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Chapter 1 Introduction

1.

INTRODUCTION

1.1.

Cytoskeleton and intermediate filaments

The cytoskeleton is a major component of eukaryotic cells and has a dynamic threedimensional structure that provides shape and mechanical stability to cells (3). It also
parcipitates in stress responses via association with signalling molecules, regulates cell
movement, cell division and wound repair, anchors organelles and plays a role in gene
regulation (77).
Cytoskeleton is formed by polymerization of subunits into filaments. The main
classes of fibers forming the cytoskeleton are microfilaments, microtubules and intermediate
filaments (IFs) (3, 77, 100). Microfilaments are 5-8 nm in diameter, consist of actin subunits
and are needed for cell contraction. Microtubules are 25 nm in diameter and are made of αand β-tubulin dimers. They are responsible for movement of organelles, provide cell shape
and separate chromosomes during cell division (77).
IFs are 10 nm thick and unlike the other two filament systems are non-polar, fairly in
soluble and are responsible from tensile strength (77). IFs are formed from a conserved
alpha helical rod domain and N-terminal head and C-terminal tail domains (28). There are
about 73 different genes coding for various IF proteins that are expressed in a tissue specific
manner. IF are classified into six types (Table 1.1) based on their sequence identity,
assembly properties and tissue distribution (28, 105, 157). Type I comprises ``acidic´´ and
type II ´´basic keratins``. Both subtypes bind each other to form acidic-basic obligate 1:1
heterodimers (108, 143, 157). Type III IFs include desmin that is found in muscle cells,
GFAP in glial cells, peripherin in peripheral nerve fibers, syncoilin in muscle and vimentin
in mesenchymal cells such as leukocytes or fibroblasts. Unlike the keratins, the type III
proteins typically form homodimers (28, 157). The type IV IFs consist of three different
neurofilament proteins; NF-Low, NF-Middle, and NF-High, nestin found in stem cells and
neuroepithelial cells, as well as α-internexins and synemin (28, 112, 143, 157). Type V IFs
comprise nuclear A/C and B1/B2 lamins that are associated with inner nuclear membranes
(28, 112, 143, 157). Type VI IF includes Bfsp1/2 (Beaded filament structural protein)
expressed in the lens (28, 112, 143, 157).
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Table 1.1 IF Proteins and distribution in human tissues.
Class
I

Name
Acidic keratins

Tissue
Epithelial cells

Types
K9, K10, K14-K17
(epidermal keratins)
K18,K20
(simple epithelial keratins)

II

Basic keratins

Epithelial cells

K25-K28, K31-K40
(hair, hair follicle)
K1,K2,K5,K6
(epidermal keratins)
K7,K8
(simple epithelial keratins)
K71-K86
(hair, hair follicle)

III

Desmin
Muscles (Cardiac, skeletal, smooth)
Syncoilin
Muscles (Cardiac, skeletal, smooth)
GFAP
Glial cells (astrocytes)
Peripherin
Peripheral neurons
mesenchymal cells,lens,endothelia
Vimentin
IV
Neurofilaments (NF)
Neurons
α-Internexin
Neurons
Synemin
Muscles (Cardiac, skeletal, smooth)
Nestin
Stem cells of central nervous system
V
Lamins
Nucleus
VI
Bfsp1/2**
lens
Modified from (28, 105)
*L (low), M (Medium), H (High)
**Bfsp 1/2: Beaded filament structural protein

NF-L*, NF-M*, NF-H*

Lamin A/C, Lamin B1-B2

Apart from nuclear lamins, IFs form a cytoplasmic network that has primarily
structural and mechanical function and builds a transcellular web via their attachment to
desmosomes (28, 143, 157). Moreover, a variety of associated proteins mediates the
connection between IFs and microfilaments or microtubules (143, 157). The broad
cytoprotective function of IFs is evident in nearly 100 human diseases that are caused
by/associate with genetic alterations in IF genes (Table 1.2) (105, 107, 143, 157)
(www.interfil.org). In addition, IFs are the major components of various inclusion bodies
observed in multiple human diseases (105, 107, 147).
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Table 1.2 Intermediate filaments and related diseases
Class
I/II

Name
Keratins (K)

Related diseases
Epidermolysis bullosa simplex (K5, K14)
Epidermolytic hyperkeratosis (K1, K10)
Oral white sponge nevus (K4,K13)
Pachyonchia congenita (K6, K16, K17)
Liver disease predisposition (K8, K18)
Predisposition to Primary billiary cirrhosis (K19)

III

Desmin

Desmin-related myopathy, dilated cardiomyopathy 1A
Dilated cardiomyopathy with conduction system
deficits
Desmin-related limb-girdle muscular dystrophy
Distal myopathy

IV

GFAP

Alexander disease

Peripherin

Amyotrophic lateral sclerosis 1

Vimentin

Cataract

Neurofilaments

Charcot-Marie-Tooth disease
Amyotrophic lateral sclerosis

V

Lamins

Hutchinson-Gilford progeria syndrome
Atypical Werner syndrome
Dilated cardiomyopathy 1A,
Familial partial lipodystrophy
Limb-girdle muscular dystrophy
Charcot-Marie-Tooth disorder type 2B1
Mandibuloacral dysplasia
Emery-Dreifuss muscular dystrophy
Acquired partial lipodystrophy (Lamin B2)
Adult-onset leukodystrophy

VI

Bfsp1/2

Cataract

Modified from (28, 97, 105)
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1.2.

Keratins-IFs of epithelial cells
The keratins are the largest subfamily of intermediate filament proteins and are

expressed in epithelia and skin appendages (109). Human genome contains 54 functional
keratin genes (Table 1.1) (99). 31 of them are predominantly expressed in hair/skin
appendages (K25-K40, K71-K86) (109). The acidic type I keratins include K9-K10, K12K28 and hair keratins K31-K40 besides, basic type II group consist of K1-K8 and K71K86 (77, 99, 109, 126) (Table 1.1).
1.3.

Keratin expression in health and diseases
Keratins are expressed in tissue-specific manner and can therefore be subdivided

into ‘’hair’’ keratins, keratins found in stratified or simple, i.e. single-layered epithelia
(146) (Table 1.3) Keratins 7-8-18-19-20-23 are typical members of the latter subgroup and
are consequently found in digestive epithelia. K8 and K18 are the prefered partners found
in all simple epithelia, while K7, K19, K20 and K23 are less abundant (Table 1.3). Of note,
simple epithelial keratins are preferentially, but not solely expressed in single-layered
epithelia. To that end, K7 and K19 are produced in bladder epithelia and K8 and K19 are
even found at low levels in muscle (109). In the liver adult hepatocytes contain only K8
and K18 whereas cholangiocytes express K7 and K19 found as well (99, 126, 146). K20 is
found in gastrointestinal epithelium, urothelium and Merkel cells (99, 109).
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Table 1.3 Keratin proteins and tissue distribution in human
Digestive epithelia

In other epithelia

Embryonic hepatocytes

K8/18+K19

Hepatocytes

K8/18

Oval cells (Stem cells)

K8/18+(K7/19)*

Bile ducts

K8/19+(K7/18)*

Ductal pancreas

K8/19 + (K7/18)*

Acinar pancreas

K8/18 + K19**

Small intestine

K8/20 + K19 + K18+(K7)*

Colon

K8/18 + K19 + K20+(K7)*

Esophagus

K4/13 + (K6)*

Stomach

K8/18 + K19 + K20 + (K7)*

Gallbladder

K8/18 + (K7/19 + K20)*

Basal keratinocytes

K5/14

Suprabasal keratinocytes

K1/10

Hyper proliferative keratinocytes

K6/16/17

Corneal epithelia

K3/12

Hair, Hair follicle

K71-K86, K25-28, K31-K40

Modified according to (2, 77, 111) *Parentheses highlight keratins expressed at lower levels. **K19 is
found only in the apical, but not in the cytoplasmic compartment of the pancreatic- acinar cells

Keratin expression is tightly regulated during embryogenesis and tissue
(de)differentiation, however, the underlying factors are only becoming to emorge (157).
K8 expression might also be regulated by p53 and Nrf2, whereas it was reported that AP1,
Sp1, CBP/p300 plays role induction of K18 (11). Among the other simple epithelial
keratins, K19 production is driven by Gut enriched Kruppel-like factor/KLF4 and Sp1
while CDX1 regulates the synthesis of K20 (157).
1.4.

Mechanical and non-mechanical function of keratins
Keratin proteins have both non-mechanical and mechanical functions. In their latter

property, they provide a resilient scaffold (90, 113, 163) that is mediated via attachment to
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cell contacts called desmosomes and hemidesmosomes. These attachments are mediated by
desmoplakins (21, 163). Among their non-mechanical functions, keratins are involved in
cell signaling, cell transport, cell differentiation (112) organelle trafficking and protection
from apoptosis and oxidative injury (24, 61, 75, 90, 163). As abundant phosphoproteins,
keratins serve as a phosphate sponge, regulate mitochondrial organization/function and
facilitate protein targeting (73). Because of their cytoprotective function, keratins were
suggested to constitute chaperone-like proteins (157). To fullfill their manifold functions
keratins undergo various posttranslational modifications (PTMs) and bind to multiple
associated proteins (IFAPs) (28, 73, 131-132, 134-135).
1.5.

Posttranslational modifications of keratins

PTMs of keratins include phosphorylation, glycosylation, transglutamination,
crosslinking, acetylation, caspase cleavage, ubiquitination or sumoylation (76, 109, 133,
135). Phosphorylation of keratins is the best studied PTM and the major phosphorylation
sites include K8 S74, S432 and K18 S34 and S52 (110). For several of them, both in vitro
experiments and transgenic animal studies clearly prove their importance for cell division,
keratin reorganization, sensitivity to apoptosis or toxin mediated liver injury (109). In
patients, increased keratin phosphorylation is correlated with progression of chronic liver
disease (110, 143, 157).
1.6.

Keratins-associated proteins and functions
Keratin IFAPs include adaptor proteins such as 14-3-3, cyto-linkers as desmoplakin

or plectin, chaperones as heat shock protein 70 (Hsp70), glucose regulated protein 78
(GRP78), mammalian relative to DnaJ (Hsp40) or C-terminus of Hsc70-interacting protein,
kinases such as protein kinase C (PKC) or c-Jun amino-terminal kinase (JNK) (76, 109).
The interaction with 14-3-3 proteins is regulated via K18 S34 phosphorylation and
modulates keratin solubility (75, 84, 109). Raf kinase associates with K8 under basal
conditions and dissociates under oxidative or toxic stresses (67). Protein kinases such as
protein kinase A, PKC, p38 kinase phosphorylate keratins and thereby regulate their
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organization (18, 65, 106, 130, 136). Pirh2, an ubiquitin ligase and eIF3k, the smallest
subunit of eukaryotic translation initiation factor 3 (eIF3) complex represent another
recently identified K8/18 binding proteins (27, 85).
1.7.

Keratins as stress inducible proteins

Keratins are established stress-inducible proteins and upregulated both in humans
and mice under several stress conditions (64, 143, 157, 168). For example, K6, K16, and
K17 transcription in keratinocytes increases 3 hours after injury at the wound edge (24).
Cytokines such as IL-1, IFNγ, TGFβ and TGFα are responsible for this elevation (31) and
IL-6 induces keratin expression in the stressed intestine (161). Moreover, recovery after
pancreatitis is associated with upregulation of K19 and K20 (172) and several hepatotoxins stimulate keratin mRNA and protein production, as well as keratin phosphorylation
(109). For example thioacetamide upregulates K8 and K18 both mRNA and protein level
(145). DDC and griseofulvin also induce keratin RNA and protein and lead to inclusion
body formation (16, 39, 144).

1.8.

Transgenic animals and human association studies reveal importance of
keratins in the liver

1.8.1. Animal studies
Transgenic animals lacking/expressing mutated keratins were instrumental to
uncover the in vivo importance of keratins (Table 1.4). In one of the first models,
transgenic mice overexpressing mutated K14 displayed skin blistering and this phenotype
helped to identify K14 mutations as a cause of human disease termed as epidermolysis
bullosa simplex (EBS) (KRT5 or KRT14) (20, 158). These studies opened up the field and
homologous mutations in K1/4/10/13 were detected in addition disorders such as
epidermolytic hyperkeratosis or white sponge naevus (120-122, 149). To uncover the
importance of simple epithelial keratins, a transgenic mouse expressing EBS-like K18
R90C mutation was generated (71). These animals showed K8/K18 filament network

7

Chapter 1 Introduction
disruption in hepatocytes and pancreatic acini, increased hepatocyte fragility, a mild
chronic hepatitis, and a significantly increased susceptibility to mechanical and toxic liver
injury due to acetaminophen or griseofluvin and increased sensitivity to Fas-induced
apoptosis (71-72, 108, 111, 156). Similarly, K8-deficient mice on FVB/N backround
display 50% embryolethality with rectal prolapse, colorectal hyperplasia and inflammation
as well as mild hepatitis under basal conditions (7, 155). They also show an increased
susceptibility to toxic and mechanically-induced liver injury (156, 169). K18 knockout
mice had normal life span, no intestinal phenotype but mild liver pathology and elevated
hepatocellular apoptosis (88-89). These mice also have increased susceptibility to liver
injury and apoptosis and developed spontaneously Mallory-Denk-bodies, i.e. protein
aggregates consisting of ubiquitinated K8/K18, chaperones and sequestosome1/p62 (p62)
as their major constituents (89). While these studies clearly demonstrated the in vivo
importance of keratins, the biological significance of K8/K18 variants found in human is
only becoming to be uncovered. In the first of such experiments, mice overexpressing K8
G62C displayed an increased susceptibility to stress-induced liver injury and apoptosis
when challenged with Fas ligand and MLR (Microcystin-LR), although keratin filament
organisation and liver phenotype were normal under basal conditions (73).
Table 1.4. Animal studies of K8 and K18
Phenotype

*K8 -/- (C57B1/6)

Hepatocellular
Keratin
Filaments
absent

*K8 -/- (FVB/N)

absent

Liver hemorrhage
with embryolethality
mild hepatitis

*K18 -/*mK8 overexpression
*hK8 G62C
(natural variant)
*K8 S74A
*K18 overexpression
*K18 R90C

absent
normal
normal

mild hepatitis,MDBs
spontaneous MDB
normal

normal
normal
disrupted

normal
normal
mild hepatitis

Fas
DDC
Acetominophen, MLR,
Fas, TAA-induced fibrosis

*K18 S34A

normal

normal

Partial hepatectomy

normal
normal

normal
normal

MLR
High-fat diet

Liver Phenotype
(basal conditions)

Stress susceptibility to
selected hepatic injuries
Not studied
Pentobarbital, MLR, Highfat diet
none
DDC
Fas, MLR

(phosphorylation side regulating
binding to 14-3-3)

*K18 S52A
*hK8 overexpression

*Modified according to (109)
m:mouse; h: human; (-/-): Knockout, MLR: microcystin-LR; TAA: Thioacetamid; DDC: 3,5-diethoxycarbonyl-1,4dihydrocollidine ;MDB,Mallory-Denk body
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1.8.2. Human studies
Animal models demonstrated that K8, K18 mutations are silent under basal
conditions but predispose to liver injury,enhanced hepatocyte apoptosis and mechanical
fragility under stress situations (157). These findings led to human association studies that
identified K8/K18 variants to predispose to development of liver disease (66, 68, 70). For
example, out of 55 Americans with cryptogenic liver cirrhosis, 3 and 2 carried K8 G62C
and Y53H variant, respectively. None of two mutations were detected in the 86 control
subjects or 98 patients with other chronic liver disease (68). In a follow-up study, 467
American patients with end-stage liver disease and 349 patients as control group were
studied. 10 biogically significant amino-acid-altering heterozygous keratin 8/18 variants
were identified in 44 (12.4%) patients with liver disease, compared to 11 (3.7%) in the
control group (p value p<0.0001) (70). K8 R341H variant was the most frequently
observed variant found in 30 liver disease patients and in 10 controls. The second most
common mutation was K8 G62C was found in 6 liver disease patients, and in 1 control
subject (66, 70). On the other hand, K8 R341C represents a rare K8 variant that was found
only in one subject with inflammatory bowel disease (152). However, this variant might be
of particular biological significance since previous studies showed that an introduction of a
cysteine residue into otherwise cysteine-free keratin 8 made the liver susceptible to
oxidative stress (70). Keratin 8 and keratin 18 variants were also examined in 329 German
patients with chronic hepatitis C infection and it was found that exonic keratin variants
predisposed their carriers to progression of liver fibrosis (139). In this cohort, K8 R341H
variant was the most (10 of 329) and the K8 G62C was the second most common variant
(6 of 329). Another study examined 201 Italian patients with primary biliary cirrhosis
(PBC), an autoimmune disease of the liver that primarily affects the small bile ducts (171).
Disease-related keratin variants were identified in 17 of them but only in 4 out of the 200
controls (p value, p < 0.004). An analysis of, K8/K18 variants among 344 US patients with
acute liver failure (ALF) demonstrated that the frequency of K8/K18 variants differs
among ethnicities. K8 R341H and K8 G62C were the most common variants in the white
ALF subgroup and were observed in 7.1% and 1.6% of subjects whereas K8 G434S was
the most frequently seen variant in the African-American (AA) subgroup, (24.4%). K8
R341H and G434S were significantly more frequent in white and Afro-American ALF
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subjects than the respective control groups (148). White ALF patients carrying K8 R341H
mutation were significantly less likely to survive without transplantation. However, amino
acid altering K8/K18 variants may confer susceptibility to only specific liver diseases. To
the end, exonic K8/K18 variants did not affect liver disease development in patients with
hereditery hemachromatosis (81, 138) The published human studies are summarized in
Table 1.5.
The biological significance of the above described K8/K18 variants has also been
studied in vitro (68, 70). The variants typically show normal keratin filament organization
under basal conditions but an abnormal filament organization and/or function under stress
conditions such as heat, oxidative stress induced by hydrogen peroxide or
hyperphosphorilation induced by okadaic acid (68). It was shown that K8 G62C variant
forms disulfide bonds via its cysteine residues that reduce keratin solubility (68). In
addition, posttranslastional modifications might affected by keratin mutations. For
example, K8 G62C and K8 G434S variants reduce phosphorylation at the adjacent K8 S74
and S432, respectively and thereby compromise the cytoprotective function of keratins (70,
73).
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Table 1.5. Summary of keratin variants in liver disease
Patient cohort

*Variants

# of Patients with
variants (%)

# of controls with variants(%)

P values

G62C

3/55

0/89

P=for significant K8/K18 variants in
patients with CC vs controls

(68)

Y54H

2/55

0/89

Americans with HHC

R341H

9/119 (7.6%)

0/116

Patient vs control p=0.0037 (R341H)

(80)

Americans with liver
diseases of multiple
etiologies

G62C

6/467 (1.3%)

1/369 (0.3%)

R341H

30/467 (6.4%)

1/369 (0.3%)

P=0.02 (R341H)

Europeans with different
liver diseases

G62C

27/1668 (1.6%)

12/ 679 (1.8%)

N.S.

Americans with
cryptogenic liver cirrhosis

Germans with HCV
Italians with PBC
Americans with ALF

Austrians with HHC

OR (95% Cl)

Lit

(66, 69)

G62C

6/329 (1.8%)

R341H

10/329 (3%)

Multivariant analysis: Keratin variants
associate with liver fibrosis development

G62C

4/201 (2.0%)

0/200

R341H

8/201 (4.0%)

3/200 (1.5%)

G62C

4/344 (1.2%);
4/252 (1.6%) in
Caucasians

R341H

23/344 (6.7%);
18/252 (7.1%) in
Caucasians

23/727 (3.2%) in
Caucasians

p=0.01 (R341H)
-caucasians ALF subjects vs. controls

G62C

3/162 (1.9%)

6/234 (2.6%)

N.S.

R341H

4/162 (2.5%)

9/234 (3.8%)

2.4 (1.2-5.1)
(35)
2.05 (1.33-3.15)
per 1 fibrosis stage

K8/18/19 variants in PBC vs. controls P <
0.004 advanced vs early PBC p< 0.04

(139)
(171)
(148)

2.89 (1.3-7.2)

(138)

US: American; AA: African Americans; HCV: Hepatisis C Virus infection; HHC: Hereditary Hemochromatosis; PBC: Primary bliary cirrhosiss; ALF: Acute liver
failure; N.S.: Not significant;
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1.9.

