -
80 °C until further analysis.

2.2.4 RNA Quantification

RNA concentration was determined by measuring the absorbance with NanoDrop 2000c
UV-Vis Spectrophotometer (Thermo Scientific). 1 pl of RNA sample was used for
measurement and RNase-free water or Elution solution was used as blank. Results were

displayed as pg/ pl.

The ratio of absorbance at 260 and 280 nm was used to evaluate the purity of RNA. To that
end, a ratio of ~2.0 is generally accepted as pure RNA, while a lower ratio indicates the

presence of protein, phenol or other contaminants.

2.2.5 Reverse Transcription and cDNA translation

After measuring RNA concentration, 2 pg of total liver RNA were reverse-transcribed into
cDNA. For RNA from bile duct, gallbladder and colon samples, up to 1 pg of total RNA

were reverse-transcribed by the same method.

Sample RNA was mixed with Oligo (dT)2o Primer (Life technologies) and incubated for 5

min at 65°C to reduce RNA secondary structure. Afterwards, the solution was cooled down
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to 4°C to preserve the natural state. After adding 0,1M DTT (Life technologies), Super
Script 11 reverse Transcriptase (Life technologies), and 5 x First strand buffer (Life
technologies), the transcription was performed for 50 min at 42°C. Then the mixture was
incubated for 15 min at 70°C to inactivate the reaction. The obtained cDNA was either
used for real-time RT-PCR directly, or stored at -20°C.

2.2.6 Quantitative Real-time RT-PCR

To detect relative expression of mMRNA within different samples, real time RT-PCR was
performed with 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City,
USA). L7 ribosomal protein transcript was used as internal control and detailed list of
specific oligonucleotides can be found in Table 2.6. Every sample was detected in

duplicates for each target gene.

Mixture of sample solutions was pipette into MicroAmp Fast Optical 96-well Reaction
Plate (Applied Biosystems) using 10 pl for each well. The mixture contained

- 1 pl of cDNA (for liver, 1:10 diluted cDNA solution was utilized)
-5 ul SYBR Green Master Mix

- 3 ul DEPC water

- 1 pl of primer mix (0,3 uM forward and reverse primers)

The plate was sealed by MicroAmp Optical Adhesive Film (Applied Biosystems) to
prevent evaporation of solutions during the reaction. The reaction was carried out with the

following program:

Table 20. Program for quantitative real-time PCR

No. of cycle Time Temperature Note
1 10 min 95°C Denaturation and enzyme activation
15 second 95 °C Denaturation
45 1 min 60 °C Annealing and Elongation
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The amount of double stranded DNA generated during the amplification reaction was
measured by fluorescent signals generated from the intercalating SYBR Green. 44C;
method [146] was utilized for quantification of gene expression: the quantification cycle

(Cy) of target gene is divided by Cq of L7 in the same sample for normalization.

2.2.7 Serum bile acid (SBA) assay

Bile acids are produced in the liver as metabolic product of cholesterol, which can be
secreted into gallbladder or released into the small intestine; Bile acids also can be
reabsorbed via hepatic portal blood circulation passing back to liver through enterohepatic
circulation. Hence, the elevated serum bile acids level is clinically considered as an
indicator specific for biliary injury due to the dysfunction or obstruction of biliary system.
To detect bile acid level in the mouse serum, 80 pl of serum from control animals (1:8
diluted) and 4w-DDC-feeding samples (1:2 diluted) were utilized for SBA assay with

serum bile acid assay kit (DiaSys, Holzheim, Germany).

The principle of this assay is the generation of NADH from nicotinamide adenine
dinucleotide (NAD™) via the enzyme 3- o hydroxysteroid dehydrogenase (3- o HSD),
which converts 3- a hydroxy bile acids to 3- keto steroids. Subsequently, NADH reacts
with nitrotetrazolium blue (NBT) in the presence of diaphorase enzyme to form a formazan
dye. The dye formation is proportional to bile acids amounts in the serum and can be
detected photometrically by measuring absorbance at 540 nm.

80 ul of distilled water (as blank)/ Bile acids Standard (35 pM/1)/ serum samples were
mixed with 600 pl reconstituted Reagent R1 containing diaphorase, NAD", and NBT.
After incubation in dark for 4 min at 37 °C, absorbance 1 (A1) was read with Beckman
DU640 Spectophotometer (Beckman Coulter, Krefeld, Germany). Then 120 pl Reagent 2
containing 3- o HSD was added to the solution in order to start the reaction. After
incubation in dark for another 5 min at room temperature, absorbance 2 (A2) was read with
Beckman DU640 Spectophotometer. Finally, by calculating 4A = [(A2- 0,85 A1) Sample/
Standard]- [(A2- 0,85 A1) Blank], in which the factor 0,85 compensates the decrease of

absorbance by addition of Reagent 2, the concentration of bile acids in each sample was
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calculated by the formula: Bile acids [uM/L] = (4A Sample / 4A Standard) x 35 [uUM/L].
Of note, 35 uM/L mentioned in the above formula is the concentration of Bile acids

Standard. Serum bile acid concentration was displayed at uM/L.

2.2.8 Hepatic porphyrin assay

Since DDC blocks the conversion of protoporphyrin IX (PPIX) to heme and thereby results
in the formation of porphyrin stones in the liver, hepatic porphyrin assay was conducted to
assess the extent of DDC-induced PPIX accumulation [147]. This assay takes advantages

of PPIX autofluorescence after appropriate excitation.

Approximately 50 mg of frozen tissue kept in liquid nitrogen was homogenized in 1 ml 0,9
M perchloric acid in ethanol. After centrifugation at 14,000 rpm for 30 min at 4 °C,
supernatants were collected. Next, PPIX standard serial dilutions in 0,9 M perchloric acid
in ethanol were prepared: 500nM, 1,000 nM, 2,000 nM, 4,000 nM, 6,000 nM and 10,000
nM. After adding 200 pl PPIX standard solutions or samples per well, the absorbance
values were measured for standard curve by Fluorescence microplate reader (BioTek, Bad
Friedrichshall, Germany) with 400 nm excitation and 605 nm emission. Finally, PPIX
concentration was calculated based on standard curve, and normalized to liver tissue

weight as pM/ mg tissue.

2.2.9 Protein isolation and Western blot

2.2.9.1 Total liver protein extraction

Approximately 50 mg of frozen tissue kept in liquid nitrogen was minced in 1 ml
homogenization buffer (see chapter 2.1.2) using Potter-Elvehjem Tissue Grinder with
Smooth pestle (VWR, Bruchsal, Germany). After incubate at 98 °C for 5 min to enable
protein denaturation, liver lysates were sheared through 1 ml syringe equipped with 22G
needle to fragment the genomic DNA. Finally, lysates were centrifuged at maximum speed

at 4°C for 2 min to remove non-solubilized cellular debris.

2.2.9.2 Protein quantification
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Protein content of each sample was dtermined by protein quantification kit (Bio-Rad,

Munich, Germany) based on Bradford method according to the instruction manual:

Serum albumin (BSA) standard serial solutions were prepared as 0 mg/ml, 0,2 mg/ml, 0,4
mg/ml, 0,6 mg/ml and 0,8 mg/ ml in deionized water. 16 pl of each standard and sample
solutions were added in the UV cuvettes (Brand, Wertheim, Germany). Next, 800 pl of
diluted dye reagent (1:4 dilution with distilled deionized water) were added to each
cuvette. After gentle mixing, the cuvettes were incubated at room temperature for 5 min.
During that time, Coomassie blue dye interacted with the basic and aromatic amino acids
residues in sample lysates. The absorbance was measured with Beckman DU640
Spectophotometer (Beckman Coulter) at 595 nm. Because absorbance increases over time,
samples should be incubated at room temperature for no more than 1 hour. At last, protein

concentration was calculated based on the standard curve for BSA.

2.2.9.3 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed
to separate proteins based on their molecular weight. In this study, 10% acrylamide gels

were utilized since they allow a convenient separation of most cellular proteins.

Table 21. Composition of 10 % acrylamide gels.

Resolving gel Stacking gel
H,O 2,05 ml 1,5 ml
Resolving/ stacking buffer 1,3ml 0,65 ml
30 % acrylamide 1,65 ml 375 ul
10 % SDS 50 pl 25 ul
10 % APS 25 pl 12,5 ul
TEMED 7,5u 2,5l

Sample lysates were normalized based on their protein concentration, 1:4 diluted with 4 x
reducing Laemmli buffer, incubated at 95 °C for 1 min to solubilize SDS and loaded into
the wells of gel. To that end, 2-mercaptoethanol in the 4 x reducing Laemmli buffer

disrupts the disulfide bonds and proteins are denatured and obtain negative charge due to
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SDS. This enables their separation according to the size of polypeptide chain. PageRuler
prestained protein ladder (Bio-Rad) was used as a size standards for both the SDS-PAGE
and the subsequent Western blotting. Electrophoresis was performed in 1 x SDS running
buffer at 80 V until the bands run out of the stacking gel. Stacking gel is used to
concentrate proteins into thin bands and to allow them to enter the resolving gel at the
same time. To separate the proteins, the voltage was increased to 120 V. Afterwards, the
gel was either stained with Coomassie R250 staining solution for 30 min then destained
with destaining solution overnight to visualize the protein bands on the gel; or a detection

of specific protein was carried out via Western blotting.

2.2.9.4 Western blot (Immunoblotting)

In the process of “Western blotting” (or immunoblotting), proteins are transferred to a
PVDF membrane. Then the attached proteins on the membrane can be detected by specific
antibody-antigen reactions and the signal will be visualized by an enzymatic reaction
carried out through horseradish peroxidase (HRP) which is attached to the secondary

antibody.

After separation by SDS-PAGE, the protein bands were transferred from gel to a
polyvinylidene difluoride (P\VDF) membrane pre-activated by methanol and equilibrated in
1 x transfer buffer. The transfer was performed in ice-bath using constant voltage at 110 V
for 1 hour. For an optimal transfer, we used the wet transfer method, and prepared the gel
and membrane sandwich in the following sequence: Cathode- filter paper- gel- membrane-
filter paper- Anode. Then the gel and membrane sandwich was entirely submerged into

ice-cold 1 x transfer buffer.

After the transfer, membrane was washed with PBS-T buffer (Phosphate Buffered Saline
with 0.1% Tween-20) for three times 10 min each and then incubated with blocking buffer
(5% milk in PBS-T) for 1 h. Then membrane was exposed to specific primary antibody
against the protein of interest at 4°C overnight. The membrane was washed directed again

with PBS-T three times for 10 min. Subsequently, membrane was incubated for 1 h at
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room temperature with secondary antibody conjugated with HRP. Of note, secondary
antibody against the host is directed in whom the corresponding primary antibody was

generated.

After washing with PBS-T three times for 10 min each, either ECL (Enhanced
Chemiluminescence) or ECL prime western blotting detection reagent (GE Healthcare,
Freiburg, Germany) was added directly onto the membrane according to manufacturer’s
recommendation. These reagents enable the detection of the target proteins, because
chemiluminescence-based signals are proportional to the amount of bound secondary
antibody and thereby to the amount of the recognized protein. In principle, after HRP
catalyzing oxidation of luminal (i.e. the ECL reagent) in alkaline conditions, luminol
become excited and subsequently absorbed to basal state via an emission of light. The light
produced by this enhanced chemiluminescence reaction reach peaks after 5-20 minutes
and decays slowly thereafter with a half life of approximately 60 minutes. The maximum
light emission can be detected at wavelength of 428 nm. After exposing to ECL solution
for 5 min at room temperature, the chemiluminescence generated from target proteins were
captured by Luminescent Image Analyzer LAS4000 System (Fujifilm, Dusseldorf,
Germany), then the projected digital images of target bands were visualized by
ImageQuant LAS 4000 Control Software (Fujifilm).

All detailed information of antibodies and buffers/solutions used for western blotting can

be found in chapter 2.1.4.

2.2.10 Histology

Paraformaldehyde-fixed samples were dehydrated in a graded ethanol series, embedded in
paraffin, and cut into 5 um thin sections for analysis. Sections were either stained with
haematoxylin and eosin (H&E), picro-sirius red (PSR), or used for Immunohistochemistry
(IHC) analysis. Images were captured by Leica Microscope (DM 5500B) equipped with

Leica Application Suite software V4.1 (Leica Microsystems, Wetzlar, Germany).
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2.2.10.1 Hematoxylin & Eosin (H&E) staining

H&E staining was used to assess the general morphologic changes, the extent of ductular

reaction and biliary obstruction:

After deparaffinizing the slides in xylene for 2 min twice, sections were incubated with
descending serial ethanol dilutions (100% x 2, 96%, 90%, 80%, 70%) for 2 min per each
step, then sections were washed with running distilled water for 5 min. Next, slides were
incubated in filtered Mayer’s hemalum solution (Merck, Darmstadt, Germany) for 5 min,
and washed in warm running tap water for another 10 min. Then, slides were stained in
Eosin G solution (Merck) for 2 min and washed in cool running tap water until water
became clean. Finally, after dehydrating with ascending serial ethanol solutions (70%,
80%, 90%, 96%, 100% x 2), sections were incubated in Xylene for 5 min twice and
mounted with cover slip containing Entellan (Merck). The slides were dried overnight

before checking under light microscope.

During H&E staining, cell nuclei and other basophilic structures are stained with blue color

by Hematoxylin, while cytoplasm was colored with red or pink-orange by eosin.

The assessment of ductular reaction was performed independently by two experienced

researchers based on the following criteria:
- score 0, no reaction;

- score 1, weak;

- score 2, mild;

- score 3, abundant.

2.2.10.2 Picro-sirius-red staining

Picro-sirius-red staining was carried out to visualize collagen fibers in order to evaluate the

extent of biliary fibrosis:
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After deparaffinizing in Xylene for 10 min twice, sections were incubated with descending
serial ethanol solutions (100% x 2, 90%, 70%) for 5 min each step, then washed with
running distilled water for 5 min. Next, slides were incubated in picro-sirius-red solution
[0.1% (w/v) of Direct Red 80 (Sigma, Munich, Germany) in saturated aqueous solution of
picric acid (Sigma)] for 1 h, and washed in acidified water [0.5% (v/v) acetic acid in
distilled water] for 5 min twice. Then, slides were dehydrated with ascending serial ethanol
solutions (70%, 100% x 2) for 3 min each step and incubated in Xylene for 5 min twice. At
last, slides were mounted with cover slip containing Entellan (Merck). Slides were dried

overnight before analysing them under light microscope.

Fibrous areas in the liver were stained with the red color of brilliant red. Fibrosis scoring
was performed in a blinded way by an experienced pathologist using following scoring
system:

- score 0, indicating no fibrosis;

- score 1, portal fibrosis;

- score 2, incomplete portoportal fibrosis;
- score 3, complete portoportal fibrosis;

- score 4, cirrhosis.

2.2.10.3 Immunohistochemistry

To investigate the percentage of proliferating/ apoptotic cholangiocytes in each bile duct,
IHC staining was performed using ABC Staining System (Vector labs, Eching, Germany).
Given avidin have high affinity for biotin and possess four biotin binding site, Avidin DH
(Reagent A) and biotinylated enzyme (Reagent B) in ABC kit can be mixed to form
Avidin/Biotinylated enzyme Complex (ABCs) and specifically binding to the biotinylated
secondary antibody. After adding the substrate solution containing HRP, substrates

(typically containing streptavidin) bind to biotins and HRP (H,O; as oxidizing agent)
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catalyzes the conversion of chromogenic substrates to colored products, which can be

detected at the antigenic site under microscope.

After deparaffinizing in Xylene for 10 min twice, sections were hydrated with descending
serial ethanol solutions (100% x 2, 96%, 90%, 80%, 70%) for 2 min each step and washed
with running distilled water for 5 min. Next, slides were incubated in 1% Antigen
Unmasking Solution (Vector labs) at 900 V in the microwave oven until the solution
started boiling. Afterwards, the microwave was switched to 600 V and the incubation was
performed for 20 min. After cooling down for around 20 min, slides were washed in
distilled water for 5 min. Slides were then incubated in 3% H,0, for 10 min to eliminate

endogenous peroxidase activity and washed in distilled water for another 5 min.