Keratins expression and dysregulation in human liver diseases

Keratin expression and distribution is also altered in human liver disease (141).
K8/K18 accumulate in patients with primary biliary cirrhosis (29). In addition, keratins
8/18 form aggregates called Mallory-Denk bodies (MDBs) in subjects with alcoholic liver
disease (ALD) and non-alcoholic steatohepatitis (NASH) (168) and K8/K18 staining is
useful to quantify hepatocellular ballooning and thereby the extent of liver injury in these
subjects (34, 101). Studies in transgenic mice suggest that K8/K18 dysbalance with excess
K8 promotes MDB formation (137, 168) but human data confirming these findings are
lacking. In alcoholic steatohepatitis (ASH), K7 is overexpressed and represents a marker of
ductular reaction (123). Several other studies analyzed K7/K19 as markers of
biliary/progenitor

cells,

but

these

reports

largely

rely

on

quantification

of

immunohistochemical stainings. Loss of K19 signal in the small bile ducts was suggested
to be an early marker of primary biliary cirrhosis (60). In another study, an increased K19
immunohistochemical staining discriminated rapid from slow fibrosers in patients
transplanted due to chronic hepatitis C (HCV) infection (98) while a perivenular K7/K19
staining correlated with liver fibrosis development in patients with heart failure (115).
1.10. Mechanisms of acetaminophen-induced liver injury

Acute liver failure (ALF) describes a sudden loss of hepatocytes function that
might be caused by multiple etiologies including drug-induced liver injury with
acetaminophen being the most common originator (APAP, N-acetyl-p-aminophenol), viral
hepatitis, or liver injury of unknown origin (6, 82-83, 148). APAP represents one of the
worldwide most commonly used drugs and a effective analgesic and fever reducer when
used appropriately (46, 59, 95). On the flip side, APAP is responsible for roughly 50% of
US ALF cases and the incidence is standing upwards (83). At therapeutic doses, APAP is
quickly eliminated via glucuronidaion and sulfation and has aplasma half-life of 1.5 to 2.5
h (9). A small amount of APAP is metabolised via third metabolic pathway, oxidation by
the microsomal cytochrome P450 (CYPs) enzymes that yields the toxic intermediate
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metabolite NAPQI. At therapeutic doses, NAPQI is detoxified by glutathione (GSH) (9).
However, after a toxic dose hepatic GSH is depleted and the toxic metabolite covalently
binds to cysteine groups of proteins, thereby leading to liver damage (46, 55, 102, 118).
Mitochondria are particularly affected by APAP toxicity (55, 58) and mitochondrial injury
results in ATP depletion and a centrilobular hepatic necrosis. While apoptosis represents a
minor form of APAP-induced cell death, it increases when ATP depletion and necrotic cell
death is prevented (14, 36, 91). In addition to APAP-adducts nitrotyrosine adducts that
form due to peroxynitration of proteins in response to NOS (nitrogen oxidized species) and
ROS (reactive oxygen species) are also of importance (44, 56, 87). Formation of ROS
causes activation of c-Jun N-terminal kinase (JNK) and translocation of active JNK into
mitochondria that promotes cell injury through necrosis. APAP-induced liver injury leads
to a release of inflammatory cytokines (IL-1, IL-6, TNF-α) and chemokines that promote
both toxicity and regeneration (10, 52, 54). Of note, human association studies suggested
that presence of K8/K18-variants makes them carriers susceptible to APAP-hepatotoxicity
(148) and these results are further supported by findings from K18 R90C animals that are
also sensitive to APAP overdose (72, 157).
1.11. Role of keratin variants in metabolic disorders and liver fibrosis
Multiple liver injuries such as metabolic disorders, hepatitis B/C infections,
cholestasis, autoimmune liver injury or drug-induced liver damage and alcohol
consumption results in chronic liver damage and activation of hepatic stellate cells (HSC)
which start to produce collagen thereby leading to development of liver fibrosis
(8). Activated stellate cells also synthesize the matrix degrading enzymes termed
matrixmetallopeptidases (MMPs) and tissue inhibitors of MMPs (TIMPs). In the early
phase of liver fibrosis development, elevated collagen synthesis is balanced by increased
production MMPs. Later on, MMPs are inhibited through TIMPs and progressive collagen
deposition occurs (8). The activation and proliferation of HSCs/myofibroblast is driven by
cytokines such as transforming growth factor beta (TGF β2,β1), platelet-derived growth
factor (PDGF) or connective tissue growth factor (CTGF). To mimic the development of
human liver fibrosis, several animal models were developed. While carbon
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tetrachloride/thioacetamide administration leads to hepatocellular damage, bile duct
ligation serves as a model biliary liver fibrosis (8, 57). Administration of high-fat diet
(HFD) rich in saturated fatty acids is used to induce liver steatosis, but leads to only mild
liver disease and no significant liver fibrosis in non-transgenic animals. This is different
from

human

non-alcoholic

steatohepatitis

(NASH)

that

often

leads

to

liver

fibrosis/cirrhosis and hepatocellular carcinoma (92, 167).
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AIMS OF STUDY
Keratins are established cytoprotective functions and inherited keratin variants have
been shown to predispose to development and progression of multiple human liver
diseases. However, keratin variants found in patients with liver disorders differ
substantially from genetic alterations studied in mouse models and their in vivo biological
significance remains largely unknown.
Experimental mouse models revealed that hepatotoxic injury is often associated
with profound changes in keratin expression pattern and alterations in the otherwise
stoichiometric K8/K18 production. The molecular mechanisms underlying these effects,
the biological consequences of altered keratin expression as well as the situation in human
liver disease still needs to be explored.
To adress these issues:
1) I have studied recently generated transgenic mice that overexpress the K8 G62C, K8
R341H or K8 R341C variants, i.e. common inherited alterations found in liver disease
patients. The aim of my thesis was to analyze the in vivo biological significance of these
variants (i) under basal conditions as well as in a model of (ii) acute, drug-induced liver
injury or (iii) chronic cholestatic liver disease.
2) I analyzed K7/8/18/19 expression in various human liver diseases and studied the
underlying regulatory mechanisms.
3) I explored the impact of dysregulated K8/K18 expression with excess K8 in a mouse
model of liver steatosis.
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2.

MATERIALS AND METHODS

2.1.Materials
2.1.1. Chemicals and reagents
Name of the product

Company

Acetic Acid (100%)

Merck

Aceton

AppliChem

Acetonitril

Sigma

Acetaminophen

Fagron

Agarose

Biozym

Albumin bovine Fraction V

Serva

Ammonium acetate

Sigma

Ammonium bicarbonate

Sigma

Ammonium chloride

Sigma

Ammonium persulfat

Sigma

Ammonium sulfate

Sigma

Bradford Reagent

BioRad

Bromphenol Blue sodium salt

Sigma

Calcium Chloride

Sigma

Citric acid monohydrate

Fluka

Coomassie brilant blue (R250)

Sigma

DEPC water

Invitrogen

Deoxynucleotides Set (dNTP)

Invitrogen

Dimethylsulphoxide (DMSO)

Sigma

Direct Red 80

Sigma

DL-Dithiothreitol – DTT

Sigma

D-Mannitol

Sigma

DNA ladder/Gene ruler (50 bp and 1 kb)

Fermentase

ECL Plus Western Blotting Detection Reagents

GE HeaLhcare
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Name of the product

Company

ECL Western Blotting Detection Reagents

GE HeaLhcare

Empigen BB Detergent

Sigma

Eosin G (0.5 %)

Merck

Ehrlich’s solution

Sigma

Ethanol

Sigma

Ethidium Bromide

Sigma

Ethylenediaminetetraacetic acid(EDTA)-disodium salt

Roth

Ethylene glycol tetraacetic acid (EGTA )

Sigma

Fetal calf serum (FCS)

Gibco

Formaldehyd (37%)

Roth

Glycerine

Roth

Glycerol

Serva

Goat Serum

Invitrogen

Hematoxylin

Merck

HEPES (2-[4-2-hydroxyethyl-1-piperazinyl]-ethansulfon acid)

Merck

Hydrochloric Acid (37%)

Sigma

Hydrogen peroxide (H 2 O 2 ) (30%)

Fischer

Isofluorane (Forane)

Baxter

Isopropanol

Sigma

Interleukin 1b

Sigma

Interleukin-6

Sigma

Magnesium chloride

Sigma

Methanol

Sigma

Milk powder

Roth

Mounting Medium

Immunotech

Nonidet P40 (NP 40)

Roche

Normal Mouse Serum

Invitrogen

Orange G

Merck
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Name of the product

Company

Oil red

Sigma

Page ruler plus

ThermoScientific

Paraformaldehyde

Merck

Penicillin/Streptomycin (P/S)

Gibco

Perchloric acid

Fluka

pHMeter-calibration solutions (pH 4,7, 9)

Merck

Phenylmethanesulfonyl fluoride (PMSF)

Sigma

Phosphate Buffered Saline (PBS) (10x)

Gibco

Picrylsulfonic acid solution (=TNBS)

Sigma

Ponceau S

Merck

Potassium chloride (KCl)

Merck

Potassium phosphate monobasic

Sigma

ProLong Gold antifade reagent with DAPI

Invitrogen

Protease Inhibitor Cocktail

Sigma

RNAlater® RNA Stabilization Buffer

Qiagen

Sirius red

Sigma

SDS (Sodium dodecyl Sulphate)

Roth

Sodium carbonate (Na 2 CO 3 )

Merck

Sodium chloride

VWR Prolabo

Sodium hydrogen carbonate

Merck

Sodium hydroxide

Merck

Sucrose

Sigma

Sulfuric acid (H 2 SO 4 )

Merck

TEMED (Tetramethyl ethylene diamine)

Sigma

TNF-alpha

Sigma

Trichloroacetic acid

Sigma

Triethanolamine

Sigma

Tris (tris-hydroxymethyl-aminomethane)

Sigma

Triton X-100

Sigma
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Trypan blue stain (0,4%)

Gibco

Tween 20

Roth

Xylene

J.T.Baker

β-Mercaptoethanol

AppliChem

Rotiphorese® Gel 30

Roth

DMEM (Dulbecco’s Modified Eagle Media)

Gibco

RPMI 1640 Medium

Gibco

2.1.2. Instruments and equipments
Name of the product

Company

7500 Fast Real time PCR System

Applied Biosystem

Agarose gel chamber

Bio-Rad

Blotting Trans-BlotTM Cell

BioRad

Cell culture flow

Gelaire

Cell culture Incubator

Heraeus

Cooling centrifuge 5417R

Eppendorf

Cryostat HM 550

Microm

Fluorescence microscope Olympus

Olympus

Hypercassette (18x24)

Röntgen Bender

Image processor (550)

Leica microsystem

Incubator shaker Certomat R

Braun

Incubators

Heraeus

Luminometer

Berthold

Microscope (DM550B)

Leica microsystem

NanoDrop 2000c

PEQLAB

pH-Meter (Seven Easy pH S20-K)

Mettler

Pipettes

Eppendorf

Power supplies

BioRad

Protein minigel apparatus

BioRad

Protein transfer apparatus

Bio-Rad

Reflotron desktop analyzer

Roche
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Refrigerated centrifuge (5417R)

Eppendorf

Refrigerated centrifuge MuLifuge S-R

Heraeus

Refrigerated centrifuge Sorvall RC-5B

DuPont

Rotating incubator

Bachofer

SDS PAGE electrophoresis system

Bio-Rad

Shaking incubator Unimax 1010

Heidolph

Thermoblock

Eppendorf

Thermocycler

Bio-Rad

Thermomixer 5436

Eppendorf

UV Illuminator Modell 2011

LKB

Water bath Haake W13

Fisons

Balances

Sartorius

2.1.3. Consumables

Name of the product

Company

Catheter with injection port

Braun

Cell scrapers

Sarstedt/B2B

Chamber cover glass, Lab-Tek

Nunc

Coverslips

Roth

Cryo tubes

Nunc

Disposable Scalpels sterile

Feather

Falcon 2059 polypropylene tube

BD Falcon

Filter papers

Whatman

Forceps

B2B

Injection needles

Braun

Tissue Culture Plate 96-Well

Nunc

Hyperfilm ECL (18x24cm)

Amersham

Micro Amp Optical 96-Well Reaction Plate

B2B

Nitrocellulose membrane Protran ®

Whatman

PCR-tubes

B2B
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Polystyrene tubes

BD Falcon

PVDF membrane

Millipore

Safe –Lock Eppendorf tubes

Eppendorf

Septum Silikon Teflon-coated

Roth

Screw-plug without gap

Roth

Sample-bottle (2 ml braun)

Roth

Slides

Roth

Super Frost slides

Roth

Sutures 2-0 or 5-0

Ethicon

Syringe Discardit II (2, 5, 10, 20 ml)

Beckton Dickinson

Syringe Omnican®

Braun

Tissue Culture Flasks 250 ml

Nunc

Tissue Culture Plate 10 cm

Nunc

Tissue Culture Plate 6-Well

Nunc

4-well Culture Slides (Poly-D-Lysine coated)

BD Biosciences

Tweezers

B2B

2.1.4. Reaction kits and enzymes
Name of the product

Company

ATPlite assay

Perkin Elmer

Bradford Protein assay

Bio-Rad

DNeasy Blood & Tissue Kit

Qiagen

DNase Set (RNase-Free)

Qiagen

GSH/GSSG assay kit

Cayman

Interleukin 6 kit assay

R&D systems

Proteinase K

AppliChem

QIAquick Gel Extraction Kit

Qiagen

QIAquick PCR purification Kit

Qiagen

QIAGEN Plasmid Midi/Mini Kit

Qiagen

RNeasy Mini Kit

Qiagen

Rneasy Fibrous Tissue Mini Kit

Qiagen
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Rnase A

Qiagen

SYBR® Green qPCR SuperMix
Stripping Buffer (Restore Western Blot Stripping Buffer)

Applied
Biosystem
Thermo

Super Script II reverse Transcriptase

Invitrogen

TNF-a kit assay

R&D systems

2.1.5. Antibodies used for western blot and immunofluorescence
2.1.5.1.Primary antibodies

Name of the product

Origine

Company or
Laboratuary

Literature or
Catalog #

Keratin 8 (Troma-I)

rat

Omary Lab

(13)

Keratin 8/18 (8592)

rabbit

Omary Lab

(71)

Keratin 8 (M20)

mouse

Sigma

C5301

Keratin 18 (4668)

rabbit

Omary Lab

(69)

Keratin 18 (Troma-II)

rat

Omary Lab

(13)

Keratin 18 apoptotic
fragment (D237)
Hsp60

rabbit

(150)/ 5148A5

rabbit

Omary Lab, Ana
Spec/ MoBiTec´s
Stressgen

SPA-805

P-JNK

rabbit

Cell signaling

9251S

JNK1

mouse

Cell signaling

#3708

JNK2

rabbit

Santa cruz

sc-827

HDAC2

rabbit

Cell signaling

2540

NFKB1

rabbit

Santa cruz

sc-372

Caspase 8

mouse

Alexis/Enzo

ALX-804-242-C100

β-Actin (monoclonal)

mouse

Sigma

A-1978

β-Tubulin

mouse

Sigma

T-8328
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2.1.5.2. Secondary antibodies
Name of the product

Company

Cat. #

Rabbit Anti-Guinea Pig IgG-H (HRP  onjugated)

Invitrogen

61-4620

Goat anti-mouse IgG (H+L)

Invitrogen

G21040

Goat anti-rabbit IgG (H+L)

Invitrogen

G21234

Goat anti-rat IgG (H+L)

Invitrogen

A10549

Goat Anti-Mouse lgG (H+L) Biotinilated

Vector Lab

BA-9200

Alexa Fluor 488 goat anti-rat IgG (H+L)

Invitrogen

A11006

Alexa Fluor 568 goat anti-rat IgG (H+L)

Invitrogen

A11077

Alexa Fluor 488 goat anti-mouse IgG (H+L)

Invitrogen

A11029

Alexa Fluor 568 goat anti-mouse IgG (H+L)

Invitrogen

A11031

Alexa Fluor 488 goat anti-rabbit IgG (H+L)

Invitrogen

A11034

Alexa Fluor 568 goat anti-rabbit IgG (H+L)

Invitrogen

A11036

Alexa Fluor 488 goat anti-guinea pig IgG (H+L)

Invitrogen

A11073

Alexa Fluor 568 goat anti-guinea pig IgG (H+L)

Invitrogen

A11075

2.1.6. Cell lines
Cell line

ATCCdesignation

HepG2

HB-8065

Origin
Human liver
hepatocellular
carcinoma

Hep3B

HB-8065

Human liver
hepatocellular
carcinoma

Medium
RPMI with 10% FCS,
1% Penicilinestreptomycin,
1%L-Glutamine
DMEM with 10% FCS,
1%Penicilinestreptomycin,
0.5% L-Glutamine

2.1.7. Oligonucleotids (Primers)
All primers were synthesized by Biomers, Serco Industrial Park West in
Ulm/Donau, Germany. Primers were designed using the program “Primer3 Input (version
0.4.0)” and NCBI primer design tool available at http://www.ncbi.nlm.nih.gov.
Alternatively, previously published primers were used.
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2.1.7.1. Primers used for genotyping and sequencing of human K8
overexpressing mice genom
Genotyping
primers
Human
Keratin 8
(KRT8)

Sequencing
primers
Exon 1
(KRT8)
Exon 6
(KRT8)

Sequence

Lenght (bp)

TM
(°C)

F:GGCGGCGGCTATGGTGGGGCC

21

76

R:AGATGTGCATAGGGACCGGGA

21

66

Sequence

Lenght (bp)

Product
lenght
(bp)
248

TM
(°C)

F:TGCCTCTACCATGTCCATCA

20

60

R:CGGGACTACCAGGAGAAAGG

20

64

F:CATACCCAACCTGACCTACTTACC

24

72

R:AGAACAACAGGACCCCAAGTC

21

64

Product
lenght
(bp)
392
369

2.1.7.2.Primers used for qRT-PCR
Primers for human and mouse studies
Primers

Sequence

Accession

Mouse cytochrome P450 1a2
(Cyp1a2)

F:TCTGCCAGTCTCCAGCCCCT
R:AGATGGCAGTGGCCAGTAGCA

NM_009993.
3

Mouse cytochrome P450 2e1
(Cyp2e1)

F:CTGGCCGAGGGGACATTCCTGT
R:AGGGAAAACCTCCGCACGTCCT

NM_021282.
2

Mouse collagen, type I, alpha 1
(Cola1a)

F:TGAAGAACTGGACTGTCCCAACC
R:GGGTCCCTCGACTCCTACATCTT

NM_007742.
3

Mouse connective tissue growth
Factor (Ctgf)

F:AGCCTCAAACTCCAAACACC
R:CAACAGGGATTTGACCAC

NM_010217.
2

Mouse Nicotinamide NMethyltransferase
(Nnmt)

F:GGCTTCCTGGTGATGGTAGA
R:TTCCACAGCATCTCGAACAG

NM_010924.
2

Mouse Lipolysis Stimulated
Lipoprotein Receptor
(Lsr)

F:CAACCGGCCTGGCTCCACTG
R:AGGTCATCCCGGCTGCGACT

NM_0011641
84.1

Mouse fat storage-inducing
transmembrane
protein 2
(Fit2)

F:GCCTCAAGGACACTCTCTGG
R:AACAACCATCCAGGCACTTC

NM_173397.
4
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Mouse Diacylglycerol OAcyltransferase 1
(Dgat1)

F:CTGATCCTGAGTAATGCAAGGTT
R:TGGATGCAATAATCACGCATGG

NM_010046.
2

Mouse keratin 8
(Krt8)

F:GGACATCGAGATCACCACCT
R:TGAAGCCAGGGCTAGTGAGT

NM_031170.
2
(103)

Mouse keratin 18
(Krt18)

F:CAAGTCTGCCGAAATCAGGGAC
R:TCCAAGTTGATGTTCTGGTTTT

Mouse ribosomal protein
(L7)

F:GAAAGGCAAGGAGGAAGCTCATCT
R:AATCTCAGTGCGGTACATCTGCCT

XM_0065205
13.1
(103)
AK017074.1

Human keratin 7
(KRT7)

F:AGACATCTTTGAGGCCCAGAT
R:GGACTGCAGCTCTGTCAACTC

NM_005556.
3

Human keratin 8
(KRT8)

F:GCTGACCGACGAGATCAACT
R:CATGGACAGCACCACAGATG

NM_002273.
3

Human keratin 18
(KRT18)

F:ACAGTCTGCTGAGGTTGGAGCT
R:TCCAAGCTGGCCTTCAGATTTC

NM_000224.
2

Human keratin 19
(KRT19)

F:TCGACAATGCCCGTC
R:CCACGCTCATGCGCAG

NM_002276.
4

Human actin-beta
(ACTB)

F:AGGATGCAGAAGGAGATCACTG
R:GGGTGTAACGCAACTAAGTCATAG

NM_001101
(142)

Human ribosomal protein, large, P0
(RPLPO)

F:GCAATGTTGCCAGTGTCTGT
R:GCCTTGACCTTTTCAGCAAG

NM_001002.
3

Human hepcidin antimicrobial
peptide
(HAMP)

F:GCCTCTGGAACATGGGCAT
R:GACGGGACAACTTGCAGAGC

NM_021175
(142)

2.1.8. Animals

Mouse lines
FVB/N
Human K8 wild type overexpressing
mice(FVB/N background)
Human K8 G62C/ R341C/R341H
overexpressing mice
(FVB/N background)

Laboratory/Company
Charles River
M. Bishr Omary (Mol.&Integ.
Physiology, University of Michigan, AA,
MI, US) (73)
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2.1.9. Buffers
Buffers

Composition of buffers

APS (Ammonium persulphate) 10%:

1ml: 0,1g ammonium persulphate
1000µl distilled water

Coomassie Brillant Blue Staining solution
(per L):

0.5 g of coomassie R250
250 mL of Methanol
100 mL of acetic acid
650 mL of dH2O
95 mL of Methanol
95 mL of acetic acid
810 mL dH2O
10g Gelatin
70 ml Glycerol
0.25g Phenol
60 ml distilled water
0.187 M Tris-HCl ( pH 6.8)
3% SDS
5 mM EDTA
10 mM TrisHCl (pH 7.6)
140 mM NaCl
1.5 M KCl
5 mM EDTA
0.5% Triton X-100
1mM PMSF
0.2 % Proteinase inhibitor cocktail
125 mM Tris-HCl ( pH 6.8)
4% SDS
20% Glycerol
4% β-Mercaptoethanol
0.01% Bromophenol blue

Coomassie de-staining solution (per L):

Glycerine Jelly Mounting Medium:

Homogenization buffer :

High Salt buffer:

Laemmli Buffer (4X Reducing and nonreducing):
*Nonreducing Laemmli buffer was prepared
without β-Mercaptoethanol.
IBC buffer:

Immunofluorescence blocking buffer
Oil Red O stoc dye:
Oil Red O working solution:
PBS-EDTA buffer:

Resolving Gel Buffer:
Running buffer (10X) (L):

Running buffer (10X) (L):
SDS (Sodium dodecyl sulphate)10%:

10 mM Tris, pH 7.5
1 mM EGTA
200 mM sucrose
plus protease inhibitor mixture
2.5% wt/vol BSA/PBS
2% goat serum
Oil Red O: 0.5g
Isopropanol: 100 ml
30 ml Oil Red O stock dye
20 ml distilled water
5 mM EDTA/ 1x PBS
1mM PMSF
0.2 % Proteinase inhibitor cocktail
1.5 M Tris-HCl/H 2 O (pH 8.8)
SDS
12.5g
Tris Base 37.5g
Glycine
180g
100 ml 10X running buffer
900 ml distilled water
SDS 10g
100 ml distilled water
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Stacking Gel buffer:

0.5 M Tris-HCl/H 2 O (pH 6.8)

Sucrose buffer (0.25 M) (100ml)

8.5g sucrose
100 ml water
48.5g Tris
11.4 ml glacial acetic acid
48.720 ml 0.5M EDTA (pH 8.0)
100 ml 10X TAE buffer
900 ml distilled water
10xTBS,pH=7,6
24,2g Tris
80g NaCl
1L distilled water
100 ml 10X TBS
900 ml distilled water
0.2 % Tween 20
Tris base 3.16g
Glycine
7.21g
Methanol 200 ml
1L distilled water
100 ml 10X Transfer buffer
900 ml distilled water
1% Triton X-100
5 mM EDTA in PBS (pH 7.4)
1mM PMSF
0.2 % Proteinase inhibitor cocktail

TAE (Tris acetate-EDTA) buffer (10X):

TAE (Tris acetate-EDTA) buffer (1X):
TBS (10X) (L):

TBST (1X) (L):

Transfer buffer (10X) (L):

Transfer buffer (1X):

TX buffer:

2.2. Methods
2.2.1. Human subjects
The study was performed in liver biopsies obtained from 57 patients who
underwant a biopsy for diagnosis purposes at the Universities of Ulm and Bondy Liver
Unit between the years 2006-2010. The cohort included 15 cases of alcoholic liver disease
(ALD), 9 cases of chronic hepatitis B (HBV), 13 cases of chronic hepatitis C (HCV), 10
cases of non-alcoholic steatohepatitis (NASH) and 8 control specimens. In all of them,
liver biopsy was cut in half and used either formaldehyde-fixed for histological staining or
frozen for RNA isolation. The diagnosis of HBV/HCV was confirmed by a positive HBV
DNA and HCV RNA (Cobas TaqMan/Amplicor; Roche, Basel, Switzerland) tests,
respectively. The diagnosis of ALD/NASH was based on the histological findings,
personal interview and an exclusion of other causes of chronic liver disease such as
HBV/HCV infection, hereditary hemochromatosis, autoimmune liver disease and chronic
cholestatic liver disorders. Patients with ALD had daily excessive alcohol consumption
defined as >80 g per day in males and >60 g per day in females for at least 10 years.
NASH patients displayed features of the metabolic syndrome without any recorded daily
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alcohol consumption. The control specimens were selected from subjects with
histologically normal livers and mildly elevated transaminase levels (levels < twice the
upper limit of normal). For inflammation grading and fibrosis staging, 4µm-thick liver
sections were assessed according to (26) (HBV, HCV, controls) and (62) scoring systems
(ALD, NASH). To analyze the impact of inflammation/fibrosis on keratin expression,
samples

were

subdivided

into

groups

with

minimal/mild/moderate

fibrosis

stage/inflammatory grade. Furthermore, HCV patients were subdivided into individuals
with “mild” (fibrosis stage+inflammation grade ≤ 2.5; 6 males/2 females) and “active”
disease (fibrosis stage+inflammation grade ≥3.0; 3males/2females)
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2.2.2. Animal studies
To study the importance of K8 variants in the liver, we used transgenic mouse lines
overexpressing human K8 wild type, K8 G62C, K8 R341C, K8 R341H. All were
generated in M. Bishr Omary’s laboratory (Mol&Integ Physiology, University of
Michigan, AA, MI, US, (73)) by microinjection into the pronuclei of fertilized zygotes of
the FVB / N inbred strain. For injections, a previously described 12 kb genomic clone of
the wild-type keratin 8 was used (63). A fragment was excised via BamHI-SalI (R341H /
C) or SalI (G62C) subcloned into the plasmid pcDNA3.1 corresponding point mutations
(Table 2.2.1) were introduced by targeted mutagenesis using the QuickChange Mutation
kits (Qiagen). The mutated fragments were completed by the residual segment from the
original clone. A 12 kb Sal I fragment was injectedinto the pronuclei. The successful
incorporation of the transgene was verified by genotyping / sequencing. For maintance of
the line, a transgenic mouse was mated with a non-transgenic FVB/N and all strains were
bred separately. All animals were housed in plastic cages (26.5 cm x 20 cm x 14 cm) and
kept at a room temperature (22 ° C) in animal facilty of the Ulm University (Ulm,
Germany). Both water and the mouse breeding diet Altromin 1310 were given ad libitum.
The breeding room was kept at a 12 hour day-night cycle with a light period from 7.0019.00 o’clock. All treatments have been made in accordance with the German guidelines
for animal research and animal welfare.