Tissue area was marked with Dako Pen (Dako, Hamburg, Germany) and incubated with
blocking buffer containing 2% BSA in Tris Base Saline buffer with 0.1% Tween-20 (TBS-
T) for 30 min. Primary antibody was added onto the tissue area and sections were
incubated in humid Immunostaining tray (Cell Path, Newton, UK) for 1 h at room
temperature (or 4 °C overnight). After washing with TBS-T buffer briefly 3 times,
biotinylated secondary Antibodies (Vector labs) were added onto tissue areas and slides
were incubated in humid Immunostaining tray for 30 min at room temperature, then
washed with TBS-T buffer briefly 3 times. Afterwards, sections were incubated with
prepared Vectastain working solutions (Vector labs) in humid Immunostaining tray at
room temperature for 30 min and washed with TBS-T buffer briefly 3 times. Finally,
prepared Vector VIP substrate solution (Vector labs) was added onto the tissue area and
slides were incubated in humid Immunostaining tray at room temperature. The formation
of the signal was monitored under light microscope and the reaction was discontinued until

staining of desired intensity developed.

After washing with distilled water briefly 3 times, slides were counterstained with 56 °C
warm methyl green (Sigma) for 10 min to visualize the nuclei. After washing with distilled

water 3 times, slides were dehydrated with ascending serial ethanol solutions (70%, 80%,
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90%, 96%, 100% x 2) 1 min each step. Sections were then incubated in Xylene for 5 min
twice and mounted with cover slip containing Entellan (Merck). The slides were dried

overnight before analyzing them under light microscope.

Using this method, antigens were stained with intense violet color by VIP (Vector labs),
while background appeared light green due to methyl green. The percentage of stained
biliary epithelial cells within bile ducts was calculated. To that end, cholangiocytes were
categorized into positive (purple) and negative (green). The percentage of positive cells
was calculated as purple divided by the sum of purple and green cells and at least 20 bile

ducts were evaluated per slide.

2.2.11 Immunofluorescence
Liver tissues were frozen in methylbutane pre-cooled in liquid nitrogen, embedded in

Tissue-Tek O.C.T Compound (Sakura, Staufen, Germany) and cut into 2 um thin sections:

Sections were fixed in pre-cooled acetone for 10 min, dried, and stored at -80 °C. Before
use, sections were washed 3 times in TBS-T buffer. After marking the tissue with Dako
Pen (Dako), sections were incubated with blocking buffer in humid Immunostaining tray
(Cell Path) for 30 min at room temperature. Next, primary antibodies were diluted with
blocking buffer and added onto the sections. Slides were incubated in humid
Immunostaining tray for 1 h at room temperature (or 4 °C overnight) and then washed 3
times in TBS-T buffer. Afterwards, sections were incubated with Alexa Fluor 488 and/or
Alexa Fluor 568 secondary antibodies in humid Immunostaining tray for 30 min in dark to
prevent quenching of fluorescence. After washing 3 times in TBS-T buffer, sections were
mounted with cover slides containing Prolong Gold Antifade Reagent with DAPI (Life

technologies). Slides were kept in dark at 4 °C.

Images were acquired by Axioskop equipped with HBO 100 Microscope lluminating
System (Zeiss, Gottingen, Germany) and QiCam Fast 1394 Camera (Qimaging, Surrey,
Canada), and SimplePCI software (Hamamatsu, Herrsching, Germany).
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Morphometric quantification of fluorescent signals was carried out with ImageJ program
(National Institutes of Health, Bethesda, USA):

Briefly, image type of all pictures was first changed to 8-bit. After adjusting the threshold
of image the percentage of fluorescently labeled area out of the tissue scetion was

determined.

A detailed information about antibodies, dilutions and buffers/ solutions used in this study

can be found in chapter 2.1.2 and 2.1.4.

2.2.12 Hepatic hydroxyproline Assay

4-hydroxyproline (hydroxyproline) is a posttranslationally modified amino acid
characteristic of collagen. Due to its high specificity for collagen, the measurement of
hydroxyproline levels serves as an indicator of collagen amount in the sample. Therefore,
hepatic hydroxyproline assay was used to evaluate the extent of collagen deposition in our

samples as previously published [148-149].

Generally, the whole process consists of three main steps: 1) Hydrolysis of sample with
strong acid or alkali; 2) Oxidation of released hydroxyproline by buffered chloramines-T; 3)
Development of chromophore by Ehrlich’s reagent and detection colorimetrically or
fluorimetrically. To that end, frozen liver tissue kept in liquid nitrogen was homogenized
in 800 pl of distilled water, and the lysate was hydrolyzed in 400 pl 6 M HCI overnight in
sand bath at 110 °C. After filtration of hydrolyzed lysate with Amicon Ultra-0.5
Centrifugal Filter Devices (Millipore, Darmstadt, Germany), filtered solution was
evaporated by speed vacuum centrifugation (Eppendorf, Hamburg, Germany). Trans-4-
hydroxy-L-proline standard serial solutions were prepared in 50 ul of distilled water: 0 ug,
0,5 pg, 1,25 ug, 2,5 pg, 5 pg, 10 pg and 20 pg. At the same time, sediments from each
sample were dissolved in 50 pl of distilled water. 450 ul of 56 mM chloramines-T in
acetate-citrate buffer (pH 6,5) was added to standard and sample solutions and the
solutions were incubated at room temperature for 25 min. Then, another 500 ul Ehrlich
solution was added to standard and sample solutions and the solutions were incubated at
65 °C for 20 min. Finally, the solutions were transferred into UV cuvettes (Brand) and

absorbance values were detected by Beckman DU640 Spectrophotometer (Beckman
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Coulter) at 562 nm. Hydroxyproline level was measured based on standard curve, and

normalized to liver tissue weight as ng/ g liver tissue.

2.2.13 Bile flow assay

Measurement of bile flow and bile composition was performed by our collaborators in the
Division of Gastroenterology and Hepatology, Medical University Graz as described
previously [122]. Briefly, the analysis was carried out in 4-month-old DDC-fed K19 KO
and WT mice as well as age- and sex- matched animals on normal diet. Mice that were
fasted overnight but had free access to water were anesthetized (10 mg of avertin
intraperitoneally), and the gallbladder was cannulated after common bile duct ligation for
collection of bile. After a 5-minute equilibration period, bile was collected in preweighed
test tubes under mineral oil for 30 minutes, and bile flow was determined gravimetrically

(assuming a density of 1.0 g/ml) and normalized to liver weight.

Given that DDC-induced protoporphyrin plugged the cannules, we were able to measure

only bile composition but not flow rate in DDC-fed mice.

Biliary phospholipid concentration was determined using the commercial Phospholipid B
kit (Wako, Neuss, Germany). Biliary cholesterol concentration was determined using the
commercial Cholesterol Liquicolor kit (Human, Wiesbaden, Germany). Biliary bile acids
concentrations were determined using the 3a-hydroxysteroid dehydrogenase assay Kit
(D1aSys, Holzheim, Germany) according to the manufacturer’s instructions. Biliary
bicarbonate was measured with AVL 995 automatic blood gas analyzer (AVL, Graz,
Austria).

2.2.14 Microarray

To further explore the importance of K19 in DDC-fed livers, cDNA microarray analysis
was performed at Chip-Facility of University Medical Centre Ulm. To that end, total RNA
was isolated from DDC-fed WT and K19 KO mouse livers (five per group) using RNeasy
Mini Kit (Qiagen).
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2.2.14.1 Microarray analysis

Microarray analyses were performed using 200 ng total RNA as starting material. Total
RNA was amplified and labeled using the Whole Transcript (WT) Sense Target Labeling
Assay (http://www.affymetrix.com). 5.5 pg of labeled ssDNA was hybridized to Mouse
Gene 1.0 ST Affymetrix GeneChip arrays (Affymetrix) with the help of GeneChip Fluidics
Station 450 (Affymetrix, Santa Clara, USA). The chips were scanned with an Affymetrix
GeneChip Scanner 3000 and subsequent images analysis was performed with Affymetrix®
Expression Console™ Software (Affymetrix). A transcriptome analysis was carried out
using BRB-ArrayTools developed by Dr. Richard Simon and the BRB-ArrayTools
Development Team (http://linus.nci.nih.gov/BRB-ArrayTools.html). Raw data were
normalized, and log; intensity expression summary values for each probe set were

calculated using robust multiarray average (RMA) [150].

Genes showing minimal variation across the set of arrays were excluded from the analysis
which genes whose expression differed by at least 1.5 fold from the median in at least 20%

of the arrays were further investigated.

To identify genes which are differentially expressed among the two classes, a 2 sample t-
test was used. Genes were considered statistically significant if their p value was less than

0.05 and displayed an at least 1.5 fold change.

2.2.14.2 Gene Ontology analysis

To identify the most affected biological processes, as defined by Gene Ontology
annotation GO, we used the GOMINER analysis tool [151]. This package allows the
automatic analysis of multiple microarrays and then integrates the results to find the GO
categories that were significantly (p < 0.05) over- or under-represented. Only genes with a
1.5-fold up- or down-regulation were included in the analysis.
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2.2.15 Statistics

Data are shown as mean = standard error of the mean (SEM). For normally distributed
samples, parametrical paired two-tailed Student’s t-test was performed, while non-
parametrical Mann-Whitney U-test was used for samples without normal distribution. A p-
value below 0.05 was considered statistically significant. Statistical Package for the Social
Sciences (SPSS) software version 15.0.1(IBM, New York, USA) was used in this study.
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3. Results

3.1 Characterization of role of Keratin 19 under basal conditions
3.1.1 Confirmation of genotyping at protein level

Genotyping of WT and K19-KO mice was performed by PCR as described previously
[55]. WB and IF with the troma-I11 antibody further confirmed the genotyping of the
animals, while 3-actin demonstrated equal protein contents of the liver lysates (Figure 3a).

Of note, K19 was mainly peripherally distributed within cholangiocytes (Figure 3b).

- z
T — keratin 19

Figure 3. Confirmation of keratin 19 knockout (K19-KO) genotyping at protein level. (a) Western blot
with the troma-I11 antibody was performed in total liver lysates with B-actin being used as a loading control.
(b) Fluorescent signal (green) visualizes K19 fluorescence in K19-wildtype (WT) but not K19-KO
cholangiocytes. Note that K19 displays a predominantly peripheral distribution in cholangiocytes. Scale bar
in (b) = 25 um.
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3.1.2 Analysis of keratin gene expression in digestive system of K19-KO and -WT

mice

In order to investigate keratin expression at mRNA level, quantitative real-time RT-PCRs
were carried out in liver, CBD, GB and colon samples (Figure 4). As expected, K19
expression is absent in tissues of K19-KO animals, and K19 levels were the highest in GB
and colon. The expression of the other keratins (K7, K8, K18) within digestive system was

not altered by loss of K19, with the only exception being K18 mRNA in colon, that

significantly increased to compensate for the K19 loss.

a K7 mRNA
2 -
>
g 1.5 4
= 5l mWT
o OKo
S
O 0.5 1
e
0
Liver CBD GB Colon
¢ K18 mRNA
4
>
c 31
©
] mWT
RV E p<0.01q40
K
[) 4
Nl i
0 -
Liver CBD GB Colon

K8 mRNA

10 -
> 8-
s
5 °]

- I:IKO
° 4
(o)
il ij1

0-_-:1

Liver CBD GB Colon
K19 mRNA

12 ~
)
e |
® 87
<
© i DKO
S 4+
o
L

0

Liver CBD GB Colon

Figure 4. Keratin expression in digestive epithelia. Keratin (K) 7/8/18/19 gene expressions were assessed
in liver, common bile ducts (CBD), gallbladders (GB) and colons from 2-month-old females by quantitative

real-time RT-PCR. Similar keratin mRNA levels were observed in K19 wild-type (WT) and knockout (KO)

animals except the elevated K18 mRNA levels in colons of K19-KOs.

3.1.3 K19 loss leads to alteration of keratin distribution
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To test whether loss of K19 leads to keratin redistribution within intrahepatic bile ducts
(IHBDs), we performed IF staining. Type | keratins (K18 and K19) exhibited
predominantly a non-polarized staining within cholangiocytes while type 1l keratins (K7
and K8) were preferentially apically distributed. In the absence of K19, however, K7 and
K8 redistributed from a predominantly apical staining to a non-polarized cytoplasmic
localization (Figure 5), indicating that type Il keratins compensate the loss of K19 by
altering their distribution. Morphometric quantification (Figure 6) confirmed the keratin

distribution pattern shown in Figure 5.

WT

K7

K8

Figure 5. Immunofluorescence (IF) staining of keratin (K) 7 and K8 in untreated livers. IF staining for
Keratin (K)7 and K8 demonstrates that the loss of K19 leads to redistribution of K7 and K8 within
intrahepatic bile ducts (IHBDs) from a more apical to more cytoplasmic non-polarized staining. Scale bar =
25 pm.
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Figure 6. Quantification of keratin distribution. Morphometric quantification was performed to determine
the ratio of intrahepatic bile ducts (IHBDs) with the predominantly apical vs. the non-polarized keratin

distribution and confirms the altered Keratin (K) 7 and K8 staining pattern found in K19-KO IHBDs.

3.1.4 K19-KO mice display largely normal biliary function under basal condition

Since biliary cytoskeleton contributes to a proper targeting of bile transporter proteins
[152], we wondered whether k19 loss affects biliary physiology. To find this out, bile flow
and output of major bile constituents were measured, but no substantial alterations were
observed (Figure 7 and Figure 8). These data suggest that unstressed K19-KO mice
displayed largely normal biliary epithelia in spite of a re-arrangement of biliary keratins

towards a more cytoplasmic localization.

Bile flow assay

pl/g LW/min

WT KO

Figure 7. Bile flow quantification in untreated keratin 19 knockout (K19-KO) and wildtype (WT) mice.

Comparable bile flow rates indicate that K19 loss didn’t affect the bile formation and clearance.
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Biliary physiology
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Figure 8. Output of major bile constituents in keratin 19 knockout (K19-KO) and wildtype (WT)
animals. Bile composition didn’t differ between untreated (CTL) K19-KOs and WTSs, however, significantly
decreased bicarbonate output was detected in DDC-fed K19-KOs when compared to DDC-fed WT animals.

3.2 K19-KO mice suffer more severe biliary injury after chronic DDC administration
3.2.1 Loss of K19 causes stronger cholestatic liver injury after 4-week DDC feeding

To assess the function of biliary K19 under stress conditions, 4-week DDC feeding was
used since it has previously been shown to constitute an established mouse model of

chronic cholestatic liver diseases [124], as well as a model of oval cell activation [107].

Though the DDC treatment was well-tolerated and no lethality was observed, K19-KO
mice displayed a trend towards higher body weight loss (not shown). Chronic DDC
administration led to a marked liver hypertrophy in both WT and K19-KO animals, with a
significant elevation of cholestatic indicators and ALT level. No difference in hepatic
injury markers and the extent of liver hypertrophy was seen between the genotypes. On the
other hand, K19-KO mice developed a stronger cholestasis as evidenced by increased
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serum bilirubin (157 £ 72 vs. 34 £ 44 in WT, p < 0,01), serum bile acids (£ 79 vs 339 £ 55,
p <0,01) and ALP levels (883 + 125 vs 637 + 172, p < 0,05) (Figure 9).

Serum biochemistry
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Figure 9. Serum biochemical analysis of control (CTL) and DDC-treated animals. Loss of keratin (K) 19
is well compensated under basal condition (CTL), but K19 knockout (KO) mice exhibited a stronger
cholestatic injury evidenced by elevated biliary injury cholestasis markers such as alkaline phosphatase
(ALP), serum bile acid (SBA) and total bilirubin (Bili tot) after feeding with 3, 5-diethoxycarbonyl-1,4-
dihydrocollidine (DDC).