Table 2.2.1. Localization of mutations in the keratin 8 gene.
Gene name

Keratin 8 domain

Variants
Nucleotides
Aminoacide
KRT8
Exon 1 (head domain)
184 G  T
Glycine-62-Ccysteine
G62C
1122G  A
Arginine-341-Histidine
Exon 6 (rod domain)
R341H
1021C  T
Arginine-341-Cysteine
R341C
G62C variant is located in exon 1 within the head domain of the keratin 8 gene, and is caused by a
substitution of guanine (G) by thymine (T). For strains R341C and R341H, the point mutation is located in
exon 6 of the rod domain. In this case of R341H, guanine is replaced by adenosine (A) and in the case of
R341C, a cytosine (C) is replaced by a guanine.
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2.2.2.1. Acetaminophen induced liver damage
For this model, 2 months old mice were fasted for 12 h, weighed and
intraperitoneally injected with 600 mg/kg acetaminophen (APAP) (powder, Fagron GmbH
& Co KG, Barsbüttel, Germany). To that end, 0.36 g of APAP was dissolved in in a
mixture of 1.5 mL DMSO and 1.5 ml of saline solution and the mice were sacrificied 4
hours (h) and 18h after the injection. In another series of experiments, a higher APAP dose
(900 mg/kg) was administrated and the mice were sacrificed 5 hours afterwards by gassing
with carbon dioxide (CO2). The blood of the mice was collected from the vena cava
inferior, and the measurement of alanine aminotransferase (ALT) was performed from
plasma using the Reflotron desktop analyzer (Roche GmbH, Grenzach-Wyhlen Germany).
Acetaminophen plasma concentrations were determined in central laboratory of the
University Hospital of Ulm (Department of Clinical Chemistry, Ulm, Germany). The liver
of the mice was removed gently, cut into pieces and the individual parts were used for the
isolation of RNA, protein isolation, hematoxylin and eosin (H&E) staining and staining by
immunofluorescence.

2.2.2.2. Bile duct ligation (BDL)
BDL was done as described previously using 3 months old female mice
anesthetized with isoflurane. Briefly, a midline laparotomy was performed and the bile
duct was ligated with 2-0 or 5-0 non-absorbable surgical silk (Perma-hand-Ethicon). BDL
animals received daily IP injections of 5mg/kg Baytril-Enrofloxacin %5 (Bayer
Healthcare) and Riamdyl-Carprofen (Pfizer) dissolved in Saline 0,9% for 7 days. Twentyone days after surgery, mice were sacrificed and serum, bile and liver were collected for
further analyses. Serum parameters were measured in the Clinical Chemistry Department
of University Hospital Ulm.

2.2.2.3. High-fat diet
To test whether an imbalanced K8 overexpression together with a diet rich in
saturated fatty acids are sufficient to induce MDB formation, previously described two
months old human K8 overexpressing males on FVB/N background (WTK8; (73)) and
their non-transgenic littermates were fed with low-fat/high-fat (LF/HF) diet for ten months.
Animal were sacrificed via CO2 inhalation, livers were removed, weighed and cut into
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pieces for biochemical analyses, immunofluorescence and histological staining
respectively. Serum parameters were measured in the Clinical Chemistry Department of
University Hospital Ulm.

2.2.3. Cell culture experiments
The human hepatocellular carcinoma HepG2 (ATCC No.HB-8065) and Hep3B
(ATCC No.HB-8064) cell lines (Table 2.1.6) were obtained from LGC Standards GmbH
(Wesel, Germany) and cultured in RPMI-1640 (HepG2) or advanced DMEM (Hep3B,
both GIBCO-Invitrogen, Paisley, UK) medium supplemented with 10% fetal bovine serum
(FCS-gold-PAA, Pasching, Austria), 1% penicillin-streptomycin (GIBCO-Invitrogen) and
0,5% (Hep3B) or 1% L-glutamine (HepG2, GIBCO-Invitrogen). Cells were grown at 37°C
and 5% CO 2 . To study the keratin expression under specific conditions, cells were treated
for 6 hours with interleukin 6 (IL-6; 40 ng/ml), tumor necrosis factor α (TNF-α ; 30 ng/ml)
or interleukin 1-β (IL1-β; 20 ng/ml; all purchased from Sigma, Steinheim, Germany).

2.2.4. Methods of molecular biology
2.2.4.1. Genotyping of animals
2.2.4.1.1. DNA isolation
The DNA was isolated from tail biopsies using a DNA isolation kit (DNeasy Blood
and Tissue Kit, QIAGEN GmbH, Hilden, Germany) according to the manufacturer's
protocol. Overnight (ON) digestion of the tails by proteinase K in a water bath at 56 ° C,
caused a tissue lysis and DNA was exposed. The lysate was centrifuged over a silica-gel
membrane to achieve a DNA binding to the column. During centrifugation, DNA is
selectively bound to the DNeasy membrane and other substances pass through. Remaining
contaminants and enzyme inhibitors are removed in two washing steps and DNA is eluted
from the membrane in water or buffer. The isolated DNA was stored until usage at 4 ° C.

2.2.4.1.2. Polymerase chain reaction (PCR)
The polymerase chain reaction (PCR) was used to amplify DNA segments and includes
cyclic temperature changes of denaturation, annealing and extension. It leads to the
attachment of heat denaturated primers (annealing) to the specific complementary DNA
sequences. In the subsequent step (extension), Taq DNA polymerase copies the single31
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stranded DNA template to form a double strand. The newly synthetized strand is released
during the denaturation phase to allow the next amplification cycle. For the PCR, an
automated thermal cycler (PTC-200 DNA Engine Cycler, BioRad Laboratories GmbH,
Munich, Germany) was used.The genotyping PCR detected the presence of human K8
using previously described primers which were produced by the company BioMers (Ulm,
Germany) (73) (Table 2.1.7.1). In all samples, 29 µl of PCR reaction mixture was
complemented with 1 µl of DNA isolated from mouse tails in (reaction conditions, Table
2.2.2.). In order to detect possible contamination of with foreign DNA, a reaction mixture
without DNA template was used as a negative control. To control for succesfull
amplification, a positive control was carried with each reaction which contained a
previously succesfully amplified DNA.

Table 2.2.2. PCR mixture for mouse genotyping
10 x Buffer (without MgCl 2 )
3 µl
MgCl 2 (25 mM)
2.4 µl
dNTP-Mix (10 mM/each)
0.6 µl
Oligonucleotide F (upstream) (10 pmol)
1 µl
Oligonucleotide R (downstream) (10
1 µl
pmol)
Fermentase Taq Polymerase (5 U/µl)
0.2 µl
DNA-Template
1 µl
H2O
20.8 µl
Total reaction volume
30 µl

2.2.4.1.3. Gel Electrophoresis
The PCR amplified DNA fragments were separated by agarose gel electrophoresis.
To that end, 1% agarose gels were used and DNA fragments were mixed with 1/5 volume
of the loading buffer (Orange G in 80% glycerol). A 50 bp DNA ladder (Gene ruler, 50bp
DNA Fermentas GmbH, St. Leon-Rot, Germany) was used to estimate the size of DNA. 1x
TAE was employed as a running buffer. The DNA fragments were visualized with
ethidium bromide which is a dye that intercalates between the DNA strands.
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2.2.4.2.DNA sequencing
DNA sequencing is the process of determining the exact DNA sequence within a
given molecule. It was used to discriminate between the different transgenic mouse lines
which can not be differentiated during the routine genotyping. Firstly, DNA was isolated
from tail biopsies as described in section 2.2.4.1.1 Human K8 exon 1 primers were used
for G62C, exon 6 primers for R341H/C and both exon 1 and 6 primers were used for
WTK8 (2.1.7.1). PCR amplified fragments were purified via QIA Quick PCR purification
kit (Qiagen). To perform the sequencing reaction, fragments were supplemented with the
desired (forward or reverse) primer. All DNA sequencing was carried out by the company
Eurofinsdna MWG Operon (Ebersberg, Germany) and was performed in both directions.

Table 2.2.3. PCR Mixture; DNA amplification prior to sequencing
Reagents
Volume
(µL)
Amplitaq Gold PCR master mix (AB-4318739)
25
Each primer (Forward and Reverse) (10 pmol/µl)
2
DEPC H2O
20
DNA
1
Total mix
50
2.2.4.3.Isolation and quantification of RNA
The liver tissue pieces were stored immediately after removal in RNAlater
(RNAlater solution, Life Technologies, Ambion, Darmstadt, Germany) in order to stabilize
the RNA. For animal tissues, total RNA was isolated using the RNeasy Mini Kit (Qiagen
GmbH, Hilden, Germany). For human liver samples, RNeasy fibrous mini Kit (Qiagen
GmbH, Hilden, Germany) was used.To that end, the liver tissue was removed from the
RNAlater, submerged into lysis buffer and homogenized. The lysate was centrifuged over
a silica-gel membrane to allow binding of the RNA. The bound RNA was purified by
washing steps, and subsequently eluted with RNase-free water. Storage of isolated RNA
was performed at -80°C. As a quality control, the protein contamination was determined by
measuring the ratio of absorbance at 260/280 nm. The RNA concentration and purity was
determined using a Nanodrop spectrophotometer detection system (Nanodrop 2000c,
ThermoFischer). For pure RNA the 260/280 ratio should be between 1.8-2.0. Additionally,
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the integrity of the RNA was analyzed by gel electrophoresis using 1% agarose gel and the
bands were visulaised after supplemantation with ethidium bromide under UV light.

2.2.4.4. c-DNA synthesis from RNA

The isolated RNA was translated into c-DNA with the SuperScript II reverse
transcriptase kit (Life Technologies, Invitrogen, Darmstadt, Germany) according to the
manufacturer's protocol. In a first step, l µl of oligo dT primer (Life Technologies,
Invitrogen, Darmstadt, Germany), dNTP and 2 µg of RNA were mixed in a tube and filled
up to 13 µl with DEPC water. Then, the mixture was incubated at 65°C for 5 minutes to
denature RNA secondary structure, and then it was kept on ice. In the second step, 4 µl of
5xFirst Strand buffer and 2 µl 0.1M DTT were added to mixture and incubated for 2
minutes at 25 oC to enable annealing of the random primers. Finally, 1 µl of SuperScriptTM
II reverse transcriptase were added to the mixture and the translation was performed for 50
minutes at 42°C. The enzyme was then inactivated by heating to 70°C for 15 min. (Table.
2.2.4). To remove RNA, 1 μL (2 units) of E. coli RNase H was added and the solution was
incubated at 37°C for 20 min. cDNA was stored at -20 oC.
Table 2.2.4. PCR Mixture for c-DNA synthesis by using SuperScriptTM II
reverse transcriptase kit and PCR programme
Reagents
Volume
Temperature
Time
(µL)
(oC)
dNTP-Mix
1
65
5 min
Random hexamers
1
RNA-Template
2 µg
DEPC treated H 2 O
upto 13
Preparing master mix
4
Up to 15 min
5X first strand buffer
0,1 M DTT
Superscript II RT
Inactivation

4
2
1

RT

2 min

42
70

50 min
15 min

2.2.4.5.Quantitative real time PCR (qRT-PCR)
For determining the expression levels of individual genes, a PCR amplification is
performed and the amount of c-DNA is measured in real time by quantifiying the intensity
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of a DNA intercalating fluorescent dye (in this case, SYBR Green) via 7500 Fast RealTime PCR System (Life Technologies, AppliedBiosystems, Darmstadt, Germany). The
reaction mixture was prepared in 96-well microtiter plates and each well contained 5 µl of
RT-PCR master mix, 3 µl of DEPC water and 1 µl of the c-DNA to be tested and 1 µl of
primer mixture (Forward+Reverse) (Table 2.2.5). The reaction was performed in duplicate
using specific mouse or human gene primers listed in (Table 2.1.7.2.). L7 ribosomal
protein transcript was used as an internal control for animal samples, RPLPO was used for
human and actin-beta for cell culture samples (Table 2.1.7.2.). During PCR, the first step
was the activation of the Hot Start Taq DNA polymerase included in the SYBR mix at 95 °
C for 10 min. The cycles consisted of 10 sec at 95 C for denaturation and 60 sec at 60 ° C
as the annealing and elongation steps. 45 cycles were done. SYBR green based cDNA
quantification is based on the fact that the SYBR Green binds to any double stranded DNA
and therefore allows to determine its quantity. PCR program is illustrated in Table 2.2.6.
To determine the amount of the expression of the genes interest, ΔΔCt method was used as
a method for relative quantification. For evaluation, the Sequence Detection Software,
version 1.4 was used (7500 Fast System, Life Technologies, AppliedBiosystems,
Darmstadt, Germany).

Table 2.2.5. qRT-PCR mixture
Reagents
Volume
SYBR® GreenER qPCR
5 μl
SuperMix
DEPC treated water
3 μl
Forward primer (F)
0.5 μl
Reverse primer (R)
0.5 μl
c-DNA template
1 μl
Final volume
10 μL
Table 2.2.6. qRT-PCR program
Temp
(°C )
95
95
60

4

Phase

Time

Activation
10 min
Denaturation
10 sec
Annealing +
1 min
Extension
Dissociation stage
forever

# of
Cycle
1
45
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2.2.5. Biochemical methods
2.2.5.1.Total protein extraction from liver tissue
To quantify amounts of protein by Western blotting, total proteins were isolated
from the liver tissue. The tissues (approx. 25 mg) were homogenized on ice in 600 µl
homogenization buffer (153) (Table 2.1.9) using the Potter-Elvehjem grinder with Teflon
pestle which is well suited for disruption of soft tissue, such as liver. The employed buffer
contains SDS, which efficiently denatured the proteins and thus protected them from
degradation. The homogenized liver tissues were heated for 5 minutes at 95oC to dpromote
denaturation. Homogenates were subsequently sheared with a 1 ml syringe and a 21-22 G
needle for approximately 20 times to disrupt DNA then centrifuged for 2 minutes at 14.000
rpm to remove un-dissolved tissue. After extraction, samples were mixed with sample
buffer (4xReducing Laemmli buffer) (Table 2.1.9.). To determine the amount of disulphide
bridges among keratins, samples were diluted in 4x non-reducing Laemmli buffer (i.e.
without β-mercaptoethanol). All samples were stored until use at -20 ° C. Prior to use,
protein extracts were briefly denaturated at 95 oC and applied to a gel. The protein bands
were visualized by Coomassie staining (Table 2.1.9.) (Brilliant Blue R, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany). Commassie staining was done for at least 30 min at
room temperature (RT) and then gels were de-stained in the de-staining solution (Table
2.1.9) for 1h at RT.

2.2.5.2.High salt extraction of insoluble proteins
High salt extraction method was performed to enrich insoluble cellular proteins by
taking advantage of their insolubility in non-ionic detergents (71). To that end, liver tissue
(~0.1 g) was homogenized on ice in 1.5 ml ice cold TX-buffer (5 mM EDTA in PBS, 1%
Triton X-100) that contains protease inhibitor cocktail (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) and PMSF (Table 2.1.1.) using the Potter-Elvehjem grinder with
Teflon pestle and performing about 50 strokes. The homogenates were centrifuged at
13.000 rpm for 15 minutes at 4°C and the TX supernatants were kept at -80 C. The pellet
was homogenized with 1.5 ml of high-salt buffer (about 100 strokes) and incubated for 30
min at 4 ° C on a shaker to remove nucleic acids. In the next step, the pellets were washed
twice in 1xPBS-EDTA solution (Table 2.1.9.) and collected at 13.000 rpm for 30 minutes
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at 4 °C. Finally, HSE pellets were dissolved in 800 ul 4x Laemmli buffer and protein
extracts were separated on a polyacrylamide gel. To determine the amount of proteins,
Coommassie staining of the gel was performed.

2.2.5.3. SDS-PAGE and western blotting
Western blotting was performed after separation of proteins on sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli et al (79)
The separated proteins were transferred to a membrane (Immobilon-P transfer membrane
0.45 um, Millipore, Massachusetts, USA), and finally detected with appropriate antibodies.
Based on protein weight 8% or 10% resolving gels were prepared for compositions (Table
2.1.9). The ammonium persulfate (APS, 10%) and the TEMED were added to gel mixture
at the end to start the polymerization of the gel. Samples in Laemmli buffer were boiled at
95°C for 30 sec and loaded into the gel wells. Page Ruler Prestained Protein Ladder was
used (Thermo Electron GmbH, Ulm, Germany) (Bio-Rad) as a size marker. To properly
align proteins before their separation, gels were first run at 70V in stacking gel (Table
2.2.7.) for 30 min and then in resolving gel (Table 2.2.7.) at 100V. For blotting, PVDF
membranes were used (0.45 micrometer pore size, Millipore) and blotting was done in 1X
Transfer buffer (Table 2.1.9.) at 0.2 Amper (A) for 1 h and 10 min. After completion of the
blotting step, membranes were incubated at room temperature for 1 h in a blocking
solution to block nonspecific binding sites. Based on supplier recommendations either 5%
nonfat dry milk in TBST (Table 2.1.9.) or 5% BSA in TBST was used. The membrane was
then incubated overnight at 4 ° C in primary antibody (Table 2.1.5.1.). All antibodies were
diluted in blocking buffer as recommended or the proper dilution was determined
empricially. Afterwards, membranes were washed in TBST buffer at least 3 times to
remove the antibody. And incubated at room temperature for 1 h with the appropriate
secondary antibody conjugated with horseradish peroxidase 1:10 000 (Table 2.1.5.2.).
After washing out the secondary antibody with TBST buffer, membranes were covered
with ECL luminol reagent (Western Blotting Detection Reagents, GE Healthcare, Munich,
Germany) for 5 min. which serves as a substrate for horseradish peroxidase. This reaction
leads to the development of light and thus enables the visualization of the bands on X-ray
film (Amersham Hyperfilm ECL, GE Healthcare, Munich, Germany). The film was
developed at different time intervals (30 sec, 1 min, 2 min, 5 min) and fixed to preserve the
signal.
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Table.2.2.7. Composition of resolving and stacking gels.
Resolving
Stacking
8%
10 %
4.7 ml
4.1 ml
3.0 ml
H2O
2.6 ml
2.6 ml
Stacking gel
1.3 ml
Resolving gel
2.64 ml
3.3 ml
750 µl
30 % AA
100 µl
100 µl
50 µl
10 % SDS
50 µl
50 µl
25 µl
10 % APS
15 µl
15 µl
5 µl
TEMED
AA: Acrylamide
SDS:sodiumdodecylsulfate
APS: ammonium persulfate
TEMED: Tetramethylethylenediamine

2.2.5.4.Bradford protein assay
The Bradford protein assay (Table 2.1.4.) is commonly used to detect the total
protein concentration in a sample. The method is based on the binding of the dye
Coomassie to proteins and resulting light absorbtion with a peak at 595 nm. Therefore, as
the protein concentration increases, the color of the test sample becomes darker. 2.5 µl of
protein lysate were added to 500µl of diluted (1:4 with dist. water) Bradford reagent (BioRad). After incubation for 5 minutes at room temperature, the mixture was vortexed
properly and pipeted 200 µl/well into 96 well plate via BioTek-Synergy HT system.
Bovine Serum Albumin (BSA) was used as a protein standard.

2.2.5.5. Histological stainings
2.2.5.5.1. Hematoxylin and eosin (H&E) Staining
H&E staining was used to evaluate the extent of liver injury. To that end, 10%
formaldehyde-fixed liver pieces were embedded in paraffin and sectioned into 4 µm thick
slides. Sections were first deparaffinized with xyline and hydrated with a serial dilution of
isopropanols from from 100% to70% following with washing steps with water. The
basophilic nuclei were stained with a hematoxylin (blue color) and the acidophilic
cytoplasm was stained with eosin (pink). Afterwards, to remove the water from the tissues,
a process called dehydration was performed. It is done in a step-wise manner by passing
the tissue block through a series of solutions with increasing isopropanol (from 70%
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to100%) concentrations. At the end, tissue blocks submerged into xylene for 10 min and
covered with mounting medium. The slides were analysed with a light microscope
equipped with digital camera (model DM 5500, Leica Microsystems Imaging Solutions
GmbH, Wetzlar, Germany) and appropriate software (Leica Application Suite 3.8) was
used for acquisition of digital images.