3.2.2 Loss of K19 results in a higher extent of biliary obstruction after 4-week DDC
feeding

DDC represents a porphyrinogenic drug which has been shown to cause formation of
porphyrin gallstones [124]. To study whether a difference in the stones formation may
contribute to the stronger cholestatic injury seen in K19-KOs, we performed
morphometrical quantification from DDC-fed livers revealed exacerbated extent of
obstructed IHBDs in the portal area owing to the accumulation of porphyrin pigments
(50% + 4,5% vs 38% + 7,3%, p < 0,005) (Figure 10 and Table 22), supporting the

increased total bilirubin levels in the serum.
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DDC

Figure 10. H&E staining of 4w-DDC-fed (DDC) livers. H&E staining of DDC-fed mice showed the K19

loss resulted in increased biliary obstruction. Asterisks in a) mark the open bile lumina, while arrowheads in

b) highlight plugged bile ducts. Scale bar = 50 pm.

Table 22. Histological analysis.

Control DDC
WT (n=6) KO (n=5) WT(n=8) KO(n=7)
Ductular reaction (Stage) 0+0 00 19+04 14+03°
Biliary obstruction (%6) 38+73°  50+45°
BEC mitotic rate (%) 3.7+6.3 34+54 18.2 £4.2° 8.6+1.2°
Biliary apoptosis (%0) 0+0 0x0 28+10 47+19
Fibrosis (Stage) 00 0£0 3+0¢ 2.4+05¢

DDC, 3,5-diethoxycarbonyl-1 ,4-dihydrocollidin; BEC, biliary epithelial cell. KO, keratin 19 knockout; WT,

keratin 19 wild type.

%p < 0.05; °p < 0.005; °p < 0.005; %p < 0.05.

To test whether differences in porphyrin metabolism are responsible for the stronger biliary

obstruction in DDC-fed K19-KOs, we performed porphyrin assay. However, comparable

PPIX (Figure 11) levels excluded the above possibility.
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Figure 11. Porphyrin levels in 4 weeks DDC-fed livers. Porphyrin assay revealed no difference in
accumulation of porphyrin between DDC-fed keratin 19 knockouts (K19-KOs) and wildtypes (WTSs).

3.2.3 Loss of K19 results in decreased biliary bicarbonate levels after chronic DDC

treatment

Because of the aggravated biliary injury in DDC-fed K19-KO livers, we investigated

whether bile production process is affected by the loss of K19.

While DDC feeding significantly reduced the biliary bicarbonate output, the overall bile
composition was similar in DDC-fed K19-WT and -KO animals (Figure 8).

3.2.4 Loss of K19 leads to altered gene expression after 4-week DDC feeding

To obtain a comprehensive overview of the importance of K19 in DDC-induced cholestatic
liver injury, cDNA microarray analysis was performed with total liver RNAs from DDC-
fed animals (Figure 12). It revealed that K19 loss resulted in altered gene expression after
DDC challenge. The observed changes involved genes participating in gluconeogenesis
[153-155], mitochondrial homeostasis and metabolism [156-158], cell growth [159], bile
production [160-161], and bile secretion [162]. For details see Table 23. Quantitative real
time RT-PCR confirmed the observed differences (Table 23).
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Figure 12. cDNA microarray of DDC-fed livers. Loss of Keratin (K) 19 led to changes in gene expression

in the livers of DDC-treated animals.

Table 23. Selected differentially expressed genes in mice chronically fed with DDC.

RT-PCR Microarray
Genes Fold change | P value | Fold change P value Function
(KO vs WT) (KO vs WT)
Kcnjl6 14,0 0.0006 2.6 0.0000002 Regulation of pH balance [163-164]
Pckl 3,6 0.02 3.11 0.0006 Regulation of gluconeogenesis
[153-155]
Ppargcla 2.0 0.008 1.8 0.001 Regulator of mitochondrial physiology
and metabolism [156-158]
PIk3 2.6 0.05 2,0 0.0002 Inhibition of cell growth [159]
Slcolal 1,0 0.01 0.2 0.008 Bile acid uptake in hepatocytes
[160-161]
Sstr2 0.3 0.0000 0.4 0.000006 Regulation of bile flow in BEC [162]
1

KO, knockout; WT, wildtype

52




Results

Of note, the Somatostatin receptor type 2 (SSTR2) gene is expressed only in the
basolateral membrane of cholangiocytes in liver and negatively regulates the bile flow
through cholangiocytes [162].

Sstr2 mRNA

p <0.05
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Figure 13. Somatostatin receptor type 2 (Sstr2) levels in keratin 19- wildtype (WT) and knockout (KO)
animals. Quantitative real-time RT-PCR analysis reveals elevated hepatic Sstr2 mRNA expression in DDC-
fed versus control (CTL) animals. DDC-fed K19-KOs exhibit significantly lower sstr2 mRNA levels
compared to DDC-fed WTSs.

3.3 DDC-fed K19-KO mice display weaker ductular reaction and biliary fibrosis
3.3.1 Loss of K19 reduces biliary regeneration after 4-week DDC treatment

Since chronic DDC feeding results in massive ADP [123], we studied whether this
phenomenon is affected by the absence of K19. Therefore, we performed histological
quantification which demonstrated that DDC-fed K19 KOs display decreased ADP (Figure
14 and Table 22).
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CTL

DDC

Figure 14. Hematoxylin and eosin (H&E) staining of control (CTL) and 4w-DDC-fed (DDC) livers.
H&E staining of livers from CTL and DDC mice demonstrates that loss of K19 (KO) attenuates the DDC-

induced ductular reaction. Scale bar = 100 pum.

In addition, we carried out pankeratin (panK) IF staining to visualize ductular cells.
Consistently, loss of K19 resulted in lower amounts of panK-positive cells after 4-week
DDC feeding (Figure 15 and Table 24).
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Figure 15. Immunofluorescence (IF) staining of pankeratin (panK) from control (CTL) and 4w-DDC-
fed (DDC) livers. IF staining of CTL and DDC livers shows a decreased amount of panK-positive cells in
DDC-fed K19 knockouts (KOs) versus wildtypes (WTs). Scale bar = 100 um.

Table 24. Morphometric analysis of DDC-treated mice.

Control DDC
WT(n=3) KO((n=3) WT(n=3) KO(n=3)
Ductal cells (%) 0.2+0.1 0.1+0.0 6.8+08° 13+0.9°
A6" BECs (%) 0.2+0.03° 0.1+0.02° 32+052° 1.6+0.27°
Notch2* BECs (%) 33+31 29+5.0 49+74%  29+1.8¢

DDC, 3,5-diethoxycarbonyl-1 ,4-dihydrocollidin; BEC, biliary epithelial cell. KO, keratin 19 knockout; WT,
keratin 19 wild type.

%p < 0.005; °p < 0.05; °p < 0.05; %p < 0.05.

3.3.2 Loss of K19 reduces DDC-induced proliferation of cholangiocytes
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Reduced ADP in DDC-fed K19-KO livers led us to evaluate the proliferation of
cholangiocytes. The rate of proliferating biliary cells per IHBD was calculated based on
Ki-67 IHC staining (Figure 16). While chronic DDC administration induced a profound
increase in biliary proliferation, the DDC-induced regeneration of biliary epithelium was
attenuated by loss of K19 (18,2 % + 4,2% vs 8,6 % * 1,2%, p < 0,005, Table 22).

WT KO

CTL

DDC
g‘

Figure 16. Immunohistochemistry (IHC) staining of Ki67 in control (CTL) and 4w-DDC-fed (DDC)
livers. IHC staining for the proliferation marker Ki67 (in purple color) reveals that the extent of DDC
induced proliferation of ductal structures is weaker in DDC-treated Keratin 19 knockouts (K19-KOs) (KO)
versus —wildtype (WT) animals. Scale bar = 50 pm.

To further explore whether DDC-induced biliary apoptosis contributes to the observed
weaker ADP in K19-KO livers, we measured the rate of ductal apoptosis per IHBD by
means of D237 IHC staining with subsequent morphometric quantification. Although mild
apoptosis was seen in biliary epithelium after chronic DDC treatment (Figure 17), no
difference was found between K19-WTs and -KOs (2,8 % + 1,0% vs 4,7 % + 1,9%, p >
0,05, Table 22).
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Figure 17. Immunohistochemistry (IHC) staining of D237 epitope in control (CTL) and 4w-DDC-fed
(DDC) livers. Immunostaining for the apoptotic marker D237 (in purple color) shows that DDC-feeding
leads to a moderate increase in apoptosis of biliary epithelial cells (BECs) compared to the situation seen in
control (CTL) animals. No obvious differences between Keratin 19- wildtype (WT) and -knockout (-KO)
animals were noted. Scale bar = 50 pum.

3.3.3 DDC-induced oval cell activation is attenuated in K19-KOs

It has been shown previously that DDC feeding results in oval cell activation which is at
least in part negatively regulated by transforming growth factor (TGF) betal [123]. Given
that we found significantly elevated TGF betal mRNA levels in DDC-fed K19-KOs. We
performed IF staining for A6, an established oval cell marker, together with panK staining
to assess the rate of oval cells within panK- positive population. Morphometric
quantification revealed that the amount of oval cells dramatically increased after 4-week
DDC feeding, however, a lower percentage of A6-positive cells was detected in DDC-fed
K19-KOs compared to WTs (Figure 18 and Table 24).
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Figure 18. Double immunofluorescence (IF) staining for pankeartin (panK) and A6 in control (CTL)
and 4w-DDC-fed (DDC) livers. A6-positive oval cells are visualized in red while panK-positive biliary
epithelia are shown in green. Note a significantly lower amount of A6-positive oval cells within panK-
positive biliary epithelium of DDC-fed Keratin 19 knockouts (KOs) when compared to equally challenged
wildtypes (WTs). Scale bar = 100 um.

3.3.4 DDC-induced Notch2 signaling is impaired in K19-KOs

As Notch signalling is known to regulate cholangiocyte differentiation and is modified by
intermediate filaments including K19 [52, 108, 165], we tested whether notch2 signaling
was altered in DDC-fed K19 KOs. Double IF staining for panK and Notch2 was applied
and the percentage of Notch2-postive cholangiocytes per IHBD was calculated. The
percentage of notch2-positive signals within panK-positive cells was significantly
decreased in DDC-fed K19-KOs compared to WTs (49% + 7,3% vs. 29% + 1,8%, p <
0,05, Figure 19 and Table 24), suggesting that deletion of K19 leads to an impaired Notch2

signaling in DDC-fed animals.
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Figure 19. Double immunofluorescence (IF) staining for pankeatin (panK) and Notch2 in control
(CTL) and 4w-DDC-fed (DDC) livers. IF signals for Notch2 (red) and panK (green) illustrate an increased
percentage of Notch2-positive biliary epithelial cells (BECs) in DDC-fed wildtypes (WTs) while less double
positive cells are found in DDC-fed Keratin 19 knockouts (KOs). Scale bar = 25 um.

Taken together, these data illustrate that K19 is needed for anefficient Notch2- mediated
oval cell-driven biliary regeneration and these findings explain the lower extent of ADP
seen in DDC-fed K19-KOs.

3.3.5 K19 deletion attenuates DDC-induced biliary fibrosis

Next, we evaluated the DDC-mediated biliary fibrosis. 4 week DDC treatment leads to a
dramatic scar formation around portal areas as demonstrated in Sirius red stained liver
sections (Figure 20). However, a significantly lower level of biliary fibrosis was observed
in DDC-fed K19-KOs as determined by evaluation of both H&E and Sirius red stained
liver slides (Figure 20 and Table 22).
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Figure 20. Sirius red staining of control (CTL) and 4w-DDC-fed (DDC) livers. The development of
DDC-induced biliary fibrosis is attenuated in Keratin 19 knockouts (K19-KOs) compared to wildtypes
(WTs). Scale bar = 200 um.

These data were further supported by quantitative real time RT-PCR for fibrosis marker
alpha-1 type | collagen (Collal), and hepatic hydroxyproline assay, respectively. To that
end, lower collal mRNA expression (Figure 21) and hepatic hydroxyproline content
(Figure 22) were observed in DDC-fed K19-KOs. Therefore, our results clearly

demonstrate that K19 loss ameliorates the development of DDC-induced biliary fibrosis.
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Figure 21. Quantitative real-time RT-PCR for alpha-1 type I collagen (Collal) gene in control (CTL)
and 4w-DDC-fed (DDC) livers. Real-time RT-PCR analysis reveals elevated hepatic collal mRNA level in
DDC-fed versus control animals. Note that DDC-fed Keratin 19 knockouts (KOs) display significantly lower
collagen mRNA levels than WTs.
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Figure 22. Hepatic hydroxyproline assay. Increased hydroxyproline levels are detected in DDC-fed
animals compared to untreated controls (CTL). On the other hand, a significantly lower hydroxyproline
amount is found in DDC-fed Keratin 19 knockouts (19-KOs) versus wildtypes (WTS).
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3.4 Loss of K19 does not affect bile duct obstruction- related injury

Since DDC-treated K19-KO mice displayed higher serum bile acid levels as well as
stronger cholestatic injury due to obstruction of IHBDs, we wondered whether K19 may
influence bile duct obstruction- related liver injury. To test the latter, CBDL was
performed in K19-KOs and WTs and the extent of hepatic/ biliary injury was checked 5
days or 21 days after operation [127].

CBDL resulted in severe ductular reaction and fibrotic injury (Figure 23 and 24), however,
neither serum liver damage markers (Figure 25 and 26) nor Collal mRNA level (not
shown) showed significant difference between the ligated K19-KO and WT livers,
indicating that deletion of K19 didn’t modulate this type of liver injury.

62



Results

5d -CBDL CTL

21d -CBDL

Figure 23 Hematoxylin and eosin (H&E) staining from control (CTL) and common bile duct ligated
(CBDL) livers. Liver histology from CTL, 5 days past CBDL, and 21 days past CBDL demonstrates that
loss of keratin (K) 19 didn’t modify the extent of CBDL-induced liver injury in that both K19 knockout (KO)

and wildtype (WT) animals show a similar extent of ductular reaction and necrosis. Scale bar = 100 um.
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Figure 24. Sirius red staining of control (CTL) and common bile duct ligated (CBDL) livers. CBDL-
induced fibrosis develops gradually after the operation, but the extent of fibrosis didn’t differ between
Keratin 19 knockouts (K19-KOs) and wildtypes (WTs). Scale bar = 200 pm.
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Figure 25. Serum biochemical analysis of control (CTL) mice and animals 5 days after common bile

duct ligation (5d-BDL). CBDL induces a severe liver injury as evidenced by dramatically elevated alanine

transaminase (ALT), alkaline phosphatase (ALP), and total bilirubin (Bili tot) levels. However, Keratin 19

knockout (KO) didn’t affect any of these serological markers.
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Figure 26. Serum biochemical analysis of control (CTL) animals and mice 21 days after common bile

duct ligation (21d-BDL). Although CBDL-induced cholestatic injury is clearly present 21 days after BDL as

evidenced by elevated alkaline phosphatase (ALP) and total bilirubin (Bili tot) levels, no difference was

observed between Keratin 19 knockouts (K19-KOs) and wildtypes (WTs). ALT, alanine transaminase.
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To sum up, loss of K19 leads to a stronger cholestatic injury after chronic DDC feeding
due to an impaired ADP (Figure 27). On the other hand, loss of K19 does not affect bile
acid secretion or the extent of bile duct obstruction associated liver injury. The lower ADP
presumably contributes to the lower extent of biliary fibrosis observed in DDC-fed K19-
KOs.
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Figure 27. Schematic figure of pathological differences between keratin 19 wildtype (K19-WT) and
knockout (K19-KO) mice. (A) Under basal condition, K19-KO mice undergo a re-distribution of biliary
keratins towards a more cytoplasmic staining, but exhibit otherwise largely normal biliary epithelium. (B)
After 4-week DDC treatment, K19-KO mice display a more severe biliary injury and biliary obstruction
which may be due to a loss of the protective bicarbonate secretion and also a weaker atypical ductular
reaction (ADP). Concomitantly, DDC-fed K19-KOs show impaired Notch2 signaling in biliary epithelium
and a lower extent of oval cell activation. Of note, the weaker ADP in DDC-fed K19-KOs correlates with

attenuated biliary fibrosis.
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4. Discussion