2.2.5.5.2. Picro-sirius red staining
Sirius red staining was used to evaluate the amount of collagen in liver tissues.
Briefly, sections were first deparaffinized with xyline and hydrated with a serial dilution of
isopropanols from 100% to 70 % and washing steps with water. Afterwards, the specimens
were washed for 10 minutes under running tap water and stained in picro-sirius red for 1 h.
Subsequently, the slides were washed twice with 0.5% glacial acetic acid in water and
dehydrated through a series of solutions with increasing isopropanol (from 70% to100%)
concentration. At the end, the sections were immersed in xylene for 10 min and covered
with mounting medium.The slides were stored at RT. Images were taken using Leica light
microscope (Leica, Solms, Germany), equipped with a digital camera and Leica
Application Suite software V4.1 (Leica Microsystems, Heerbrugg, Switzerland). Of note,
collagen becomes visible due to its red colour on a pale yellow background.
2.2.5.5.3. Immunofluorescence staining
Frozen sections were prepared to study the structure of hepatic keratin network via
immunofluorescence staining. Immediately after the removal, livers were frozen in precooled methyl-butan, embedded in OTC (optimal cutting temperature) medium and
sectioned. Before application of the antibody, sections were dried at room temperature,
then fixed with acetone for 10 min. and dried again 3x for 5-7 min. After washing with
TBST for 3 times each 5 min., the slides were incubated for 30 min in blocking buffer
(Buffer B, Table 2.1.9). After blocking, sections were incubated in primary antibody
overnight at + 4C using dilutions by suggested manufacturers or determined emprically.
The slides were washed with TBST (Table 2.1.9.) and the fluorescent dye-conjugated
secondary antibody was applied for 30 min. At the end, a further washing step was
performed 3 times each 5 min. to remove the antibody. The slides were mounted with
ProLong Gold antifade reagent (Life Technologies, Invitrogen, Darmstadt, Germany)
which includes DAPI for staining of the nuclei. The samples were stored at 4 ° C.
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2.2.5.5.4. Oil-Red staining
Oil Red is a fat-soluble dye used for staining of neutral triglycerides and lipids. Oil
red stock dye (Sigma) (Table 2.1.9) was prepared in isopropanol. Then, a fresh Oil Red
working solution (Table 2.1.9) was diluted from stock with water. After 10 min, the
prepared solution was filtered and covered immediately in order to be kept in the dark. The
frozen liver sections were fixed in formalin (3.5%) for 5 min and briefly washed with
water 1-10 min. Afterwards, sections were rinsed with 60% isopropanol and stained with
fresh Oil Red working solution for 10 min. After that, the sections were washed again in
60% isopropanol and subsequently with water. Nuclei were stained with haematoxylin and
then sections were rinsed with water. In the last step, the sections were covered with
glycerine jelly mounting medium (Table 2.1.9.).
2.2.5.6. Subcellular Fractionation
The aim of cell fractionation is to separate cells into their subcompartments to study
them separately. The compartments are separated according to size and density via
centrifugation. In general, smallest centrifugal force brings down large components such
nucleus higher speed pellets mitochondria while the smaller vesicles are collected at higher
speed. For fractionation, only fresh livers were used. In the first step, liver tissue was
washed with precooled 0,25 M sucrose buffer (Table 2.1.9.) containing proteinase
inhibitors (Table 2.1.1.) and then homogenized in IBC buffer (Table 2.1.9.) at a 1:7 (w/v)
ratio using an electric homogenizator (B.Braun type 859202, Melsungen AG,Germany).
The homogenized tissue was filtered through 4x folded gauze tissue and centrifugated
(Thermo-heraus verifuge fr) at +4 C and 600 g for 10 min. The supernatant was collected
and the pellet was washed with IBC buffer and centrifugated again at 600g +4C for 10 min
to obtain nuclear fraction. After centrifugation, supernatant was discarded; pellet was
homogenized with homogenisation buffer (Table 2.1.9.) and sonicated in water bath at
+4C. Next, supernatant from the first step was centrifugated at +4C and 7000 g for 10
min. The supernatant which contains the cytoplasmic fraction was mixed with
homogenisation buffer and sonicated for 30 min at +4 C. The pellet was washed with IBC
buffer and then centrifugated at +4C and 7000 g for 10 min. At the end, supernatant was
discarded and pellet containing the mithochondrial fraction was homogenized with
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homogenisation buffer and sonicated in water bath at +4C. Finally, samples were mixed
with 4X reducing laemmli buffer and denaturated at 95C for 5 min.

2.2.5.7. Biochemical assays
2.2.5.7.1. Total and Oxidized Glutathion (GSH/GSSG) assay
Glutathione (GSH) is a tripeptide of L-glutamate, L-cysteine, and glycine. It is
considered to be the most prevalent and most important intracellular nonprotein
thiol/sulfhydryl compound in mammalian cells, and the most abundant low-molecularweight peptide. To fulfil its antioxidant function, it absorps reactive species to form
oxidized GSH (GSSG) that is subsequently recovered to the reduced GSH. An increased
GSSG-to-GSH ratio is considered a sign of an increased oxidative stress. To detect GSH
depletion and determine the GSSG/reduced GSH ratio in hepatic tissues, a
spectrophotometric assay was performed according to manufacturer recommendations
(Cayman, 703002). 100 mg of liver tissue was washed with 1x PBS and homogenized in 1
ml of 1x MES buffer (Cayman, 703002). Samples were then centrifugated at +4C at
14.000 rpm for 15 min and supernatant was kept. Afterwards, samples were deproteinated
to avoid interferences and mixed in 1:1 ratio with MPA reagent which includes a mixture
of metaphosphoric acid (Sigma-Aldrich, 239275) and water. The specimens were vortexed
and incubated at RT for 5 min followed by centrifugation at +4C 5000 rpm for 5 min.
Subsequently, samples were mixed in a 1:1 ratio with TEAM reagent that includes 4M
triethanolamin (Sigma-Aldrich, T58300) diluted in water. The supernatant was then diluted
(1:10) with 1XMES buffer. Firstly, GSH assay was performed and kinetic absorbances of
samples were measured at 405 nm in BioTek-Synergy HT system. GSSG levels were
quantified after GSH was derivatized with 2-vinylpyridine. To that end, 100 μl of the
supernatant were mixed with 2 μl of 1M 2-vinylpyridine (Sigma-Aldrich, 13929-2)
solution and 6 μl of triethanolamine (Sigma) for 1 h at room temperature. Kinetic
absorbance values were measured at 405 nm using a microtiter plate reader. The protein
content was determined using a Bradford assay (section 2.2.5.4.) and results were
normalized for total protein concentration.
2.2.5.7.2. ATP assay
ATP synthesis is one of the major mitochondrial functions and therefore we
measured hepatic ATP content in order to assess acetaminophen-induced mitochondrial
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damage. An ATP luminometric assay was performed as described previously (151).
Briefly, appropiate amount of liver tissue (aprrox. 100 mg) was cut and incubated in
boiling water for 10 minutes to inhibite ATPase (166). Afterwards, samples were quickly
chilled on ice, homogenized using the Potter-Elvehjem grinder with Teflon pestle and
centrifugated at 10.500 rpm +4C for 10 min. Finally, supernatant was collected and the
assay was performed according to manufacturer’s instructions (Perkin Elmer, ATP-lite
assay). Supernatants were loaded into black colored 96 wells plates and incubated with
mammalian cell lysis solution for 5 minutes on shaker. Then, substrate solution
(Luciferase/Luciferin) was added to samples and incubated for 5 minutes on shaker. The
solution lowers the pH to a suitable level so that the reaction can occur. In the end, plate
was dark adapted for 10 minutes to reduce plate phosphorescence and luminescence was
measured. ATP standard solution was used to calibrate the assay. The protein content was
determined using a Bradford assay (section 2.2.5.4.), and results were normalized for total
protein concentration.

2.2.5.7.3. Triglyceride (TG) assay
To investigate lipid accumulation in livers, TG assay was performed. Briefly,
appropriate amount of liver tissue (50-100 mg) was cut and put into 500 ul of ethanolic
30% KOH to saponify and neutralize the lipids. Then samples were incubated ON at 55°C
to digest liver completely. Afterwards, the sample volume was filled up to 1000 ul with
mixture of H 2 O: EtOH (1:1) and centrifugated at 4°C for 5 min at 14.000 rpm. The
supernatant was collected, filled up to 1200 ul with mixture of H 2 O: EtOH (1:1) and then
vortexed. 200 ul of the supernatant was transferred to a new tube and 215 ul of 1M MgCl 2
were added to the solution as a precipitating agent for lipids. After vortexing, the mixture
was incubated on ice for 10 min and then centrifugated at 4°C for 5 min at 14.000 rpm.
The supernatant was kept for measurement of the TG content that was performed in the
Clinical Chemistry Department of University Hospital Ulm. The TG concentration was
normalized according to liver weight (g).
2.2.5.7.4.

Measurement of cytokines TNF- α and IL-6

Plasma concentrations of TNF-α and IL-6 were determined by ELISA according to
the manufacturer's instructions (R&D, M6000B and MTA00B). These assays are based on
the quantitative sandwich enzyme immunoassay technique. As a part of this, monoclonal
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capture antibodies specific for mouse IL-6 or TNF-α have been immobilized on
commercially available microplates. To perform the assays, standards, controls and plasma
samples (1:1 diluted) were pipetted into the wells. After washing away unbound
substances, an enzyme-linked polyclonal detection antibodies specific for mouse TNFα/IL-6 were added and bound the antigens from the samples that were previously located
in the wells. Following washing steps, a substrate solution was pipetted to the wells.
During the thereby initiated enzymatic reaction, the initially blue reagent turned yellow.
The reaction was stopped with stop solution and the amount of TNF-α or IL-6 was
determined by measuring the yellow product using a microplate reader set to 450 nm. The
final values were calculated according to the standard curve.

2.2.5.7.5. Determination of Acetaminophen-Protein Adducts
The assay was done in Prof. Laura James Lab. (Pediatric Pharmacology and
Toxicology, AR-USA) as described previously (53, 102). Samples of mouse liver (100 mg)
were homogenized in 1 ml of ice cold Phosphate Buffered Saline, pH 7.2 and digested with
protease. Small molecules were removed by gel-filtration on centrifugal desalting columns
equilibrated with PBS, pH 7.2 (exclusion volume > 6,000 daltons). The putatively
modified proteins were measured for APAP-protein adducts using high-performance liquid
chromatography with electrochemical detection (HPLC-ECD). APAP-protein adducts
concentrations were normalized with total protein concentration and presented in units of
nmol APAP-CYS adducts/mg protein.

2.2.6. Analysis and softwares

Image analysis
All images were processed and analysed with Adobe Photoshop CS5 and Image J
(http://rsbweb.nih.gov/ij/) programme.

Statistical analysis
Statistical analysis was done with SPSS V13.0 software (SPSS, Chicago, IL, USA).
To assess the correlation between expression levels of different keratins, a Pearson's
correlation coefficient was determined. A p-value < 0.05 was considered statistically
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significant. Dependent on the results of a normality test, a two-tailed Student t test or a
two-tailed Mann-Whitney U test were employed.

Softwares
Transgenomic Navigator Version 3.0.0
(http://www.transgenomic.com/pd/software/software.asp)
Microsoft Office Excel, Word, Powerpoint (Uni Ulm, Germany or Umih, MI, US)
Image J (http://rsbweb.nih.gov/ij/)
Adobe Photoshop CS5 and Adobe Illustrator
KC4, BioTek Instruments, Inc.
Primer3 Input (version 0.4.0) (http://frodo.wi.mit.edu/)
The gene bank data (http://www.ncbi.nlm.nih.gov)
SPSS V13.0 software (SPSS, Chicago, IL, USA)

2.2.7. Ethics statement
All animals received humane care and the experiments were approved by the
appropriate local authorities and the Institutional Animal Care Committee state of BadenWürttemberg, Germany (Regierungspraesidium Tübingen). All patients gave their written
informed consent to participate in the study and all research was in compliance with the
1975 Declaration of Helsinki as reflected in an approval by the Human Subjects
Committees of the participating centers.
2.2.8. Safety measures
All operations with genetically modified organisms and plasmid DNA were
performed in accordance to the “Gentechnikgesetz” from the year 1990 and to the rules
described in the ‘‘Gentechnik-Sicherheitsverordnung’’ from the year 1990. Ethidium
bromide, formaldehyde, DEPC and other chemicals particularly dangerous for the
environment were carefully managed and disposed properly in accordance with the
institutionalguidelines.
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3.

RESULTS

3.1.

Analysis The impact of Keratin 8 variants on liver injury development

3.1.1. K8 variants exhibit normal liver phenotype under basal conditions
3.1.1.1. Basal charecterisation of K8 transgenic mice
To study in vivo significance of human liver disease-related keratin mutations, we
used previously described human K8 G62C and human K8 Wild Type (WTK8) (73) as
well as the new generated human K8 R341C/H overexpressing mice on FVB/N
background. In contrast to the established keratin mutations found in epidermal disorders
that are located in highly conserved beginnings/ends of the rod domains (110). K8 G62 and
K8 341 residues are placed in less conserved regions. However, both residues are highly
conserved among species (human, rat, mouse and frog) (Figure 3.1.a) and type II keratins
(not shown). To genotype the mice, isolated DNA was analyzed for presence of human
KRT8 gene (Figure 3.1.b). To be able to distinguish between WTK8 and K8 variants, a
sequencing was occasionally performed. Electropherograms from DNA sequencing
confirmed the presence of a K8 G62C variant on human KRT8 exon 1 and of R341C/H
variants on exon 6 (Figure 3.1.c).
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Figure 3.1. Genotyping of transgenic animals overexpressing Keratin 8 variants. (a)
The conservation of K8 G62 and K8 R341 residues among species. The figures were
assembled using the following reference sequences: K8: NM 002273.3 (Homo sapiens),
NM 19937.1 (Rattus norvegicus), NM 031170.2 (Mus musculus), BC 044116.1 (Xenopus
laevis) (b) Presence of human K8 gene in transgenic mice was confirmed by screening
PCR with human K8 specific primers. Mice overexpressing wild type K8 (WTK8) or the
described K8 variants together with nontransgenic animals (FVB/N) were analyzed.(+)
and (-) indicate positive and negative control,respectively (c) Representative DNA
sequences confirm the presence of K8 G62C and R341C/H mutations in transgenic
animals.

Furthermore, the expression of human KRT8 and mouse KRT8/18 genes was
quantified by qRT-PCR (Figure 3.2.a,b,c). These results indicate that transgenic mice
exhibit moderate human K8 overexpression with human K8 levels being K8 R341C>WT
K8~K8 G62C>K8 R341H. Moreover, the human K8 overexpression led to a compensatory
increase in K18 mRNA in WTK8 and R341C mice. Immunoblotting with antihuman/mouse K8/K18-specific antibodies confirmed the qRT-PCR results (Figure 3.2.d).
To directly visualize the amount of K8/K18 proteins, high salt extraction was performed
with subsequent of Coomassie staining (Figure 3.2.e). The data show that in WTK8, G62C
and R341C animals, human K8 levels exceed the endogenous mouse K8, while K8 R341H
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mice have comparable mouse and human K8 levels. Note that human K8 expression leads
to a compensatory decreases in mouse K8.

Figure 3.2. Keratin expression levels in transgenic mouse lines. Amount of human
(h) K8 (a) and mouse (m) K8/K18 (b,c) genes and proteins (d) was quantified by qRTPCR and immunoblotting, respectively. L7 (mouse ribosomal protein) gene was used as
an internal control for qRT-PCR and Tubulin was used as a loading control. (e) High
salt extraction with subsequent Coomassie staining was done to directly visualize the
keratins. Mouse overexpressing wild type K8 (WTK8), the depicted K8 variants as well
as nontransgenic animals (FVB/N) were analyzed.
3.1.1.2. Overexpression of K8 variants does not lead to a disruption of keratin
network architecture.
To study whether the presence of keratin 8 variants affect keratin network
architecture, immunofluorescence staining was performed. The results showed that animals
overexpressing of K8 variants exhibit a normal hepatic keratin network under basal
conditions (Figure 3.3. a-j). Note that K8 R341H mice displayed a somewhat patchy
staining and no specific human K8 signal was seen in nontransgenic animals (Figure
3.3.i,j).
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Figure 3.3. Overexpression of
K8 variants does not affect
keratin distribution pattern.
To test, whether keratin network
is affected by the presence of
keratin variants, livers from
transgenic mice overexpressing
human (h) K8 G62C or K8
R341C/H variant as well as
from nontransgenic animals
(FVB/N) were stained with
human
K8
(M20)
and
mouse/human K8/K18 (8592)
specific antibodies.
Overexpression
of
keratin
variants did not alter keratin
network, K8 R341H mice
showed a patchy staining.
Nonspecific hK8 staining was
seen in FVB/N animals.
Scale bar= 50 µm.

3.1.1.3. Keratin 8 G62C and R341C variants promote keratin 8 crosslinking.
As indicated in previous studies (73), keratin variants introducing cystein residues
may lead to high formation of disulphide bridges and thereby to crosslinking. To address
this issue, livers were homogenized under non-reducing conditions and immunoblotted
with keratin 8/18 specific antibody. Keratin crosslinking was found in mice overexpressing
G62C and R341C variants but not in the other genotypes (Figure 3.4.)
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Figure 3.4 K8 G62C and K8 R341C variants promote keratin crosslinking. To
address the impact of selected keratin variants on formation of disulphide bridges
between keratins, livers were homogenized under non-reducing conditions.
Significant amount of cross-linked hK8 is found in G62C and R341C mice under
basal conditions. Actin was used as a loading control. m, mouse; h, human. Mice
overexpressing wild type K8 (WTK8) or the described K8 variants together with
nontransgenic animals (FVB/N) were analyzed.
3.1.2. Keratin 8 variants predispose to acetaminophen-toxicity
3.1.2.1.Keratin 8 variants predispose to APAP-induced liver injury.
To analyze whether the presence of K8 variants predisposes to acetaminopheninduced toxicity, we injected transgenic mice with an overdose of acetaminophen (APAP)
(600 mg/kg mouse) and studied them 4h and 18 h afterwards. As expected, both untreated
WTK8 and K8 G62C/R341C/H mice had normal liver alanine aminotransferase (ALT)
levels (Figure 3.5.a). On the other hand, APAP exposure led to a significant ALT increase
after 4h but there was no significant difference between the genotypes (Figure 3.5.b).
However, 18h after APAP administration, transgenic animals carrying K8 variants
displayed significantly higher plasma ALT levels compared to K8 wild type mice (Figure
3.5.c). Thereby, suggesting that the presence of K8 variants enhances APAP-induced liver
toxicity.
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Figure 3.5 Presence of K8 G62C/R341C/H variants results in
increased acetaminophen-toxicity
To test, whether keratin variants affect the development of liver
injury after overdose of acetaminophen (APAP), mice were
injected with 600mg/kg APAP intraperitoneally (i.p.) and
sacrificed after 4 and 18 hours, respectively. No difference in
alanine aminotransferase (ALT) levels was seen among
untreated mice (n=4, mouse/per group) (a) and mice sacrificed
4h (b) after APAP administration (n>10, mouse/per group). (c)
18h after APAP administration, transgenic animals carrying K8
variants display higher serum ALT levels compared to animals
overexpressing K8 wild type (WTK8). (n>10, mouse/per group)
Boxplots display median with first and third percentile, while
whiskers indicate smallest and largest non-outlier observations.
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3.1.2.2.Keratin G62C/R341C/H variants lead to increased acetaminophen-induced
necrosis.

An overdose of APAP results in severe centrilobular-liver injury (5, 46, 55). To
quantify the extent of tissue damage, we analyzed H&E-stained liver sections .The
untreated livers irrespectively of their genotype appeared histologically normal with no
change in the lobular architecture (Figure 3.6.A.a,b,c,d). Necrotic hepatocytes were
frequently seen 4h (Figure 3.6.A.e,f,g,h) after APAP administration but there was no
obvious difference in their amount among the genotypes. However, 18h after
administration (Figure 3.6.A.i,j,k,l), mice carrying K8 variants exhibited more extented
necrotic and hemorrhagic areas compared to WTK8 animals, especially around the central
veins. Morphometrical analysis of the H&E-stained liver sections confirmed the visual
impression (Figure 3.6.B)
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Figure 3.6 Overexpression of K8 G62C/R341C/H variants leads to increased
acetaminophen-induced liver damage. (A.) H&E staining of liver tissues show that
K8 overexpressing mice do not show an obvious liver phenotype under basal condition
(a,b,c,d). APAP treatment resulted in hepatocyte swelling and centrolobular necrosis.
Note that no obvious differences in liver injury were noted 4h after APAP exposure
(e,f,g,h) while 18h after drug administration (i,j,k,l) , mice carrying K8 variants
displayed a more severe injury compared to animals overexpressing wild type K8 (WT
K8) as confirmed by morphometric quantification (B.) Scale bar= 50 µm.
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3.1.2.3. Presence of keratin G62C/R341C/H variants does not affect APAP
metabolism
To elucidate the mechanisms underlying the K8 variant based predisposition to
APAP-induced liver damage, we analyzed APAP metabolism. It is known that at nontoxic
doses, APAP detoxicification is mediated primarily by direct sulfation or glucuronidation
followed by the excretion of metabolites (47). However, in the case of APAP overdose,
these pathways become saturated which leads to increased APAP bioactivation by
cytochromes P450s species such as CYP2E1 and CYP1A2 thereby generating the reactive
metabolite N-acetyl-p-benzoquinoneimine (NAPQI) (23, 46, 55). NAPQI is detoxified by
glutathione (GSH) conjugation. However, after high APAP doses GSH becomes depleted
and NAPQI forms covalent protein adducts which results in hepatocellular necrosis. The
ratio between reduced and oxidized glutathione (GSSG) therefore indicates the ability of
cells to withstand oxidative stress in general and APAP toxicity in particular. To study the
impact of the presence of K8 variants on APAP metabolism, we quantified the expression
of APAP metabolism related genes by qRT-PCR (Figure 3.7.a,b). The results showed that
the genes responsible for APAP metabolism were not altered animals carrying K8 variants.
After APAP administration, total GSH become quickly depleted however there was no
significant difference between the genotypes. Morever, although GSSG/reduced GSH ratio
rapidly increased after APAP exposure, we did not observe any difference between the
treated groups (Figure 3.7.c,d). To further address the impact of K8 variants on APAP
accumulation, we quantified APAP plasma levels (Figure 3.7.e). 4h after injection of 600
mg/kg APAP, comparable APAP plasma levels were observed in WTK8 mice and mice
carrying K8 variants. However, treatment with higher APAP dose led to an APAP
accumulation in mice overexpressing K8 R341C whereas a trend towards higher APAP
levels was seen in the other animals overexpressing K8 variants (Figure 3.7.f)
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Figure 3.7 Presence of Keratin 8 variants does not affect APAP metabolism. To test
whether presence of K8 variants alters the expression of APAP metabolism related genes,
we measured their mRNA levels in untreated mice with qRT-PCR (a,b). No significant
difference was found between mice overexpressing wild type K8 (WTK8) and K8
variants. L7 (mouse ribosomal protein) gene was used as an internal control.(c) Total
glutathion (GSH) and (d) The ratio between oxidized and reduced glutathione
(GSSG/GSH) were determined in transgenic animals prior to (basal) and after APAP
administration. While total GSH decreased and GSSG/reduced GSH ratio increased after
APAP administration, there was no difference between the different genotypes. (e) APAP
concentration in plasma was measured 4h after APAP treatment. APAP levels were not
changed by presence of K8 variants. (f) However, treatment with higher APAP dose (900
mg/kg, 5h) resulted in APAP accumulation in animals carrying K8 variants.
Cyp2e1: cytochrome P450 2e1, Cyp1a2: cytochrome P450 1a2
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3.1.2.4. Increased APAP-induced tissue damage is associated with stronger
formation of APAP-protein adducts.
A major mechanism of APAP hepatotoxicity is its metabolization and subsequent
covalent binding to cellular proteins (19, 102, 118). Therefore, we measured the APAP
protein-adducts (3-cysteine-acetaminophen in proteins) by high performance liquid
chromatography with electrochemical detection (HPLC-EC) (45, 53). The amount of
APAP-protein adducts was similar in all genotypes 4h after APAP exposure but was
clearly higher in mice carrying K8 variants 18h after APAP administration (Figure 3.8.a).
As a potential mechanism behind this finding, we analysed nicotinamide Nmethyltransferase (NNMT) an enzyme involved in xenobiotic metabolism (1, 40, 125).
Among untreated animals, mice carrying K8 variants exhibited decreased levels of the
gene compared to WTK8 animals (Figure 3.8.b).

Figure 3.8 Mice carrying K8 variants exhibit higher levels of APAP-cysteine
adducts.To detect whether the presence of K8 variants affects formation of APAPprotein adducts, these adducts were quantified 4h and 18 after APAP administration by
high performance liquid chromatography with electrochemical detection (HPLC-ECD).
(a) APAP-adducts were significantly higher in transgenic animals carrying K8 variants
18h after APAP exposure while comparable levels were detected 4h after APAP
administration. (b) As a potential mechanism, we detected an decreased levels of a drug
metabolism related gene NNMT in untreated mice carrying K8 variants compared to
animals overexpressing wild type K8 (WT K8). L7 (mouse ribosomal protein) gene was
used as an internal control.
CTRL: untreated WTK8 mice
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3.1.2.5. Hepatic energy status and APAP-induced apoptosis is not affected by
the presence of K8 variants.
It is known that the primary cause of hepatocyte death in APAP-associated liver
injury is necrosis (32, 46, 51, 55, 96) which results from the observed ATP depletion (4950, 170) taking place early after APAP exposure (46, 49, 51, 56, 93). Therefore, we
measured cellular ATP content in untreated and treated groups. ATP levels were
comparable in untreated animals and diminished quickly after APAP exposure. However,
even 4h after APAP administration no significant differences in ATP levels were seen
between the genotypes (Figure 3.9.a). To determine whether apoptosis could be involved
in the K8 variant-based predisposition to APAP toxicity, caspase-8 activation which
represents as initial step of apoptosis (36, 91) was determined by immunoblotting.
Although we found a small upregulation of pro-caspase 8 after APAP administration, no
obvious caspase 8 cleavage was seen. Similar to these findings, levels of caspase 8-cleaved
K18 fragment which represents another established apoptosis marker did neither
significantly increase after APAP treatment nor did they differ among genotypes (Figure
3.9.b). These data are in line with previous reports that hepatic injury due to APAP
administration is mediated by necrosis rather than apoptosis.
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Figure 3.9 The presence of K8
variants
affected
neither
hepatic energy status nor
caspase activation. (a) To find
out whether the predisposition
to APAP-induced liver injury in
mice carrying K8 variants
might be due to altered energy
metabolism, we measured ATP
levels at basal condition and 4h
after APAP exposure. While
ATP levels were depleted after
APAP treatment, they did not
significantly differ between
genotypes (b) To find out
whether overexpression of K8
variants affects the extent of
APAP-induced apoptosis, we
quantified
two
apoptosis
markers, i.s. cleaved caspase 8
and a caspase-cleaved K18
fragment by immunoblotting.
Although, procaspase 8 was
elevated after APAP challenge,
there was no obvious change in
cleaved caspase 8 and apoptotic
K18-fragment levels indicating
that the observed phenotype is
not due to altered caspase
activation. Tubulin was used as
a loading control.
3.1.2.6.Transgenic mice carrying Keratin 8 variants exhibit increased P-JNK
activation after APAP administration.
c-Jun N-terminal kinases (JNKs), a subfamily of the mitogen-activated protein
kinases (MAPK), are known to mediate cell death after acetaminophen exposure (43, 46,
127, 162) and this process is mediated by phosphorylation (43, 94). To determine JNK
activity after paracetamol adminisration, we examined total JNK and phospho-JNK levels
and that mice carrying K8 variants displayed significantly higher JNK1 levels compared
to WTK8 mice. We found out that JNK1 (Figure 3.10. a) but not JNK2 (data not shown)
was upregulated 4h after APAP administration. Similarly, phospho-JNK expression was
significantly higher in transgenic mice carrying K8 variants 4h after APAP administration
(Figure 3.10. a). 18h after APAP treatment, lower overall JNK levels were seen but both
JNK1 amount and JNK activation status were still higher in mice carrying K8 variants
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compared to WTK8 animals (Figure 3.10.b). The observed results suggest that K8 variant
based susceptibility to APAP-induced toxicity is caused by increased JNK signalling.

Figure 3.10 Mice carrying K8 variants are susceptible to APAP-induced liver damage
due to increased JNK signalling. To detect the mechanism underlying the K8 variantbased predisposition to APAP-induced liver damage, total JNK and P-JNK were
quantified by immunoblotting 4h (a) and 18h (b) after APAP administration. A significant
JNK1 upregulation and JNK activation (Phosphorilated-JNK) was observed in mice
carrying K8 variants with highest levels at 4h Tubulin was used as a loading control. (c)
To study the factors underlying increased JNK activation in mice carrying K8 variants, we
quantified nuclear NF-κB1 accumulation which represents an established NF-κB activity
marker. Our data indicate the increased JNK-signalling in mice carrying K8 variants might
be dues to attenuated NF-κB activation. Actin was used as a loading control for nucleus.
JNK1: C-Jun N-Terminal Kinase 1, P-JNK: Phosphorylated C-Jun N-Terminal Kinase
NF-κB1: Nuclear factor NF-kappa-B p65 protein subunit, Ctrl: Untreated WTK8
Given that previous studies reported that transcription factor NF-κB mediated
cell survival signals by inhibiting the activation of JNK (117), we analyzed the extent of
NF-κB activation by measuring the nuclear NF-κB1 translocation (Figure 3.10.c). Our

data showed an obvious nuclear NF-κB1 accumulation in APAP-exposed WTK8 mice,
however, this accumulation was attenuated in animals carrying K8 variants. The results
indicate that mice carrying K8 variants have enhanced JNK activation due to impaired NFκB pro-survival signalling.
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3.1.2.7. APAP-mediated inflammation was not affected by presence of K8
variants.
It was reported previously that inflammatory cytokines modulate acetaminophen
toxicity (46, 55). In particular acetaminophen exposure led to activation of Kupffer cells
(hepatic macrophages) which mediate increases in both proinflammatory and antiinflammatory cytokines (46, 48, 52, 55). Cytokines are known to contribute to
development of inflammation and cell death (46, 52, 55). Therefore, we measured IL-6 and
TNF-α plasma levels 4h after administration of APAP. Plasma levels of these cytokines
were elevated compared to untreated animals, however the treated genotypes did not
display any significant difference (Figure 3.11.a,b).

Figure 3.11. Proinflammatory cytokines are not affected by the presence of K8
variants. Plasma levels of IL-6 (a) and TNF-α (b) cytokines were determined in
untreated animals (basal) and 4h after APAP administration. While a significant
upregulation of the cytokines after APAP exposure was seen, there was no difference
between mice overexpressing wild type K8 (WTK8) and carrying K8 variants.
3.2.

Keratin 8 variants do not affect the development of chronic cholestatic
liver disease

3.2.1. Role of keratin 8 variants in liver fibrosis development
To analyze the impact of human K8 variants on liver fibrosis development, we
performed bile duct ligation (BDL) as an established cholestatic liver fibrosis model.
WTK8 and K8 G62C/R341H overexpressing mice were used. While ALT and AST levels
were significantly increased in all treated groups when compared to controls, no significant
differences were detected between WTK8 mice and animals harbouring K8 variants (Table
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3.1). Total bilirubin and alkaline phosphatase levels were significantly higher in mice
subjected to BDL compared to untreated controls, however no differences were found
between WTK8 animals and the mice carrying K8 variants (Table 3.1).
Table 3.1. Biochemical analysis of BDL samples
ALT (U/L)
AST (U/L)
ALP (U/L)

BILIRUBIN (U/L)

WTK8

398 (±148)

1719 (±1113)

1722 (±915)

204 (±83)

G62C

433 (±87)

1157 (±628)

2539 (±887)

247 (±36)

R341H

419 (±77)

1356 (1008)

2503 (±816)

227 (±17)

Data are expressed as mean ± SD, ALT= alanine transaminase, AST= aspartate
transaminase, ALP=alkaline phosphatase
To quantify the extent of inflammatory reaction and liver pathology, we analyzed
H&E-stained liver sections. H&E staining displayed clear inflammatory reaction and
injury in BDL subjected groups compared with non-treated mice but no obvious changes
were found between animals overexpressing WTK8 and the ones carrying K8 variants
(Figure 3.12).

Figure 3.12. Overexpression of K8 G62C/R341C/H variants does not
predispose to development of cholestatic liver injury. H&E staining of liver
tissues shows that K8 overexpressing mice display increased inflammatory
activation and liver injury compared to non-treated controls (a,b,c,d,e,f). However,
there is no significant difference between the mice carrying K8 variants and mice
WTK8 livers. Scale bar= 50 µm.
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The extent of liver fibrosis after BDL was evaluated by measuring collagen1
(Col1a1) and connective tissue growth factor (Ctgf) mRNA expression levels and by
performing Picro-Sirius Red staining as showed in Figure 3.13. No differences among
genotypes were observed for collagen and ctgf expression levels (Figure 3.13.A.a,b).
Collagen deposition was also similar in treated animals overexpressing WTK8 and
carrying K8 variants (B.d.e.f)

Figure 3.13. Overexpression of K8 G62C/R341C/H variants does not affect the
development of liver fibrosis. A. Hepatic collagen and ctgf mRNA levels were measured
in WTK8 mice and animals overexpressing K8 variants,all subjected to BDL. No
significant differences were observed between the genotypes. B. The extent of liver
fibrosis was evaluated in mice overexpressing WTK8 and animals carrying K8 variants 3
weeks after BDL. No differences were detected between the genotypes when using Sirius
red staining. Scale bar= 50 µm.
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3.3. Keratin expression in human liver diseases and its impact on liver
disease development
3.3.1. Keratins are overexpressed and dysregulated in specific human liver diseases.
In previous studies, it was shown that keratins are overexpressed in various murine
hepatic injury models (157). To address whether these findings translate to human, we
analyzed mRNA expression levels of hepatic KRT7/8/18/19 in 57 liver biopsies from
patients with various hepatic disorders (Table 3.2). Most patients were in their middle
ages and 65% of them were males. All patients had a mild to moderate liver disease and no
cirrhotic subjects were included (Table 3.2). Patients with alcoholic liver disease (ALD)
and non-alcoholic steatohepatitis (NASH) had a more advanced liver fibrosis than the
patients with viral hepatitis C and B (HCV/HBV) (Table 3.2). No obvious pathological
findings were detected in control samples.
Table 3.2. Patient’s characteristics
Sample
cohort
ALD

Number of
samples #M/F
12/3

Age*

Inflammation
grade*

Fibrosis
stage*

49 (±9)

1.3 (±0.6)

2.5 (±0.5)

7/5
49 (±16)
1.6 (±0.2)
2.3 (±0.6)
NASH
9/4
40 (±12)
1.4 (±0.5)
1.3 (±0.8)
HCV
5/4
43 (±14)
1.1 (±0.6)
0.7 (±0.5)
HBV
4/4
42 (±10)
0 (±0)
0.1 (±0.2)
Control
group
*Data are expressed as mean ± SD and list inflammation grades/fibrosis stages
according to and Kleiner scoring systems (ALD, NASH; (62)) and the METAVIR
scoring system (HBV, HCV, controls; (26)). *Given that the biopsy size/quality did
not allow a precise staging and scoring, four and six samples were excluded from
the analysis, respectively.
ALD= alcoholic liver diseas
HBV/HCV=chronic hepatitis B/C infection
NASH=non-alcoholic steatohepatitis.

mRNA expression of the most abundant hepatic keratins K8 and K18 was
significantly increased in ALD patients vs. controls. K8 but not K18 displayed a trend
towards overexpression in HCV and NASH patients compared to control group (Figure
3.14.a,b). Furthermore, expression of K8 and K18 mRNA was significantly higher in
patients with a more vs. less active HCV, with the expression ratio being 1.5-2 (Figure
3.14.a,b). Since it was shown that K8/K18 dysregulation with higher K8 levels promotes
MDB formation in several transgenic mouse lines (109, 141), we analyzed the K8/K18
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expression ratio in human liver disease. In ALD patients, an increased K8/K18 ratio
compared to control group was found while no significant differences were seen between
the other diseases (Figure 3.14.c).

Figure 3.14. K8 and K18 expression is increased in patients with chronic
hepatitis C infection and alcoholic liver disease. K8 (a), K18 (b) mRNA levels and
K8/K18 ratio (c) was determined in patients with chronic hepatitis B/C infection
(HBV/HCV), alcoholic liver disease (ALD) and non-alcoholic steatohepatitis
(NASH) and as well as in control samples (CTRL). K8 and K18 levels were also
compared in patiantes with a less and more active HCV-related liver disease (mild vs.
active HCV). Human RPLPO (large ribosomal protein) gene was used as an internal
control.Boxplots display median with first and third percentile, while whiskers
indicate smallest and largest non-outlier observations. Empty circles displays the
outliers. Keratin expression in control subjects was set as 1 and all other levels
represent a ratio.
P1<0.05, P2=0.06
We also analyzed mRNA expression levels of the keratins K7 and K19 which are
expressed primarily ductal and hepatic progenitor cells. K7 mRNA expression increased 22.5 fold in patients with ALD and HCV (Figure 3.15a) compared to control group. K19
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was elevated 3-5 fold in ALD, HBV and NASH samples versus control samples (Figure
3.15.b). K7 and K19 mRNA was significantly higher in HCV subjects with a more versus
less active disease (Figure 3.15.a,b). On the other hand, expression levels of these keratins
did not differ significantly between males and females (not shown).

Figure 3.15. K7 and K19 expression is increased in various human liver diseases.
K7 (a) and K19 (b) mRNA expression levels were measured in patients with chronic
hepatitis B/C (HBV/HCV), alcoholic liver disease (ALD), non-alcoholic steatohepatitis
(NASH) and in control subjects (CTRL). In HCV subjects, K7 and K19 levels were
compared between the individuals with a less and more active disease (mild vs. active
HCV). Human RPLPO (large ribosomal protein) gene was used as an internal control.
Boxplots display median with first and third percentile, while whiskers indicate smallest
and largest non-outlier observations. Outliers and extremes are shown as empty circles
and asterisks, respectively. K7 and K19 expression in control subjects was set as 1 and
all other levels represent a ratio.
P1<0.05
To get an insight into the regulation of keratin expression in human liver diseases,
we performed a correlation analysis between type I (K18, K19) and II (K7, K8) keratins.
We found a strong correlation between K8 and K18 mRNA levels using all available
human samples with r=0.89 and p<0.0001 (Figure 3.16. a) whereas there was only a
moderate correlation between K7 and K19 mRNA levels with r=0.61 (Figure 3.16.b). As
expected, the correlation between K7/K8, K7/K18, K8/K19 or K18/K19 was lower than
between the established K8/K18 and K7/K19 partners (data not shown).
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Figure 3.16. K8 and K18 mRNA expression displays a strong correlation. To
determine whether there is correlation between the hepatic expression levels of
different keratins, Pearson's correlation coefficient was calculated. Of note, K8 and
K18 expression shows a strong positive correlation (a) whereas only a moderate
correlation was observed between K7 and K19 (b). Keratin mRNA expression in
control samples was set as 1 and all other levels represent a ratio. Human RPLPO
(large ribosomal protein) gene was used as an internal control.
To analyse the impact of hepatic inflammation/fibrosis on keratin expression,
samples

were

divided

into

subgroups

with

minimal/mild/moderate/advanced

inflammation/fibrosis (Table 3.3).
Table.3.3. Characteristics of the extent of fibrosis and inflammation in our
patient cohort.
Number of samples (#M/F)
Groups
Fibrosis stages*
Inflammation grades*
Minimal
6/4
2/5
Mild
7/6
19/4
Moderate
13/4
11/10
Advanced
8/5
*Given that the biopsy size/quality did not allow a precise staging and scoring, four
and six samples were excluded from the analysis, respectively.

K7, K8 and K18 mRNA expression was significantly higher in samples with
advanced versus minimal fibrosis whereas no or less obvious changes were seen among
lower fibrosis stages (Figure 3.17 a,b,c,). Surprisingly, K19 mRNA expression unexpectedly
did not differ among the fibrosis stages (Figure 3.17.d).
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Figure 3.17. K7, K8, K18 are overexpressed in patients with advanced fibrosis. To
analyze whether hepatic fibrosis stage affects keratin expression, keratin mRNA levels
were compared in subjects with minimal, mild, moderate and advanced fibrosis. K7, K8
and K18 (a,b,c) expression is upregulated in subjects with advanced versus minimal
fibrosis whereas no changes with respect to liver fibrosis stage were observed for K19 (d).
Human RPLPO (large ribosomal protein) gene was used as an internal control.
Boxplots display median with first and third percentile, while whiskers indicate smallest
and largest non-outlier observations. Outliers and extremes are shown as empty circles
and asterisks, respectively.
P1<0.05
P2=0.06
P3=0.05
P4=0.09

Furthermore that

all keratins were significantly upregulated in patients with

moderate versus minimal inflammation with the highest relative upregulation seen for
K19.On the other hand, no changes in keratin levels were observed in subjects with mild
versus minimal inflammation (Figure 3.18 .a,b,c,d).
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Figure 3.18. Keratin expression is upregulated in samples with moderate
inflammation. To study whether hepatic inflammation affects keratin expression, keratin
mRNA changes were compared in subjects with minimal, mild and moderate
inflammation. Of note, all keratins are upregulated in subjects with moderate versus
minimal inflammation (a,b,c,d). In addition, at least a trend towards higher expression of
all keratins was seen in patients with moderate compared to mild inflammation. Human
RPLPO (large ribosomal protein) gene was used as an internal control.
Boxplots display median with first and third percentile, while whiskers indicate smallest
and largest non-outlier observations. Outliers are shown as empty circles.
P1<0.05
P2=0.06
P3=0.05

3.3.2. Keratins 8/18 represent type II acute-phase responsive genes
Given that was found a strong positive correlation between hepatic inflammation
and keratin overexpression, we analyzed what factors might be responsible for regulation
of K8 and K18 in these conditions. Therefore, we tested the response to IL-6- and IL-1type cytokines (i.e. IL-1β and TNF-α), which are the major mediators of type II and type I
acute phase response, respectively (119). In two hepatocellular carcinoma cell lines i.e.
HepG2 (Figure 3.19.a,b) and Hep3B cells (data not shown) K8 and K18 mRNA increased
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1.5-2.1 fold after IL-6 stimulation. Hepcidin which was used as a positive control
confirmed the activation of IL-6 pathway (Figure 3.19.c).On the other hand, no K8 and
K18 mRNA elevation was observed after IL-1β and TNF-α treatment of HepG2 or Hep3B
cells (data not shown). These data collectively demonstrate that K8/K18 represents type II
acute-phase responsive genes.

Figure 3.19. IL-6 induces keratin 8/18 overexpression in hepatocellular cell lines. K8
(a) and K18 (b) mRNA expression was quantified in the human hepatocellular carcinoma
cell line as HepG2 which was either untreated (control) or treated with IL-6 (40 ng/ml) for 6
hours. The expression of hepcidin (c), an established IL-6-inducible gene was used as a
positive control. Human actin gene was used as an internal control.
The average expression in non-treated cell line set as 1 and all other levels represent a
ratio.
3.4. High-fat diet induces MDB formation in mice with excess K8
Previous murine studies demonstrated that keratins are overexpressed in multiple
hepatic injury models (109, 141) and that dysregulation in K8/K18 with higher K8
expression induces MDB formation (109, 141). In addition to that, our human study found
a significantly increased K8/K18 ratio in subjects with ALD compared to control group
(Section 3.3). To test whether such keratin dysregulation together with a diet rich saturated
fatty acids is sufficient to induce MDB formation and development of liver injury, we
exposed the transgenic mice overexpressing human K8 (WTK8, explained in section 3.1)
to high-fat diet for 10 months. To test the impact of HF or LF diet on liver injury, we
measured the liver size as well as enzymes. Moderately enlarged livers and barely
increased ALT levels were seen in non-transgenic mice on HF compared to LF diet (Table
3.4, Figure 3.20 a,b). While WTK8 mice on LF diet showed normal ALT level and liver
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phenotype (Table 3.4, Figure 3.20.c) HF feeding of these animals resulted in a significant
increase in liver size and in ALT elevation (Table 3.4, Figure 3.20.d).

Table 3.4. Liver and serum parameters in K8-induced MDB model
FVB/N
Experimental group
Number of mice
Liver weight /body weight (%)
ALT (U/L)

WTK8

LF
9

HF
6

LF
5

HF
9

4.6±0.4p1

5.6±0.5 p1, p2

4.7±0.5p3

7.6±0.6p2, p3

56±4p4

191±14 p4, p5

61±6 p6

597±44 p5, p6

Histological scoring (H&E)
0

0

0p7

1.4±0.2p7

0.6±0.2p8

3.6±0.2p8,p9

0p10

1.6±0.4 p9 ,10

0

1.0±0.4

0p11

1.9±0.1p11

0.3±0.2p12

4.6±0.2 p12

0p13

4.9±0.2p13

MDBs

0

0

0p14

1.4±0.2p14

Fibrosis

0

0.2±0.2

0p15

0.7±0.2 p15

Hepatocyte ballooning
Steatosis
Lobular Inflammation
NAS score

LF, low fat diet; HF, high-fat diet;ALT, alanine aminotransferase. NAS, NAFLD activity score.
Values are expressed as Mean±SEM. Body weights after completion of 10 months of HF feeding. P
values show differences between highlighted groups: p1=0.002; p2=0.001; p3=0.001; p4=0.001;
p5=0.001; p6<0.0001; p7=0.005; p8=0.002; p9=0.01; p10=0.002; p11<0.0001; p12=0.003;
p13<0.0001; p14=0.005; p15=0.007.