4.1 Loss of K19 is well-compensated under physiological conditions

Given the established cytoprotective role of keratins in the maintenance of cellular
homeostasis and the fact that K19 is expressed primarily in ductal-type epithelia [7, 13], |
analyzed the importance of K19 in biliary system. Under basal condition, K19-KOs did not
develop an obvious biliary pathology as suggested by normal bilirubin/ALP/serum bile
acids and by unrevealing histological examination. This is not surprising since defects in
simple epithelial keratins often result in no/minimal phenotype in unstressed animals but
can lead to a marked stress predisposition [13]. For example, in K7-KO mice, no apparent
biliary alterations were reported, however, it remains unclear, how detailed analysis of
biliary system was performed in these animals [166]. Much more data are available on K8-
and K18-KO animals that displayed unaltered serum ALP and total bilirubin levels as well
as normal relative bile duct area [126, 167]. Of note, the lack of apparent biliary phenotype
in K8-KOs is rather surprising, since they have obvious changes in other tissues. These
include mild chronic hepatitis and partially distorted hepatic and pancreatic morphological
structure [168] as well the development of spontaneous colitis that is likely because of

disrupted epithelial polarity and by the mistargeting of transporters [27-28].

| also examined the impact of K19 loss on other biliary keratins and found no changes in
expression of K7/K8 and K18. This is somewhat surprising since it has been reported
previously that K19 deficiency results in upregulation of K18 and K20 in the gallbladder
[169]. Even bigger changes were found in gallbladders of K8-KO animals that were largely
devoid of any keratins [169]. On the other hand, no/minimal alterations were seen in
gallbladders of K18-KOs which is well in line with the fact that K18 is less abundant in the
mouse gallbladder than K19 [169]. Unfortunately, the effect of keratin deficiencies on
keratin expression in the common bile duct has not been systematically analyzed yet and

further studies should focus on this important topic.

While loss of K19 did not result in altered expression of biliary keratins, it led to a
redistribution of the biliary keratin network from a predominantly apical to a non-polarized
cytoplasmic pattern. This is reminiscent on what has been observed in pancreatic acinar
cells: In these cells, K19 is found only in apicolateral (AL) keratin filaments while
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cytoplasmic (C) filaments consist only of K8/K18 [170]. Of note, the loss of K18 does not
affect the AL keratin compartment, but the consequences of K19 deficiency have not been
systematically analyzed [170]. Last but not least, although the impact of K19 on the
polarity of keratin network in other tissues was not studied, accumulating evidence
suggests that keratins can modulate not only the polarity of their own network, but the
polarity of the whole cell [27, 38, 171-172].

Lastly, I also found that the bile flow and bile composition under basal condition was not
affected by the loss of K19. Similarly, K8- and K18-KOs displayed an unaltered bile flow
and normal levels of major bile components [126]. The normal excretory function of K19-
KO cholangiocytes is also supported by the fact that we did not see obvious differences in
the amount of cholangiocyte-specific transporters such as aquaporin 1 (AQP1), anion
exchange protein 2 (AE2) and cystic fibrosis transmembrane conductance regulator (CFTR;
unpublished data; [173]). While loss of either K8 or K18 didn’t result in mistargeting of
hepatobiliary transporter proteins under basal conditions [126], the localization of these

proteins in K19-deficient animals remains to be thoroughly analyzed.

4.2 Loss of K19 results in a susceptibility to DDC-induced cholestatic liver injury
4.2.1 K19-KO mice suffer a more severe DDC-induced biliary injury

After 4-week DDC feeding, | found significantly elevated serum ALP, total bilirubin, and
bile acid levels in DDC-fed K19-KO mice compared to DDC-fed WTs. ALP is expressed
in a number of tissues including liver, bone, and placenta [174] and consequently increased
serum ALP levels are found in various pathological situations such as cholestasis and
Paget’s disease, since both damaged cholangiocytes and increased osteoblast activities
result in higher release of ALP into blood [175]. On the other hand, no difference in ALP
expression was found between the genotypes, thereby excluding the possibility that the
observed effect is due to stronger production. Bilirubin is the metabolic product of heme,
which is taken up by hepatocytes and secreted into the bile [176]. Increased serum total
bilirubin level can be caused by a wide range of diseases including increased bilirubin
production (e.g. due to hemolysis), decreased bilirubin excretion (e.g. due to hepatitis and
cholestasis) and disrupted bilirubin metabolism (e.g. hereditary and neonatal jaundice)
[177-178]. Elevated serum bile acid levels can be detected in patients with acute or chronic

liver diseases because of the disrupted hepatic uptake [179], intrahepatic shunting or
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reduced hepatic excretion [180]. Collectively, the combination of the above clinical
findings suggests that loss of K19 leads to a more severe DDC-induced cholestatic liver
injury. In contrast, loss of either K8 or K18 had no effect on the DDC-induced cholestasis
since comparable levels of serum ALP and total bilirubin were measured both 1 week and
12 weeks after DDC feeding [167]. On the other hand, the peak of DDC-induced biliary
injury occurs 4 weeks after the start of feeding, and this time point might therefore be more
useful to evaluate the role of K8/K18 in DDC-induced biliary injury. As a potential
mechanism for the stronger cholestatic injury, loss of K19 may result in inherent biliary
cell fragility. In this respect, previous studies showed hepatocyte fragility in K8-KO, K18-
KO and K18 mutant mice. Of note, such defects may not be apparent under basal condition,
but become critical under stress situations as it has been described in various keratin
mutation-based skin disorders [13, 181].

Furthermore, an analysis of bile composition revealed lower bicarbonate concentrations in
DDC-fed K19-KOs compared to DDC-fed WTs. This finding might contribute to the
higher cholestatic injury given the importance of biliary bicarbonate umbrella to prevent
cholangiocytes from toxicity of hydrophobic bile acids [76]. However, further studies are
needed to uncover mechanisms responsible for the lower biliary bicarbonate content in
DDC-fed K19-KOs. In this respect, the expression of the cholangiocyte specific transporter
AE2 that is responsible for the biliary bicarbonate secretion [182], did not differ between
DDC-fed K19-KO and —~WT livers. Further studies should analyze the possibility that loss
of K19 leads to mistargeting of cholangiocyte transporters in context of chronic cholestatic

injury.

Although more severe biliary injury was observed in DDC-fed K19-KO livers, loss of K19
didn’t affect the extent of biliary apoptosis. On the other hand, previous studies showed
that K8-KO, K8- and K18- mutant mice are more sensitive to Fas-mediated apoptosis [29,
40, 183]. However, importance of keratins in apoptosis may be condition- and tissue-
dependent, given that K8 deficiency renders colonocyte resistant to apoptosis in a
microflora-dependent manner [184], and decreased hepatic apoptosis was observed in K8-
and K18-KO mice after DDC feeding [167]. Similarly, K18 R90C mutation predisposes to
Fas-, but not to hyperglycosylation-induced injury [183, 185].
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As a potential reason for the increased cholestatic injury in DDC-fed K19-KOs, | found
that these animals have more bile ducts blocked by porphyrin pigments. This does not
seem to be due to differences in porphyrin accumulation given that similar levels were
found in both groups. The latter observation is not surprising since K8-loss also did not
result in porphyrin retention [167]. A reduced bile flow might be responsible for the
increased stone formation, given that DDC feeding leads to reduced bile flow in both K8-
and K18-KO mice compared to DDC-fed WTs [126]. In that respect, the downregulated
sstr2 gene expression in DDC-fed KOs may function as compensatory effect against such a
decreased bile flow. Therefore, future studies should analyse the impact of K19 on bile
flow under stress conditions. Another factor that is known to affect the stone formation in
general is the biliary pH [186-187]. Although the importance of biliary pH in porphyrin
stone formation is poorly understood, previous studies revealed that increased biliary pH
induced the hydrolysis of conjugated bilirubin to insoluble indirect bilirubin and
precipitated the aggregate formation [186-187]. However, this clinical finding does not
seem to explain our observation given that DDC-fed K19-KOs showed decreased biliary
bicarbonate concentration and therefore will most likely have a decreased biliary pH.
Besides, ionized calcium is also an important contributor to bile stone formation [188].
Future studies are needed to evaluate if loss of K19 has any effect on biliary calcium

concentration.