To analyze the impact of HF diet on MDB formation, we performed morphometric
analysis of H&E stained liver sections as well as immunofluorescence pictures labeled
with antibodies against K8/K18 and p62 that represent the major MDB constituents. We
found that HF diet was not sufficient to promote MDB formation/hepatocellular ballooning
in non-transgenic animals but led to development of a macrovesicular steatosis and a mild
inflammation (Table 3.4, Figure 3.20.a,b). On the other hand, application of HF diet
caused a prominent ballooning and MDB formation in WTK8 mice as it was confirmed by
morphometric analysis of the sections (Table 3.4, Figure 3.20.c,d).
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Figure 3.20. High-fat diet promotes MDB formation in K8 overexpressing mice.
Liver sections from mice overexpressing human keratin 8 (WTK8) and from their nontransgenic littermates (FVB/N) were stained with hematoxylin&eosin. Liver injury was
detected after administration of high-fat (HF) to WTK8 animals, while FVB/Ns displayed
massive steatosis but only a mild inflammation/hepatocellular damage. Mice on low fat
diet (LF) regardless of their genotype exhibited a largely normal liver architecture.
Additionally, Mallory-Denk body formation was observed in WTK8 mice administered
HF diet (d) whereas MDBs were detected neither in WTK8 livers treated with LF nor in
non-transgenic livers (a,b,c).
Arrows=MDBs
Arrowheads= ballooned hepatocytes
Scale bar=50µm
Furthermore, MDB formation in WTK8 mice subjected to HF diet was associated
with accumulation of p62 which was seen neither in non-transgenic mice nor in WTK8
animals administered LF diet (Figure 3.21.a,b,c,d).
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Figure 3.21. High-fat diet
promotes MDB formation in
K8 overexpressing mice. Liver
sections
from
mice
overexpressing human keratin 8
(WTK8) and their non-transgenic
littermates (FVB/N) were stained
with antibodies against keratin
8/18 (red) and p62 (green).
Mallory-Denk
bodies
were
detected
in
WTK8
mice
administered high-fat (HF) diet
(d)
whereas
Mallory-Denk
bodies were seen neither in
WTK8 livers treated with low fat
diet (LF) nor in non-transgenic
livers.Scale bar=50µm

Our results also showed that HF treatment led to a futher increase in both mRNA
and protein levels of K8 and K18 (Figure 3.22.a,b,c). These data indicate that HF diet
accentuates the pre-existing imbalance in keratin production.

Figure 3.22. High-fat diet induces further K8/K18 accumulation in K8
overexpressing mice. mK8 (a) and K18 (b) mRNA expression was significantly
elevated in livers transgenic mice overexpressing human K8 (WTK8) after exposure
with high-fat (HF) diet. L7 was used as a loading control (c) K8 and K18 protein levels
increased in WTK8 mice on HF compared with the same animals on low fat (LF) diet.
Nontransgenic mice (FVB/N) have been used as controls. Tubulin was used as a
positive control for immunoblotting.
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The extent of liver fibrosis after high-fat diet was evaluated by Picro-Sirius Red
staining (Figure 3.23). Collagen deposition was increased in both treated groups.However,
WTK8 livers displayed significantly higher collagen accumulation compared to HF-diet
fed FVB/N mice (Figure 3.23 A.a,b,c,d).Similarly in H&E staining, pronounced steatosis
was observed in FVB/N livers on HF diet when compared to WT K8 livers imrespectively
of their treatment (Figure 3.23.A.b,d). qRT-PCR for collagen confirmed that high-fat diet
significantly induced expression of the gene in both WTK8 and FVB/N livers (Figure 3.23.
B). Of note, collagen expression was significantly elevated in HF-fed WTK8 mice
compared to all other experimental groups (Figure 3.23 B.). The data indicate that HF diet
promotes liver fibrosis in WTK8 livers.
Figure 3.23. High-fat diet prom
development of liver fibrosi
WTK8 overexpressing livers.
The extent of liver fibrosis was
evaluated
in
WTK8
overexpressing mice and FVB/N
animals kept on normal (LF) or
high-fat (HF) diet via PicroSirius red staining. (A.b,d). No
liver fibrosis was seen in
untreated mice whereas HF-fed
K8 mice developed more
pronounced fibrosis that equally
treated FVB/N animals. (A.a,c)
Scale bar = 50 μm.
(B) Hepatic collagen mRNA
expression was evaluated in
WTK8 overexpressing mice and
in FVB/N animals subjected to
treatment with normal (LF) or
HF diet. L7 was used as a
loading control
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To investigate whether K8 overexpression affects lipid accumulation, we
performed oil-red staining and measured liver triglyceride levels. Lipid deposition was
strongly reduced in HF-fed WTK8 mice compared to FVB/N on the same diet (Figure
3.24). These data indicate that K8 might play an important role in lipid metabolism.

Figure 3.24. After feeding
with High-fat diet, WTK8
mice display attenuated
lipid accumulation.
Oil Red staining (A) and
measurement of triglyceride
levels (B) was performed in
livers of non-transgenic
animals (FVB/N) (a,b) and
mice overexpressing wild
type keratin 8 (WTK8) (c,d)
subjected either to normal
(LF) (a,c) or high-fat (HF)
(b,d) diet. Note that WTK8
mice on HF diet display
significantly
lower
fat
content than FVB/N mice on
the same treatment.
Scale bar = 50 μm

To further analyze the mechanisms responsible for the attenuated lipid
accumulation in WTK8 livers; we performed qRT-PCR analysis of lipid metabolismrelated genes. A gene involved in lipid droplet accumulation known as Fit2 was
downregulated significantly in HF-fed WTK8 mice compared to FVB/Ns on the same diet.
A key lipogenic enzyme diacylglycerol o-acyltransferase, Dgat1, that is responsible for
triglyceride synthesis, displayed lower levels in HF-fed WTK8 mice compared to the same
mice on normal diet and non-transgenic animals on HF-fed (Figure 3.25. a,b). The lipolysis
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related gene lipolysis stimulated lipoprotein receptor (Lsr) which affects triglyceride levels
was up-regulated in mice carrying WTK8 on HF diet (Figure 3.25.c). Therefore, reduced
hepatic steatosis in WTK8 mice was likely due to the reduction of lipogenesis and
stimulation of lipolysis.

Figure 3.25. Expression of genes involved in lipogenesis and lipolysis was altered in
livers of WTK8 overexpressing mice. (a) A gene involved in lipid droplet accumulation
known as Fit2 is significantly down-regulated in WTK8 mice compared to FVB/N on the
same diet (b) mRNA of a key lipogenic enzyme Dgat1 is down-regulated in HF-fed
animals overexpressing WTK8 (c) mRNA of a lipolysis pathway gene Lsr was upregulated in livers overexpressing WTK8 subjected to HF diet compared to same mice on
normal diet. L7 was used as a loading control
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4.

DISCUSSION

4.1

Mice expressing human K8 variants do not show any obvious phenotype under
basal conditions
To analyse the significance of the inherited K8 mutations observed in liver disease,

transgenic animals carrying human WTK8 or K8 G62C/R341H/C variants have been
generated. None of these animals developed an obvious liver phenotype as suggested by
the normal liver enzymes and by the histological analysis. This finding is well in line with
previous reports showing that modest overexpression of human WTK8 is well tolerated in
the liver (17, 73, 154) but might be detrimental in the pancreas. The lack of an apparent
liver phenotype in K8 G62C/R341H/C mice is in contrast with the situation in K8
knockouts and mice expressing K18 R90C mutation that develop a mild hepatitis even
under basal conditions (7, 71). Nevertheless, this finding is not surprising due to several
reasons: (i) K8 G62C/R341H/C variants are found in less conserved K8 regions and are
therefore expected to have a less profound phenotype (64); (ii) no obvious phenotype in
K8 G62C mice have been observed by Ku and Omary (73).
The analysed transgenic mice displayed moderate human K8 overexpression with the
levels being K8 R341C>WTK8~K8 G62C>K8 R341H. While mouse K8 levels remained
largely unaltered in K8 R341H animals, human K8 overexpression led to a compensatory
decrease of mouse K8 in WTK8, G62C and R341C mice. This is compatible with
observations made in animals overexpressing human K18, in whom human K18
diminished the levels of the endogenous protein (103). In addition, human K8
overexpression in our animals resulted in increased levels of endogenous K18 which
meshes well with findings in mouse K8 overexpressing mice and confirms that K8
constitutes a strong K18 inducer (103). K8 variants analyzed herein displayed a largely
normal keratin network under basal conditions. This result is compatible with observations
made in animals overexpressing human K8 G62C (73) whereas differring phenotypes were
reported in cell culture studies. To that end, disorganized filaments were seen in cells
transfected with the K8 G62C variant by Owens et al (114), while supplementation with
the same variant resulted (at least at basal level) in no major keratin network changes in
another study (68). Differences in the levels of transfected proteins, employed cell lines
and/or other experimental conditions might be responsible for this apparent discrepancy
(68). Unlike the K8 G62C/R341H/C animals, mice expressing K18 R90C mutation yielded
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a disrupted keratin filament network (71). This finding is well in line with the fact that K18
R90C mutation is located in one of the most conserved K18 regions whereas K8
G62C/R341H/C variants are found in more variable and therefore structurally likely less
essential regions (64, 109).
With regard to the biochemical properties of the K8 variants, mice carrying K8 G62C and
K8 R341C variants resulted in increased amounts of crosslinked keratins compared to
animals with WTK8 and R341H variants. This is likely due to the fact that K8 G62C and
R341C variants introduce a de novo cysteine residue into an otherwise cysteine-free
human K8 and these cysteines lead to formation of disulphide bridges (146).
Similarly, the presence of K18 R90C mutation caused a formation of keratin cross-links in
the respective transgenic animals (73-74). Collectively, these data suggested that the
analysed K8 G62C/R341H/C variants cause a weaker liver phenotype than the loss of K8
or K18 or the overexpression of the severe K18 R90C variant (64, 89, 109) (Table 1.4).
4.2

Overexpression of human exacerbates the hepatotoxicity of high-fat diet
While K8 overexpression was well tolerated under basal conditions, feeding with

HF diet resulted in a more pronounced liver injury in WTK8 mice compared to nontransgenic mice as demonstrated by higher inflammation scores, hepatocellular ballooning,
increased ALT levels and development of liver fibrosis. These findings are compatible
with previous data showing increased ALT levels and hepatocellular ballooning in animals
overexpressing mouse K8 after feeding with DDC (103). Interestingly, the development of
liver disease in this context seems to be related to excess of K8 rather than keratin
overexpression per se since mice overexpressing human K18 were protected from
development of DDC-induced liver injury (lower ALT levels, and inflammation scores,
less hepatocellular ballooning; (39).
WTK8 mice administered HF diet also developed abundant MDBs which suggests
that a food rich in saturated fatty acids is sufficient to induce aggregate formation in a
susceptible setting. Among the mechanisms potentially responsible for this finding, HF
diet induced accumulation of K8/K18 and p62. The former observation is not surprising
given that keratins constitute established stress-inducible genes that are elevated in
multiple liver injuries (157). p62 represents an ubiquitin-binding protein and a major
constituent of multiple human aggregates (147). While further studies are needed to
elucidate the in vivo importance of p62 in MDB formation, p62 promoted MDB
development in primary hepatocytes (104). As another contributing factor, HF diet has
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been shown to cause oxidative stress (38, 64, 129) which may promote protein misfolding
and thereby the development of inclusion bodies (140).
The surprising finding in our HF study was the fact that steatosis was attenuated in
WTK8 animals when compared to non-transgenic mice. While the exact molecular
mechanisms underlying this finding need to be further elucidated, Fit2, a gene involved in
lipid droplet accumulation and Dgat1, a gene involved in triglyceride synthesis (164-165),
were both decreased in WTK8 animals subjected to HF diet. As another connection
between keratins and hepatic steatosis, a recent study identified a direct linkage between
lipid droplet-binding proteins and K8/K18 (42).

4.3

K8 variants promote acetaminophen-related liver toxicity but not the
development of cholestatic liver injury
To study the functional significance of K8 variants under stress conditions, we

turned to APAP, a leading cause of drug-induced human liver injury (30, 46, 95). All
analysed variants led to increased APAP hepatotoxicity, which is well in line with a
previous human study that found increased overall frequency of K8/K18 variants in these
subjects in APAP-related acute liver failure (ALF) (12.6%) and also demonstrated that the
presence of biologically significant K8 variants makes their carriers less likely to survive
without a liver transplantation (148).
Furthermore, it is consistent with a previous study that observed a stronger APAP-related
liver injury in mice overexpressing human K18 R90C variant (72).
In terms of underlying mechanisms, we saw differences neither in the APAP serum
clearance, the expression of APAP-related CypP450 genes, nor depleted GSH levels. The
latter finding is in contrast with a previous study that observed decreased levels of
glutathione precursors and changes in Cyp P450 genes in K18 R90C mice (173).
Therefore, the mechanisms promoting APAP-hepatotoxicity may be specific for the single
variants. In our case, the presence of K8 variants resulted in a stronger and prolonged
activation of the JNK signalling pathway that represents an established disease-promoting
factor in APAP hepatotoxicity (33, 37, 43, 162). This is compatible with multiple previous
studies demonstrating that keratins are substrates for mitogen-activated kinases such as
JNK (12, 41, 73) and that keratin hyperphosphorylation as a marker of their activation
correlates with the extent of injury in different organs (15, 78, 154). Moreover, a prolonged
activation of JNK signalling in response to osmotic stress has been observed keratinocyte
cell lines carrying K5/K14 mutations (22) and in a similar setting, K14 R125P directly
77

Chapter 4 Discussion
activated JNK via inducing imbalanced K14 overexpression (160). Finally, ectopic
expression of K10 in the basal layer of the epidermis led to increased JNK signalling as
well (124). While all these data demonstrate a close link between keratins and JNK
signalling, further studies are needed to delineate the upstream factors causing the
increased JNK activation in animals with K8 variants. In that respect, two of established
JNK activators, i.e. oxidative stress and SAPK did not seem to be affected in APAP-treated
K8 transgenic mice. On the other hand, NF-kB signalling might be responsible since it was
blunted in mice carrying K8 variants and it has been shown previously that NF-kB
activation blocks JNK phosphorylation (86, 117, 159). As another mechanism leading to
increased APAP hepatotoxicity, mice with K8 variants had increased levels of APAP
adducts. This finding was somewhat surprising since several factors triggering formation
of these adducts such as glutathione levels, APAP serum clearance and APAP-related Cyp
P450 genes were unaltered. As a potential mechanism, NNMT levels were decreased in
mice carrying K8 variants of APAP livers affecting APAP metabolism and resulted in
increased level of APAP adducts. This is compatible with multiple previous studies
demonstrating that APAP is substrates for NNMT enzyme which cause methylation of it
and blocks APAP hepatotoxicity (1, 40)
Unlike the APAP hepatotoxicity, presence of K8 variants did not affect the
development of BDL-induced cholestatic liver injury. This is well in line with a report
showing that mice overexpressing K18 R90C variant display lower liver enzyme levels
and less pronounced ductular proliferation compared to non-transgenic mice/animals
overexpressing human K18 when fed with DDC (39). On the other hand, previous human
study reported an increased overall frequency of K8/K18 variants in subjects with primary
biliary cirrhosis (PBC), an autoimmune cholestatic liver disease (8.5%) and the variants
were further enriched in patients with a more advanced disease (171).
Apart from liver injury, the presence of K8 variants did not affect the development
of BDL-induced liver fibrosis. These findings are unexpected, given that mice K18 R90C
variant were predisposed to thioacetamide (TAA)-induced fibrogenesis (145). Moreover,
there is a large amount of human evidence suggesting a link between K8 variants and
development of liver fibrosis. These data include patients with end-stage liver disease of
multiple etiologies (that develops mainly due to an end-stage liver fibrosis) chronic
hepatitis C infection and primary biliary fibrosis (70, 139, 171). There are several possible
explanations for this discrepancy. First of all, the employed transgenic animal models use
an overexpression of K8 or K8 variants that does not perfectly mimic the situation in
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humans carrying a heterozygous K8/K18 mutation. As mentioned previously, we showed
that K8 overexpression alone can affect the response to (HF-induced) liver injury and
therefore, future studies should aim to development knock-in animals harboring the
described variants. Second, Keratin variants seem to affect the development of only
specific liver injuries. In that respect, overexpression of K18 R90C predisposed to TAAbut not carbon tetrachloride (CCl 4 ) induced liver fibrogenesis and it modulated Fas but not
TNF-alpha induced apoptosis-related liver damage (74). Comparable findings have been
obtained in humans in that presence of (exonic) K8 variants led to an adverse outcome of
acute liver failure, chronic hepatitis C infection and primary biliary cirrhosis (139, 148,
171) but did not affect the progression of liver disease in patients with hemochromatosis
(138). Last but not least, although a substantial evidence about the presence of
“biologically significant” K8/K18 variants and the progression of liver disease exists, the
human data on importance of specific K8 variants is limited. In that respect, the presence
of K8 R341H variant predisposed to development of end-stage liver disease of multiple
etiologies and an adverse outcome of acute liver failure (70, 148) whereas no conclusive
human data are available on the importance of the K8 G62C variant (35, 70)

4.4

Keratins 8/18 constitute type II acute-phase proteins overexpressed in human
liver disease
In the last part of my thesis, I analysed the expression of keratins in human liver

diseases. mRNA levels of K8 and K18 were upregulated in ALD and HCV patients but not
in HBV and NASH subjects suggesting that regulation of K8 and K18 might be human
disorder specific. These findings are well in line with experimental data showing that
keratins are overexpressed in specific stress situations such as it is the case in TAA- but
not CCl4-induced liver injury (145, 157). As an alternative, a difference in the disease
severity of analysed samples can also contribute to some of our findings. In that respect,
K8/K18 have been shown to be overexpressed primarily in patients with higher
inflammation grades/fibrosis stages and our HBV samples displayed significantly lower
fibrosis stages than the ALD/HCV specimen.
K8 and K18 levels strongly correlated with each other in the analysed human samples.
These data are consistent with animal findings showing that K8 overexpression drives K18
mRNA production and vice versa (103). In contrast, lower correlation scores were
observed between K7/K19 that constitute another preferred keratin pair. As a potential
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explanation for that, both K7/K19 become de novo expressed in injured/dedifferentiated
hepatocytes but the exact time when they are turned on/off differs (25). For example, K7 is
more commonly found in periportal hepatocytes and hepatocytes re-gain K7 expression
earlier during the transition to progenitor cells (60, 174). On the other hand, K19 but not
K7 is expressed in the smaller branches of the biliary tree (116).
Of note, the otherwise rather stable equimolar K8/K18 expression ratio was altered in ALD
patients but not in the other analysed disease groups. The excess K8 production in ALD, a
classic MDB-forming disease further supports the ample experimental evidence suggesting
that a dysregulated K8/K18 expression with prevailing K8 represents a cornerstone of
MDB pathogenesis (141, 168).
The fact that K7/K19 expression increased in patients with higher inflammation
grades and fibrosis stages well in line with the fact that K7/K19 becomes de novo
expressed in injured hepatocytes (25, 141). Moreover, we showed that K8 and K18 were
up-regulated via IL-6 stimulation but not with IL-1/TNFalpha and thus represent type II
acute-phase responsive genes. These data are in agreement with a previous report that
observed K8 and K18 elevation in intestinal cells after the same treatment (161). IL-6pathway might also be responsible for upregulation of K8 and K18 mRNA in ALD/HCV
subjects given that both diseases are associated with activated IL-6 signalling (4, 128).
Although these findings are interesting, the upregulation of keratins under stress conditions
is likely to be mediated by more than one single pathway. Among them, NF-kB signalling
has been previously implicated in keratin overexpression under stress conditions (157). In
summary, our study revealed a differential expression of keratins in multiple human liver
disorders and also provided important information about factors underlying the
mechanisms, but further studies are needed to fully elucidate the likely complex regulatory
systems.
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5. SUMMARY
Keratins (Ks) 7, 8, 18 and 19 are the intermediate filaments of single-layered and
glandular epithelia as found in the digestive system. Because of their established
cytoprotective function and tissue-specific expression, they constitute important markers
and modifiers of liver diseases. Inherited K8/K18 variants predispose their carriers to
development and adverse outcome of both acute and chronic liver disease including
acetaminophen (APAP)-related hepatotoxicity. Ks are also upregulated in multiple animal
stress models and dysregulated K production is thought to precipitate in formation of
Mallory-Denk bodies (MDBs) that are K-containing aggregates characteristic of chronic
liver disorders such as alcoholic and non-alcoholic fatty liver disease (ALD/NAFLD).
In my thesis, I analysed the biological importance of K8 variants using the newly
generated transgenic mice overexpressing K8 G62C or K8 R341H/C, i.e. common K8
variants found in European population. Furthermore, I studied the expression and the
regulation of Ks in context of human liver diseases and the role of K8 overproduction in
high-fat (HF) diet-induced liver damage.
Under basal conditions, K8 G62C/K8 R341C/H mice did show neither obvious
liver phenotype nor altered keratin distribution. 18 hours after intraperitoneal
administration of 600mg/kg APAP, they exhibited increased serum transaminase levels,
histopathological scores, higher JNK activation and elevated levels of APAP-cystein
adducts. 21 days after bile duct ligation, an established model of cholestatic liver disease,
all mouse strains showed a comparable extent of liver injury and biliary fibrosis. HF diet
induced development of liver injury and hepatocellular ballooning, further K accumulation
as well as MDB formation in K8 overexpressing mice. Hepatic K7/K8/K18 became
overexpressed in patients with ALD and chronic hepatitis C infection but not in subjects
with NAFLD/chronic hepatitis B while K19 was significantly elevated in all analysed
disorders. K8 and K18 expression displayed a strong correlation (r=0.89), but dysregulated
levels with the K8>K18 state were seen in ALD subjects. Ks were overexpressed in
subjects with moderate versus minimal inflammation and in patients with advanced liver
fibrosis. In HepG2/Hep3B cells, IL-6 treatment but not IL-1β or TNF- α significantly
increased K8 and K18 expression
Consequently, our data suggest that Ks represent type II acute-phase responsive
genes overexpressed in specific human liver disorders. A K8>K18 state occurs in ALD and
precipitates the development of liver injury in a mouse NAFLD model. K8
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G62C/R341C/H variants predispose to acetaminophen liver toxicity, but not to
development of cholestatic liver disease.

82

Chapter 6 References

6.

REFERENCES

1.

Aksoy, S., Szumlanski, C. L., and Weinshilboum, R. M. (1994) Human liver
nicotinamide N-methyltransferase. cDNA cloning, expression, and biochemical
characterization, J Biol Chem 269, 14835-14840.
Albers, K. M. (1996) Keratin biochemistry, Clin Dermatol 14, 309-320.