4.2.2 Decreased DDC-induced ductular reaction and LPC proliferation in K19-KO
livers is due to impaired Notch2 signaling

| found that loss of K19 led to less DDC-induced ductular reaction, which is because of
decreased proliferation of biliary cells. This finding is consistent with previous studies
demonstrating the importance of keratins in cell proliferation. In that respect, deletion of
K17 delayed tumor growth and epithelial proliferation [189], and stratified epithelial cells
with a knockdown of K14 exhibited reduced proliferation and tumor progression as well
[190]. On the other hand, elevated ductular reaction was seen in K8- and K18-KO livers
compared to WTs after 12-week DDC feeding [167]. Therefore, future studies are needed
to delineate the contribution of different biliary keratins to ductular reaction.
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Next, since chronic DDC feeding induces activation of LPC [123], | evaluated the amount
of activated LPC and found less LPCs in DDC-fed K19-KOs, indicating that K19 plays an
essential role in DDC-induced LPC proliferation during biliary regeneration. This is
consistent with a recent study showing that K19 expression in HCC was associated with
increased tumor size and bad prognosis [52, 54, 191]. Furthermore, our finding might be
relevant to the pathogenesis of biliary diseases such as PBC since K19 variants, K19 G178S,
was identified in patients with advanced PBC [57].With regard to our findings, it is
tempting to speculate that diminished regenerative ability in K19 deficient ductal cells may
contribute to the development of ductopenia that is seen in advanced PBC. To support this
hypothesis, OV-6 positive ductular structures were observed in patients with PBC, thereby

demonstrating that LPC proliferation really takes place in these subjects [192].

I also found less Notch2 positive cholangiocytes in DDC fed K19-KO bile ducts
suggesting that loss of K19 leads to impaired Notch2 signaling. Since previous study
showed that IL-6 directly stimulates the activation of LPCs in vitro [193], | checked IL-6
expression levels after chronic DDC feeding but comparable amounts were found in both
genotypes (unpublished data). Of note, our finding that inhibited DDC-induced LPC
activation in K19-KOs is due to impaired Notch2 signaling is consistent with previous
studies demonstrating that intermediate filaments affect the Notch signaling. For example,
astrocytes lacking both GFAP and vimentin exhibited decreased Notch signaling [165];
Nuclear IF lamin A seems to also stimulate Notch signaling given that mutation in lamin A
compromises the ability to activate downstream targets of Notch [194].

4.2.3 Ameliorated DDC-induced biliary fibrosis in K19-KO livers may be due to
inhibited LPC proliferation

| found less DDC-induced biliary fibrosis in K19-KO livers. This finding is somewhat
unexpected given that clinical observations often show a close correlation between the
severity of cholestatic disease and the rate of fibrosis development as it has been reported
for PBC patients [195]. On the other hand, the decreased liver scarring in K19-KOs might
be due to less pronounced ductular reaction seen in these animals. To that end, a previous
study demonstrated that the extent of choline-deficient, ethionine-supplemented (CDE)-
diet induced liver fibrosis was decreased in BALB/c mice that display an attenuated LPC
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activation [196]. However, an inhibition of tumor necrosis factor-like weak inducer of
apoptosis (TWEAK), that represents a regulator of the mitogenic LPC response [197-198],

ameliorated CCl, induced fibrogenic response [199].

4.3 Loss of K19 does not affect the development of cholestatic liver injury induced by
CBDL

After CBDL, | found comparable levels of liver injury, hepatic necrosis, ductal
proliferation and hepatic inflammation, suggesting that loss of K19 had no significant
effect on CBDL-induced liver damage. This observation clearly differs from the findings
in DDC-treated animals and suggests that the importance of K19 might be restricted to
specific cholestatic disorders. In that respect, primary large cholangiocytes are affected and
respond to CBDL-induced damage [65], whereas there seem to be no significant
participation of LPCs in the biliary proliferation as suggested by radioactive labeling
studies [145]. Therefore, it is tempting to hypothesize that K19 might be important primary
in small ducts and LPCs that are targeted by DDC-hepatotoxicity but might be dispensable
in large cholangiocytes that are injured during CBDL. In that respect, several studies

demonstrated a morphological and functional heterogeneity of biliary epithelia [64].

Similarly, loss of K19 also had no effect on CBDL-induced fibrosis. This again meshes
well with previous human and experimental observations showing that Ks are important
for liver fibrosis progression only in specific situations. For example, in mice, a dominant
negative mutation in K18 accelerated thiacetamide (TAA)-induced liver fibrosis but had no
impact on CCls-induced liver scaring [149]. In humans, presence of K8/K18 variants has
been shown to predispose to development of advanced liver fibrosis in patients with
chronic hepatitis C and to development of advanced disease in PBC [57, 200], whereas the
same exonic K8/K18 variants did not influence the fibrogenic process in patients with
hemochromatosis [201]. Another report supporting our data comes from Scholten et al.,
who performed lineage tracing and did not find any transdifferentiation of K19 positive

cholangiocytes into extracellular matrix producing cells [202].

In summary, my data suggest that K19 plays an important role in development of specific
cholestatic injuries. Further studies will be needed to determine, to what extent it plays a
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role in human cholestatic disorders such as PBC as well as in development of

hepatocellular or cholangiocellular carcinoma.
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5. Summary

Keratins (Ks) constitute the largest subfamily of intermediate filaments and are expressed
in epithelial cells in a cell type-specific manner. K19 is found predominantly in ductal
epithelia. In the liver, K19 is located in cholangiocytes and liver progenitor cells (LPCs)
but not in mature hepatocytes and represents an established biliary/LPC marker. Animals
lacking K19 display no obvious epithelial phenotype under basal conditions. On the other
hand, K19 is expressed in a subset of invasive hepatocellular carcinomas with poor
prognosis and K19 mutations were detected in patients with primary biliary cirrhosis
(PBC). Given the established cytoprotective function of Ks, | studied the importance of
K19 in cholangiocytes/LPCs.

Biliary K expression/localization as well as bile composition was analyzed in untreated
K19 wildtype (WT) and knockout (KO) mice. The animals were also fed with 0.1% 3,5-
diethoxycarbonyl-1,4-dihydrocollidine (DDC) for 4 weeks as an established model of
sclerosing cholangitis and LPC proliferation or were subjected to common bile duct
ligation (CBDL), a model of extrahepatic obstructive cholestasis. Liver/biliary injury
markers were studied and histological analysis was performed to determine the extent of
tissue injury. Ductular reaction, bile composition, ductular proliferation with LPC content

and the development of biliary fibrosis were also assessed.

Under basal condition, K19-KO mice displayed a re-distribution of biliary keratins in
cholangiocytes towards a more cytoplasmic localization, but had normal biliary epithelia
without an alteration in keratin gene expressions or biliary composition. After chronic
DDC feeding, K19-KO mice exhibited (compared to WT animals): (1) a more severe
biliary injury with elevated serum alkaline phosphatase (ALP), total bilirubin, and bile
acids levels; (2) a decreased biliary bicarbonate concentration; (3) a more extensive biliary
obstruction and decreased expression of somatostatin receptor 2 that regulates bile
production; (4) a diminished ductular reaction and lower LPC proliferation, which was

associated with less prominent biliary Notch2 content; (5) an attenuated biliary fibrosis. On
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the other hand, comparable levels of liver injury, hepatic necrosis, ductal proliferation and
fibrosis were observed 5 and 21 days after CBDL.

My results suggest that K19 plays an important role in LPCs and in small, but not large
cholangiocytes. These findings may be of relevance for the pathogenesis of PBC that

affects small cholangiocytes and displays strong activation of Notch signaling.
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