2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Alberts B, Johnson A, Lewis J, Raff M, Roberts K, and Walter P. (2007) The
Cytoskeleton, Molecular Biology of the Cell 5th edition.
An, L., Wang, X., and Cederbaum, A. I. (2012) Cytokines in alcoholic liver
disease, Arch Toxicol 86, 1337-1348.
Badmann, A., Langsch, S., Keogh, A., Brunner, T., Kaufmann, T., and Corazza, N.
(2012) TRAIL enhances paracetamol-induced liver sinusoidal endothelial cell
death in a Bim- and Bid-dependent manner, Cell Death Dis 3, e447.
Bantel, H., and Schulze-Osthoff, K. (2012) Mechanisms of cell death in acute liver
failure, Front Physiol 3, 79.
Baribault, H., Penner, J., Iozzo, R. V., and Wilson-Heiner, M. (1994) Colorectal
hyperplasia and inflammation in keratin 8-deficient FVB/N mice, Genes Dev 8,
2964-2973.
Bataller, R., and Brenner, D. A. (2005) Liver fibrosis, J Clin Invest 115, 209-218.
Bessems, J. G., and Vermeulen, N. P. (2001) Paracetamol (acetaminophen)induced toxicity: molecular and biochemical mechanisms, analogues and protective
approaches, Crit Rev Toxicol 31, 55-138.
Blazka, M. E., Wilmer, J. L., Holladay, S. D., Wilson, R. E., and Luster, M. I.
(1995) Role of proinflammatory cytokines in acetaminophen hepatotoxicity,
Toxicol Appl Pharmacol 133, 43-52.
Blumenberg M. (2000) Transcriptional Regulation of Keratin Gene Expression,
Landes Bioscience and Springer Science e-book Chapter 7
Bogoyevitch, M. A., and Kobe, B. (2006) Uses for JNK: the many and varied
substrates of the c-Jun N-terminal kinases, Microbiol Mol Biol Rev 70, 1061-1095.
Boller, K., Kemler, R., Baribault, H., and Doetschman, T. (1987) Differential
distribution of cytokeratins after microinjection of anti-cytokeratin monoclonal
antibodies, Eur J Cell Biol 43, 459-468.
Burcham, P. C., and Harman, A. W. (1991) Acetaminophen toxicity results in sitespecific mitochondrial damage in isolated mouse hepatocytes, J Biol Chem 266,
5049-5054.
Burcham, P. C., Raso, A., and Henry, P. J. (2014) Airborne acrolein induces
keratin-8 (Ser-73) hyperphosphorylation and intermediate filament ubiquitination
in bronchiolar lung cell monolayers, Toxicology 319C, 44-52.
Cadrin, M., Hovington H, Marceau N, and McFarlane-Anderson N. (2000) Early
perturbations in keratin and actin gene expression and fibrillar organisation in
griseofulvin-fed mouse liver., J Hepatol. 33, 199-207.
Casanova, M. L., Bravo, A., Ramirez, A., Morreale de Escobar, G., Were, F.,
Merlino, G., Vidal, M., and Jorcano, J. L. (1999) Exocrine pancreatic disorders in
transsgenic mice expressing human keratin 8, J Clin Invest 103, 1587-1595.
Chou, C. F., and Omary, M. B. (1991) Phorbol acetate enhances the
phosphorylation of cytokeratins 8 and 18 in human colonic epithelial cells, FEBS
Lett 282, 200-204.
Cohen, S. D., Pumford, N. R., Khairallah, E. A., Boekelheide, K., Pohl, L. R.,
Amouzadeh, H. R., and Hinson, J. A. (1997) Selective protein covalent binding and
target organ toxicity, Toxicol Appl Pharmacol 143, 1-12.
83

Chapter 6 References
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.

30.
31.
32.
33.
34.

35.
36.

Coulombe, P. A., Hutton, M. E., Vassar, R., and Fuchs, E. (1991) A function for
keratins and a common thread among different types of epidermolysis bullosa
simplex diseases, J Cell Biol 115, 1661-1674.
Coulombe, P. A., and Omary, M. B. (2002) 'Hard' and 'soft' principles defining the
structure, function and regulation of keratin intermediate filaments, Curr Opin Cell
Biol 14, 110-122.
D'Alessandro, M., Russell, D., Morley, S. M., Davies, A. M., and Lane, E. B.
(2002) Keratin mutations of epidermolysis bullosa simplex alter the kinetics of
stress response to osmotic shock, J Cell Sci 115, 4341-4351.
Dahlin, D., Miwa, G., Lu, A., and Nelson, S. (1984) N-acetyl-p-benzoquinone
imine: a cytochrome P-450-mediated oxidation product of acetaminophen., Proc
Natl Acad Sci USA. 81, 1327-1331.
DePianto, D., and Coulombe, P. A. (2004) Intermediate filaments and tissue repair,
Exp Cell Res 301, 68-76.
Desmet, V. J. (2011) Ductal plates in hepatic ductular reactions. Hypothesis and
implications. I. Types of ductular reaction reconsidered, Virchows Arch 458, 251259.
Desmet, V. J., Gerber, M., Hoofnagle, J. H., Manns, M., and Scheuer, P. J. (1994)
Classification of chronic hepatitis: diagnosis, grading and staging, Hepatology 19,
1513-1520.
Duan, S., Yao, Z., Zhu, Y., Wang, G., Hou, D., Wen, L., and Wu, M. (2009) The
Pirh2-keratin 8/18 interaction modulates the cellular distribution of mitochondria
and UV-induced apoptosis, Cell Death Differ 16, 826-837.
Eriksson, J. E., Dechat, T., Grin, B., Helfand, B., Mendez, M., Pallari, H. M., and
Goldman, R. D. (2009) Introducing intermediate filaments: from discovery to
disease, J Clin Invest 119, 1763-1771.
Fickert, P., Trauner M, Fuchsbichler A, Stumptner C, Zatloukal K, and Denk H.
(2003) Mallory body formation in primary biliary cirrhosis is associated with
increased amounts and abnormal phosphorylation and ubiquitination of
cytokeratins., J Hepatol. 38, 387-394.
Fontana, R. J. (2014) Pathogenesis of Idiosyncratic Drug-Induced Liver Injury and
Clinical Perspectives, Gastroenterology 146, 914-928 e911.
Freedberg, I. M., Tomic-Canic, M., Komine, M., and Blumenberg, M. (2001)
Keratins and the keratinocyte activation cycle, J Invest Dermatol 116, 633-640.
Gujral, J. S., Knight, T. R., Farhood, A., Bajt, M. L., and Jaeschke, H. (2002) Mode
of cell death after acetaminophen overdose in mice: apoptosis or oncotic necrosis?,
Toxicol Sci 67, 322-328.
Gunawan, B. K., Liu, Z. X., Han, D., Hanawa, N., Gaarde, W. A., and Kaplowitz,
N. (2006) c-Jun N-terminal kinase plays a major role in murine acetaminophen
hepatotoxicity, Gastroenterology 131, 165-178.
Guy, C. D., Suzuki, A., Burchette, J. L., Brunt, E. M., Abdelmalek, M. F., Cardona,
D., McCall, S. J., Unalp, A., Belt, P., Ferrell, L. D., and Diehl, A. M. (2012)
Costaining for keratins 8/18 plus ubiquitin improves detection of hepatocyte injury
in nonalcoholic fatty liver disease, Hum Pathol 43, 790-800.
Halangk, J., Berg, T., Puhl, G., Mueller, T., Nickel, R., Kage, A., Landt, O., Luck,
W., Wiedenmann, B., Neuhaus, P., and Witt, H. (2004) Keratin 8 Y54H and G62C
mutations are not associated with liver disease, J Med Genet 41, e92.
Han, D., Dara, L., Win, S., Than, T. A., Yuan, L., Abbasi, S. Q., Liu, Z. X., and
Kaplowitz, N. (2013) Regulation of drug-induced liver injury by signal
transduction pathways: critical role of mitochondria, Trends Pharmacol Sci 34,
243-253.
84

Chapter 6 References
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.

Han, D., Shinohara, M., Ybanez, M. D., Saberi, B., and Kaplowitz, N. (2010)
Signal transduction pathways involved in drug-induced liver injury, Handb Exp
Pharmacol, 267-310.
Hanada, S., Snider NT, Brunt EM, Hollenberg PF, and Omary MB. (2010) Gender
dimorphic formation of mouse Mallory-Denk bodies and the role of xenobiotic
metabolism and oxidative stress., Gastroenterology 138, 1607-1617.
Harada, M., Strnad, P., Resurreccion, E. Z., Ku, N. O., and Omary, M. B. (2007)
Keratin 18 overexpression but not phosphorylation or filament organization blocks
mouse Mallory body formation, Hepatology 45, 88-96.
Harvison, P. J., Forte, A. J., and Nelson, S. D. (1986) Comparative toxicities and
analgesic activities of three monomethylated analogues of acetaminophen, J Med
Chem 29, 1737-1743.
He, T., Stepulak, A., Holmstrom, T. H., Omary, M. B., and Eriksson, J. E. (2002)
The intermediate filament protein keratin 8 is a novel cytoplasmic substrate for cJun N-terminal kinase, J Biol Chem 277, 10767-10774.
Heid, H., Rickelt, S., Zimbelmann, R., Winter, S., Schumacher, H., and Dorflinger,
Y. (2013) Lipid droplets, perilipins and cytokeratins--unravelled liaisons in
epithelium-derived cells, PLoS One 8, e63061.
Henderson, N. C., Pollock, K. J., Frew, J., Mackinnon, A. C., Flavell, R. A., Davis,
R. J., Sethi, T., and Simpson, K. J. (2007) Critical role of c-jun (NH2) terminal
kinase in paracetamol- induced acute liver failure, Gut 56, 982-990.
Hinson, J. A., Pike, S. L., Pumford, N. R., and Mayeux, P. R. (1998) Nitrotyrosineprotein adducts in hepatic centrilobular areas following toxic doses of
acetaminophen in mice, Chem Res Toxicol 11, 604-607.
Hinson, J. A., Roberts, D. W., Halmes, N. C., Gibson, J. D., and Pumford, N. R.
(1996) Immunochemical detection of drug-protein adducts in acetaminophen
hepatotoxicity, Adv Exp Med Biol 387, 47-55.
Hinson, J. A., Roberts, D. W., and James, L. P. (2010) Mechanisms of
acetaminophen-induced liver necrosis, Handb Exp Pharmacol, 369-405.
Hjelle, J., and Klaassen, C. (1984) Glucuronidation and biliary excretion of
acetaminophen in rats., J Pharmacol Exp Ther. 228, 407-413.
Ishida, Y., Kondo, T., Tsuneyama, K., Lu, P., Takayasu, T., and Mukaida, N.
(2004) The pathogenic roles of tumor necrosis factor receptor p55 in
acetaminophen-induced liver injury in mice, J Leukoc Biol 75, 59-67.
Jaeschke, H., and Bajt, M. L. (2006) Intracellular signaling mechanisms of
acetaminophen-induced liver cell death, Toxicol Sci 89, 31-41.
Jaeschke, H., Knight, T. R., and Bajt, M. L. (2003) The role of oxidant stress and
reactive nitrogen species in acetaminophen hepatotoxicity, Toxicol Lett 144, 279288.
Jaeschke, H., McGill, M. R., and Ramachandran, A. (2012) Oxidant stress,
mitochondria, and cell death mechanisms in drug-induced liver injury: lessons
learned from acetaminophen hepatotoxicity, Drug Metab Rev 44, 88-106.
Jaeschke, H., Williams, C. D., Ramachandran, A., and Bajt, M. L. (2012)
Acetaminophen hepatotoxicity and repair: the role of sterile inflammation and
innate immunity, Liver Int 32, 8-20.
James, L. P., Alonso, E. M., Hynan, L. S., Hinson, J. A., Davern, T. J., Lee, W. M.,
and Squires, R. H. (2006) Detection of acetaminophen protein adducts in children
with acute liver failure of indeterminate cause, Pediatrics 118, e676-681.
James, L. P., Lamps, L. W., McCullough, S., and Hinson, J. A. (2003) Interleukin 6
and hepatocyte regeneration in acetaminophen toxicity in the mouse, Biochem
Biophys Res Commun 309, 857-863.
85

Chapter 6 References
55.
56.

57.
58.
59.
60.
61.
62.

63.
64.
65.
66.

67.
68.
69.
70.
71.
72.

James, L. P., Mayeux, P. R., and Hinson, J. A. (2003) Acetaminophen-induced
hepatotoxicity, Drug Metab Dispos 31, 1499-1506.
James, L. P., McCullough, S. S., Knight, T. R., Jaeschke, H., and Hinson, J. A.
(2003) Acetaminophen toxicity in mice lacking NADPH oxidase activity: role of
peroxynitrite formation and mitochondrial oxidant stress, Free Radic Res 37, 12891297.
Jiao, J., Friedman, S. L., and Aloman, C. (2009) Hepatic fibrosis, Curr Opin
Gastroenterol 25, 223-229.
Kaplowitz, N. (2004) Acetaminophen hepatoxicity: what do we know, what don't
we know, and what do we do next?, Hepatology 40, 23-26.
Kaufman, D. W., Kelly, J. P., Rosenberg, L., Anderson, T. E., and Mitchell, A. A.
(2002) Recent patterns of medication use in the ambulatory adult population of the
United States: the Slone survey, JAMA 287, 337-344.
Khan, F. M., Komarla, A. R., Mendoza, P. G., Bodenheimer, H. C., Jr., and Theise,
N. D. (2013) Keratin 19 demonstration of canal of Hering loss in primary biliary
cirrhosis: "minimal change PBC"?, Hepatology 57, 700-707.
Kim, S., Kellner, J., Lee, C. H., and Coulombe, P. A. (2007) Interaction between
the keratin cytoskeleton and eEF1Bgamma affects protein synthesis in epithelial
cells, Nat Struct Mol Biol 14, 982-983.
Kleiner, D. E., Brunt, E. M., Van Natta, M., Behling, C., Contos, M. J., Cummings,
O. W., Ferrell, L. D., Liu, Y. C., Torbenson, M. S., Unalp-Arida, A., Yeh, M.,
McCullough, A. J., and Sanyal, A. J. (2005) Design and validation of a histological
scoring system for nonalcoholic fatty liver disease, Hepatology 41, 1313-1321.
Krauss, S., and Franke, W. W. (1990) Organization and sequence of the human
gene encoding cytokeratin 8, Gene 86, 241-249.
Ku, N., Strnad P, Zhong BH, Tao GZ, and Omary MB. (2007) Keratins let liver
live: Mutations predispose to liver disease and crosslinking generates MalloryDenk bodies., Hepatology 46, 1639-1649.
Ku, N. O., Azhar, S., and Omary, M. B. (2002) Keratin 8 phosphorylation by p38
kinase regulates cellular keratin filament reorganization: modulation by a keratin 1like disease causing mutation, J Biol Chem 277, 10775-10782.
Ku, N. O., Darling, J. M., Krams, S. M., Esquivel, C. O., Keeffe, E. B., Sibley, R.
K., Lee, Y. M., Wright, T. L., and Omary, M. B. (2003) Keratin 8 and 18 mutations
are risk factors for developing liver disease of multiple etiologies, Proc Natl Acad
Sci U S A 100, 6063-6068.
Ku, N. O., Fu, H., and Omary, M. B. (2004) Raf-1 activation disrupts its binding to
keratins during cell stress, J Cell Biol 166, 479-485.
Ku, N. O., Gish, R., Wright, T. L., and Omary, M. B. (2001) Keratin 8 mutations in
patients with cryptogenic liver disease, N Engl J Med 344, 1580-1587.
Ku, N. O., Liao, J., and Omary, M. B. (1998) Phosphorylation of human keratin 18
serine 33 regulates binding to 14-3-3 proteins, EMBO J 17, 1892-1906.
Ku, N. O., Lim, J. K., Krams, S. M., Esquivel, C. O., Keeffe, E. B., Wright, T. L.,
Parry, D. A., and Omary, M. B. (2005) Keratins as susceptibility genes for endstage liver disease, Gastroenterology 129, 885-893.
Ku, N. O., Michie, S., Oshima, R. G., and Omary, M. B. (1995) Chronic hepatitis,
hepatocyte fragility, and increased soluble phosphoglycokeratins in transgenic mice
expressing a keratin 18 conserved arginine mutant, J Cell Biol 131, 1303-1314.
Ku, N. O., Michie, S. A., Soetikno, R. M., Resurreccion, E. Z., Broome, R. L.,
Oshima, R. G., and Omary, M. B. (1996) Susceptibility to hepatotoxicity in
transgenic mice that express a dominant-negative human keratin 18 mutant, J Clin
Invest 98, 1034-1046.
86

Chapter 6 References
73.
74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.

90.
91.
92.

Ku, N. O., and Omary, M. B. (2006) A disease- and phosphorylation-related
nonmechanical function for keratin 8, J Cell Biol 174, 115-125.
Ku, N. O., Soetikno, R. M., and Omary, M. B. (2003) Keratin mutation in
transgenic mice predisposes to Fas but not TNF-induced apoptosis and massive
liver injury, Hepatology 37, 1006-1014.
Ku, N. O., Toivola, D. M., Strnad, P., and Omary, M. B. (2010) Cytoskeletal
keratin glycosylation protects epithelial tissue from injury, Nat Cell Biol 12, 876885.
Ku, N. O., Toivola, D. M., Zhou, Q., Tao, G. Z., Zhong, B., and Omary, M. B.
(2004) Studying simple epithelial keratins in cells and tissues, Methods Cell Biol
78, 489-517.
Ku, N. O., Zhou, X., Toivola, D. M., and Omary, M. B. (1999) The cytoskeleton of
digestive epithelia in health and disease, Am J Physiol 277, G1108-1137.
Kwan, R., Hanada, S., Harada, M., Strnad, P., Li, D. H., and Omary, M. B. (2012)
Keratin 8 phosphorylation regulates its transamidation and hepatocyte MalloryDenk body formation, FASEB J 26, 2318-2326.
Laemmli, U. K. (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage T4, Nature 227, 680-685.
Lee, J. C., Schickling, O., Stegh, A. H., Oshima, R. G., Dinsdale, D., Cohen, G. M.,
and Peter, M. E. (2002) DEDD regulates degradation of intermediate filaments
during apoptosis, J Cell Biol 158, 1051-1066.
Lee, P., Gelbart, T., West, C., Halloran, C., and Beutler, E. (2002) Seeking
candidate mutations that affect iron homeostasis, Blood Cells Mol Dis 29, 471-487.
Lee, W. M. (2012) Acute liver failure, Semin Respir Crit Care Med 33, 36-45.
Lee, W. M. (2012) Recent developments in acute liver failure, Best Pract Res Clin
Gastroenterol 26, 3-16.
Liao, J., Ku, N. O., and Omary, M. B. (1996) Two-dimensional gel analysis of
glandular keratin intermediate filament phosphorylation, Electrophoresis 17, 16711676.
Lin, Y. M., Chen, Y. R., Lin, J. R., Wang, W. J., Inoko, A., Inagaki, M., Wu, Y. C.,
and Chen, R. H. (2008) eIF3k regulates apoptosis in epithelial cells by releasing
caspase 3 from keratin-containing inclusions, J Cell Sci 121, 2382-2393.
Liu, H., Lo, C. R., and Czaja, M. J. (2002) NF-kappaB inhibition sensitizes
hepatocytes to TNF-induced apoptosis through a sustained activation of JNK and cJun, Hepatology 35, 772-778.
LoGuidice, A., and Boelsterli, U. A. (2011) Acetaminophen overdose-induced liver
injury in mice is mediated by peroxynitrite independently of the cyclophilin Dregulated permeability transition, Hepatology 54, 969-978.
Magin, T. M. (1998) Lessons from keratin transgenic and knockout mice, Subcell
Biochem 31, 141-172.
Magin, T. M., Schroder, R., Leitgeb, S., Wanninger, F., Zatloukal, K., Grund, C.,
and Melton, D. W. (1998) Lessons from keratin 18 knockout mice: formation of
novel keratin filaments, secondary loss of keratin 7 and accumulation of liverspecific keratin 8-positive aggregates, J Cell Biol 140, 1441-1451.
Magin, T. M., Vijayaraj, P., and Leube, R. E. (2007) Structural and regulatory
functions of keratins, Exp Cell Res 313, 2021-2032.
Malhi, H., Gores, G. J., and Lemasters, J. J. (2006) Apoptosis and necrosis in the
liver: a tale of two deaths?, Hepatology 43, S31-44.
Marchesini, G., and Babini, M. (2006) Nonalcoholic fatty liver disease and the
metabolic syndrome, Minerva Cardioangiol 54, 229-239.

87

Chapter 6 References
93.
94.
95.
96.

97.
98.

99.
100.
101.

102.

103.
104.
105.
106.
107.
108.
109.

Martin, F. L., and McLean, A. E. (1995) Adenosine triphosphate (ATP) levels in
paracetamol-induced cell injury in the rat in vivo and in vitro, Toxicology 104, 9197.
Matsumaru, K., Ji, C., and Kaplowitz, N. (2003) Mechanisms for sensitization to
TNF-induced apoptosis by acute glutathione depletion in murine hepatocytes,
Hepatology 37, 1425-1434.
McGill, M. R., and Jaeschke, H. (2013) Metabolism and disposition of
acetaminophen: recent advances in relation to hepatotoxicity and diagnosis, Pharm
Res 30, 2174-2187.
McGill, M. R., Sharpe, M. R., Williams, C. D., Taha, M., Curry, S. C., and
Jaeschke, H. (2012) The mechanism underlying acetaminophen-induced
hepatotoxicity in humans and mice involves mitochondrial damage and nuclear
DNA fragmentation, J Clin Invest 122, 1574-1583.
McLean, W. H., and Moore, C. B. (2011) Keratin disorders: from gene to therapy,
Hum Mol Genet 20, R189-197.
Meriden, Z., Forde, K. A., Pasha, T. L., Hui, J. J., Reddy, K. R., Furth, E. E., and
Wells, R. G. (2010) Histologic predictors of fibrosis progression in liver allografts
in patients with hepatitis C virus infection, Clin Gastroenterol Hepatol 8, 289-296,
296 e281-288.
Moll, R., Divo, M., and Langbein, L. (2008) The human keratins: biology and
pathology, Histochem Cell Biol 129, 705-733.
Molnar, A., Haybaeck, J., Lackner, C., and Strnad, P. (2011) The cytoskeleton in
nonalcoholic steatohepatitis: 100 years old but still youthful, Expert Rev
Gastroenterol Hepatol 5, 167-177.
Mookerjee, R. P., Lackner, C., Stauber, R., Stadlbauer, V., Deheragoda, M.,
Aigelsreiter, A., and Jalan, R. (2011) The role of liver biopsy in the diagnosis and
prognosis of patients with acute deterioration of alcoholic cirrhosis, J Hepatol 55,
1103-1111.
Muldrew, K. L., James, L. P., Coop, L., McCullough, S. S., Hendrickson, H. P.,
Hinson, J. A., and Mayeux, P. R. (2002) Determination of acetaminophen-protein
adducts in mouse liver and serum and human serum after hepatotoxic doses of
acetaminophen
using
high-performance
liquid
chromatography
with
electrochemical detection, Drug Metab Dispos 30, 446-451.
Nakamichi, I., Toivola, D. M., Strnad, P., Michie, S. A., Oshima, R. G., Baribault,
H., and Omary, M. B. (2005) Keratin 8 overexpression promotes mouse Mallory
body formation, J Cell Biol 171, 931-937.
Nan, L., Wu Y, Bardag-Gorce F, Li J, French BA, Fu AN, Francis T, Vu J, and
French SW. (2004) p62 is involved in the mechanism of Mallory body formation.,
Exp Mol Pathol. 77, 168-175.
Omary, M. B. (2009) "IF-pathies": a broad spectrum of intermediate filamentassociated diseases, J Clin Invest 119, 1756-1762.
Omary, M. B., Baxter, G. T., Chou, C. F., Riopel, C. L., Lin, W. Y., and Strulovici,
B. (1992) PKC epsilon-related kinase associates with and phosphorylates
cytokeratin 8 and 18, J Cell Biol 117, 583-593.
Omary, M. B., Coulombe, P. A., and McLean, W. H. (2004) Intermediate filament
proteins and their associated diseases, N Engl J Med 351, 2087-2100.
Omary, M. B., and Ku, N. O. (1997) Intermediate filament proteins of the liver:
emerging disease association and functions, Hepatology 25, 1043-1048.
Omary, M. B., Ku, N. O., Strnad, P., and Hanada, S. (2009) Toward unraveling the
complexity of simple epithelial keratins in human disease, J Clin Invest 119, 17941805.
88

Chapter 6 References
110.
111.
112.
113.
114.

115.
116.
117.
118.

119.
120.
121.

122.
123.

124.

125.
126.

Omary, M. B., Ku, N. O., Tao, G. Z., Toivola, D. M., and Liao, J. (2006) "Heads
and tails" of intermediate filament phosphorylation: multiple sites and functional
insights, Trends Biochem Sci 31, 383-394.
Omary, M. B., Ku, N. O., and Toivola, D. M. (2002) Keratins: guardians of the
liver, Hepatology 35, 251-257.
Oshima, R. G. (2007) Intermediate filaments: a historical perspective, Exp Cell Res
313, 1981-1994.
Owens, D. W., and Lane, E. B. (2003) The quest for the function of simple
epithelial keratins, Bioessays 25, 748-758.
Owens, D. W., Wilson, N. J., Hill, A. J., Rugg, E. L., Porter, R. M., Hutcheson, A.
M., Quinlan, R. A., van Heel, D., Parkes, M., Jewell, D. P., Campbell, S. S., Ghosh,
S., Satsangi, J., and Lane, E. B. (2004) Human keratin 8 mutations that disturb
filament assembly observed in inflammatory bowel disease patients, J Cell Sci 117,
1989-1999.
Pai, R. K., and Hart, J. A. (2010) Aberrant expression of cytokeratin 7 in
perivenular hepatocytes correlates with a cholestatic chemistry profile in patients
with heart failure, Mod Pathol 23, 1650-1656.
Paku, S., Dezso, K., Kopper, L., and Nagy, P. (2005) Immunohistochemical
analysis of cytokeratin 7 expression in resting and proliferating biliary structures of
rat liver, Hepatology 42, 863-870.
Papa, S., Zazzeroni, F., Pham, C. G., Bubici, C., and Franzoso, G. (2004) Linking
JNK signaling to NF-kappaB: a key to survival, J Cell Sci 117, 5197-5208.
Pumford, N. R., Hinson, J. A., Potter, D. W., Rowland, K. L., Benson, R. W., and
Roberts, D. W. (1989) Immunochemical quantitation of 3-(cystein-Syl)acetaminophen adducts in serum and liver proteins of acetaminophen-treated
mice, J Pharmacol Exp Ther 248, 190-196.
Ramadori, G., and Christ, B. (1999) Cytokines and the hepatic acute-phase
response, Semin Liver Dis 19, 141-155.
Richard, G., De Laurenzi, V., Didona, B., Bale, S. J., and Compton, J. G. (1995)
Keratin 13 point mutation underlies the hereditary mucosal epithelial disorder
white sponge nevus, Nat Genet 11, 453-455.
Rothnagel, J. A., Fisher, M. P., Axtell, S. M., Pittelkow, M. R., Anton-Lamprecht,
I., Huber, M., Hohl, D., and Roop, D. R. (1993) A mutational hot spot in keratin 10
(KRT 10) in patients with epidermolytic hyperkeratosis, Hum Mol Genet 2, 21472150.
Rugg, E. L., McLean, W. H., Allison, W. E., Lunny, D. P., Macleod, R. I., Felix, D.
H., Lane, E. B., and Munro, C. S. (1995) A mutation in the mucosal keratin K4 is
associated with oral white sponge nevus, Nat Genet 11, 450-452.
Sancho-Bru, P., Altamirano, J., Rodrigo-Torres, D., Coll, M., Millan, C., Jose
Lozano, J., Miquel, R., Arroyo, V., Caballeria, J., Gines, P., and Bataller, R. (2012)
Liver progenitor cell markers correlate with liver damage and predict short-term
mortality in patients with alcoholic hepatitis, Hepatology 55, 1931-1941.
Santos, M., Perez, P., Segrelles, C., Ruiz, S., Jorcano, J. L., and Paramio, J. M.
(2003) Impaired NF-kappa B activation and increased production of tumor necrosis
factor alpha in transgenic mice expressing keratin K10 in the basal layer of the
epidermis, J Biol Chem 278, 13422-13430.
Savage, and E., R. (2012) Conjugation, Transport, and Elimination of Drugs in
Humans., Encyclopedia of Drug Metabolism and Interactions. X:1–38.
Schweizer, J., Bowden, P. E., Coulombe, P. A., Langbein, L., Lane, E. B., Magin,
T. M., Maltais, L., Omary, M. B., Parry, D. A., Rogers, M. A., and Wright, M. W.

89

Chapter 6 References

127.
128.
129.

130.

131.
132.
133.
134.
135.
136.
137.
138.
139.
140.
141.
142.

(2006) New consensus nomenclature for mammalian keratins, J Cell Biol 174, 169174.
Sharma, M., Gadang, V., and Jaeschke, A. (2012) Critical role for mixed-lineage
kinase 3 in acetaminophen-induced hepatotoxicity, Mol Pharmacol 82, 1001-1007.
Sheikh, M. Y., Choi, J., Qadri, I., Friedman, J. E., and Sanyal, A. J. (2008)
Hepatitis C virus infection: molecular pathways to metabolic syndrome,
Hepatology 47, 2127-2133.
Singla, A., Moons, D. S., Snider, N. T., Wagenmaker, E. R., Jayasundera, V. B.,
and Omary, M. B. (2012) Oxidative stress, Nrf2 and keratin up-regulation associate
with Mallory-Denk body formation in mouse erythropoietic protoporphyria,
Hepatology 56, 322-331.
Sivaramakrishnan, S., Schneider, J. L., Sitikov, A., Goldman, R. D., and Ridge, K.
M. (2009) Shear stress induced reorganization of the keratin intermediate filament
network requires phosphorylation by protein kinase C zeta, Mol Biol Cell 20, 27552765.
Snider, N., Weerasinghe SV, Singla A, Leonard JM, Hanada S, Andrews PC, Lok
AS, and Omary MB. (2011) Energy determinants GAPDH and NDPK act as
genetic modifiers for hepatocyte inclusion formation., J Cell Biol. 195, 217-229.
Snider, N. T., Leonard, J. M., Kwan, R., Griggs, N. W., Rui, L., and Omary, M. B.
(2013) Glucose and SIRT2 reciprocally mediate the regulation of keratin 8 by
lysine acetylation, J Cell Biol 200, 241-247.
Snider, N. T., and Omary, M. B. (2014) Post-translational modifications of
intermediate filament proteins: mechanisms and functions, Nat Rev Mol Cell Biol
15, 163-177.
Snider, N. T., Park, H., and Omary, M. B. (2013) A conserved rod domain
phosphotyrosine that is targeted by the phosphatase PTP1B promotes keratin 8
protein insolubility and filament organization, J Biol Chem 288, 31329-31337.
Snider, N. T., Weerasinghe, S. V., Iniguez-Lluhi, J. A., Herrmann, H., and Omary,
M. B. (2011) Keratin hypersumoylation alters filament dynamics and is a marker
for human liver disease and keratin mutation, J Biol Chem 286, 2273-2284.
Steinert, P. M. (1988) The dynamic phosphorylation of the human intermediate
filament keratin 1 chain, J Biol Chem 263, 13333-13339.
Strnad, P., Harada M, Siegel M, Terkeltaub RA, Graham RM, Khosla C, and
Omary MB. (2007) Transglutaminase 2 regulates mallory body inclusion formation
and injury-associated liver enlargement., Gastroenterology 132, 1515-1526.
Strnad, P., Kucukoglu, O., Lunova, M., Guldiken, N., Lienau, T. C., Stickel, F., and
Omary, M. B. (2012) Non-coding keratin variants associate with liver fibrosis
progression in patients with hemochromatosis, PLoS One 7, e32669.
Strnad, P., Lienau, T. C., Tao, G. Z., Lazzeroni, L. C., Stickel, F., Schuppan, D.,
and Omary, M. B. (2006) Keratin variants associate with progression of fibrosis
during chronic hepatitis C infection, Hepatology 43, 1354-1363.
Strnad, P., Nuraldeen, R., Guldiken, N., Hartmann, D., Mahajan, V., Denk, H., and
Haybaeck, J. (2013) Broad spectrum of hepatocyte inclusions in humans, animals,
and experimental models, Compr Physiol 3, 1393-1436.
Strnad, P., Paschke, S., Jang, K. H., and Ku, N. O. (2012) Keratins: markers and
modulators of liver disease, Curr Opin Gastroenterol 28, 209-216.
Strnad, P., Schwarz, P., Rasenack, M. C., Kucukoglu, O., Habib, R. I., Heuberger,
D., Ehehalt, R., Muller, M. W., Stiehl, A., Adler, G., and Kulaksiz, H. (2011)
Hepcidin is an antibacterial, stress-inducible peptide of the biliary system, PLoS
One 6, e16454.

90

Chapter 6 References
143.
144.
145.

146.
147.
148.

149.
150.

151.

152.

153.
154.

155.

156.

157.

Strnad, P., Stumptner C, Zatloukal K, and Denk H. (2008) Intermediate filament
cytoskeleton of the liver in health and disease., Histochem Cell Biol. 129, 735-749.
Strnad, P., Tao GZ, So P, Lau K, Schilling J, Wei Y, Liao J, and Omary MB.
(2008) "Toxic memory" via chaperone modification is a potential mechanism for
rapid Mallory-Denk body reinduction., Hepatology 48, 931-942.
Strnad, P., Tao, G. Z., Zhou, Q., Harada, M., Toivola, D. M., Brunt, E. M., and
Omary, M. B. (2008) Keratin mutation predisposes to mouse liver fibrosis and
unmasks differential effects of the carbon tetrachloride and thioacetamide models,
Gastroenterology 134, 1169-1179.
Strnad, P., Usachov, V., Debes, C., Grater, F., Parry, D. A., and Omary, M. B.
(2011) Unique amino acid signatures that are evolutionarily conserved distinguish
simple-type, epidermal and hair keratins, J Cell Sci 124, 4221-4232.
Strnad, P., Zatloukal, K., Stumptner, C., Kulaksiz, H., and Denk, H. (2008)
Mallory-Denk-bodies: lessons from keratin-containing hepatic inclusion bodies,
Biochim Biophys Acta 1782, 764-774.
Strnad, P., Zhou, Q., Hanada, S., Lazzeroni, L. C., Zhong, B. H., So, P., Davern, T.
J., Lee, W. M., and Omary, M. B. (2010) Keratin variants predispose to acute liver
failure and adverse outcome: race and ethnic associations, Gastroenterology 139,
828-835, 835 e821-823.
Sun, X. K., Ma, L. L., Xie, Y. Q., and Zhu, X. J. (2002) Keratin 1 and keratin 10
mutations causing epidermolytic hyperkeratosis in Chinese patients, J Dermatol Sci
29, 195-200.
Tao, G. Z., Li, D. H., Zhou, Q., Toivola, D. M., Strnad, P., Sandesara, N., Cheung,
R. C., Hong, A., and Omary, M. B. (2008) Monitoring of epithelial cell caspase
activation via detection of durable keratin fragment formation, J Pathol 215, 164174.
Tao, G. Z., Looi, K. S., Toivola, D. M., Strnad, P., Zhou, Q., Liao, J., Wei, Y.,
Habtezion, A., and Omary, M. B. (2009) Keratins modulate the shape and function
of hepatocyte mitochondria: a mechanism for protection from apoptosis, J Cell Sci
122, 3851-3855.
Tao, G. Z., Strnad, P., Zhou, Q., Kamal, A., Zhang, L., Madani, N. D., Kugathasan,
S., Brant, S. R., Cho, J. H., Omary, M. B., and Duerr, R. H. (2007) Analysis of
keratin polypeptides 8 and 19 variants in inflammatory bowel disease, Clin
Gastroenterol Hepatol 5, 857-864.
Toivola, D. M., Ku, N. O., Ghori, N., Lowe, A. W., Michie, S. A., and Omary, M.
B. (2000) Effects of keratin filament disruption on exocrine pancreas-stimulated
secretion and susceptibility to injury, Exp Cell Res 255, 156-170.
Toivola, D. M., Nakamichi, I., Strnad, P., Michie, S. A., Ghori, N., Harada, M.,
Zeh, K., Oshima, R. G., Baribault, H., and Omary, M. B. (2008) Keratin
overexpression levels correlate with the extent of spontaneous pancreatic injury,
Am J Pathol 172, 882-892.
Toivola, D. M., Nieminen, M. I., Hesse, M., He, T., Baribault, H., Magin, T. M.,
Omary, M. B., and Eriksson, J. E. (2001) Disturbances in hepatic cell-cycle
regulation in mice with assembly-deficient keratins 8/18, Hepatology 34, 11741183.
Toivola, D. M., Omary, M. B., Ku, N. O., Peltola, O., Baribault, H., and Eriksson,
J. E. (1998) Protein phosphatase inhibition in normal and keratin 8/18 assemblyincompetent mouse strains supports a functional role of keratin intermediate
filaments in preserving hepatocyte integrity, Hepatology 28, 116-128.
Toivola, D. M., Strnad, P., Habtezion, A., and Omary, M. B. (2010) Intermediate
filaments take the heat as stress proteins, Trends Cell Biol 20, 79-91.
91

Chapter 6 References
158.
159.
160.
161.

162.

163.
164.

165.
166.
167.
168.
169.

170.
171.

172.

Vassar, R., Coulombe, P. A., Degenstein, L., Albers, K., and Fuchs, E. (1991)
Mutant keratin expression in transgenic mice causes marked abnormalities
resembling a human genetic skin disease, Cell 64, 365-380.
Ventura, J. J., Cogswell, P., Flavell, R. A., Baldwin, A. S., Jr., and Davis, R. J.
(2004) JNK potentiates TNF-stimulated necrosis by increasing the production of
cytotoxic reactive oxygen species, Genes Dev 18, 2905-2915.
Wagner, M., Trost, A., Hintner, H., Bauer, J. W., and Onder, K. (2013) Imbalance
of intermediate filament component keratin 14 contributes to increased stress
signalling in epidermolysis bullosa simplex, Exp Dermatol 22, 292-294.
Wang, L., Srinivasan, S., Theiss, A. L., Merlin, D., and Sitaraman, S. V. (2007)
Interleukin-6 induces keratin expression in intestinal epithelial cells: potential role
of keratin-8 in interleukin-6-induced barrier function alterations, J Biol Chem 282,
8219-8227.
Win, S., Than, T. A., Han, D., Petrovic, L. M., and Kaplowitz, N. (2011) c-Jun Nterminal kinase (JNK)-dependent acute liver injury from acetaminophen or tumor
necrosis factor (TNF) requires mitochondrial Sab protein expression in mice, J Biol
Chem 286, 35071-35078.
Windoffer, R., Beil, M., Magin, T. M., and Leube, R. E. (2011) Cytoskeleton in
motion: the dynamics of keratin intermediate filaments in epithelia, J Cell Biol 194,
669-678.
Yamaguchi, K., Yang, L., McCall, S., Huang, J., Yu, X. X., Pandey, S. K., Bhanot,
S., Monia, B. P., Li, Y. X., and Diehl, A. M. (2008) Diacylglycerol acyltranferase 1
anti-sense oligonucleotides reduce hepatic fibrosis in mice with nonalcoholic
steatohepatitis, Hepatology 47, 625-635.
Yamazaki, T., Sasaki, E., Kakinuma, C., Yano, T., Miura, S., and Ezaki, O. (2005)
Increased very low density lipoprotein secretion and gonadal fat mass in mice
overexpressing liver DGAT1, J Biol Chem 280, 21506-21514.
Yang, N. C., Ho, W. M., Chen, Y. H., and Hu, M. L. (2002) A convenient one-step
extraction of cellular ATP using boiling water for the luciferin-luciferase assay of
ATP, Anal Biochem 306, 323-327.
Zafrani, E. S. (2004) Non-alcoholic fatty liver disease: an emerging pathological
spectrum, Virchows Arch 444, 3-12.
Zatloukal, K., French SW, Stumptner C, Strnad P, Harada M, Toivola DM, Cadrin
M, and Omary MB. (2007 ) From Mallory to Mallory-Denk bodies: what, how and
why?, Exp Cell Res. 313, 2033-2049.
Zatloukal, K., Stumptner, C., Lehner, M., Denk, H., Baribault, H., Eshkind, L. G.,
and Franke, W. W. (2000) Cytokeratin 8 protects from hepatotoxicity, and its ratio
to cytokeratin 18 determines the ability of hepatocytes to form Mallory bodies, Am
J Pathol 156, 1263-1274.
Zhao, P., Kalhorn, T. F., and Slattery, J. T. (2002) Selective mitochondrial
glutathione depletion by ethanol enhances acetaminophen toxicity in rat liver,
Hepatology 36, 326-335.
Zhong, B., Strnad, P., Selmi, C., Invernizzi, P., Tao, G. Z., Caleffi, A., Chen, M.,
Bianchi, I., Podda, M., Pietrangelo, A., Gershwin, M. E., and Omary, M. B. (2009)
Keratin variants are overrepresented in primary biliary cirrhosis and associate with
disease severity, Hepatology 50, 546-554.
Zhong, B., Zhou, Q., Toivola, D. M., Tao, G. Z., Resurreccion, E. Z., and Omary,
M. B. (2004) Organ-specific stress induces mouse pancreatic keratin
overexpression in association with NF-kappaB activation, J Cell Sci 117, 17091719.

92

Chapter 6 References
173.
174.

Zhou, Q., Ji, X., Chen, L., Greenberg, H. B., Lu, S. C., and Omary, M. B. (2005)
Keratin mutation primes mouse liver to oxidative injury, Hepatology 41, 517-525.
Ziol, M., Nault, J. C., Aout, M., Barget, N., Tepper, M., Martin, A., Trinchet, J. C.,
Ganne-Carrie, N., Vicaut, E., Beaugrand, M., and N'Kontchou, G. (2010)
Intermediate hepatobiliary cells predict an increased risk of hepatocarcinogenesis in
patients with hepatitis C virus-related cirrhosis, Gastroenterology 139, 335-343
e332.

93

Chapter 7 Appendix

7.
7.1

APPENDIX
List of tables

Table 1.1.

IF Proteins and their distribution in human tissues.

Table 1.2.

Intermediate filaments and related diseases

Table 1.3.

Keratin proteins and their tissue distribution in humans

Table 1.4.

Transgenic animal models with deficient K8 or K18

Table 1.5.

Summary of keratin variants in liver disease

Table 2.1.1.

Chemicals and reagents

Table 2.1.2.

Instruments and equipment

Table 2.1.3.

Consumables

Table 2.1.4.

Reaction kits and enzymes

Table 2.1.5.1. Primary antibodies
Table 2.1.5.2. Secondary antibodies
Table 2.1.6.

Cell lines

Table 2.1.7.1. Primers used for genotyping and sequencing of human K8 overexpressing
mice
Table 2.1.7.2. Primers used for qRT-PCR
Table 2.1.8.

Animals

Table 2.1.9.

Buffers

Table 2.2.1.

Localization of mutations in the keratin 8 gene

Table 2.2.2.

PCR mixture for mouse genotyping

Table 2.2.3.

PCR Mixture for DNA amplification prior to sequencing

Table 2.2.4.

PCR Mixture for cDNA synthesis

Table 2.2.5.

qRT-PCR mixture

Table 2.2.6.

qRT-PCR program

Table 2.2.7.

Composition of resolving and stacking gels

Table 3.1.

Biochemical analysis of BDL samples

Table 3.2.

Patient’s characteristics

Table.3.3.

Fibrosis stages and inflammation grades in our patient cohort.

Table 3.4.

Serum and liver-related parameters in HF-induced liver injury model

94

Chapter 7 Appendix
7.2

List of figures

Figure 3.1.

Genotyping of transgenic animals overexpressing Keratin 8 variants.

Figure 3.2.

Keratin expression levels in transgenic mouse lines.

Figure 3.3.

Overexpression of K8 variants does not affect keratin distribution pattern.

Figure 3.4.

K8 G62C and K8 R341C variants promote keratin crosslinking.

Figure 3.5.

Presence of K8 G62C/R341C/H variants results in increased
acetaminophen- toxicity

Figure 3.6.

Overexpression of K8 G62C/R341C/H variants leads to increased
acetaminophen-induced liver damage.

Figure 3.7.

Presence of Keratin 8 variants does not affect APAP metabolism.

Figure 3.8.

Mice carrying K8 variants exhibit higher levels of APAP-cysteine adducts.

Figure 3.9.

The presence of K8 variants affected neither hepatic energy status nor
caspase activation.

Figure 3.10.

Mice carrying K8 variants are susceptible to APAP-induced liver damage
due to increased JNK signalling.

Figure 3.11.

Proinflammatory cytokines are not affected by the presence of K8 variants.

Figure 3.12.

Overexpression of K8 G62C/R341C/H variants does not predispose to
development of cholestatic liver injury.

Figure 3.13.

Overexpression of K8 G62C/R341C/H variants does not affect the
development of liver fibrosis.

Figure 3.14.

K8 and K18 expression is increased in patients with chronic hepatitis C
infection and alcoholic liver disease.

Figure 3.15.

K7 and K19 expression is increased in various human liver diseases.

Figure 3.16.

K8 and K18 mRNA expression displays a strong correlation.

Figure 3.17.

K7, K8, K18 are overexpressed in patients with advanced fibrosis.

Figure 3.18.

Keratin expression is upregulated in samples with moderate
inflammation.

Figure 3.19.

IL-6 induces keratin 8/18 overexpression in hepatocellular cell lines.

Figure 3.20.

High-fat diet promotes MDB formation in K8 overexpressing mice.

Figure 3.21.

High-fat diet promotes MDB formation in K8 overexpressing mice.

Figure 3.22.

High-fat diet induces further K8/K18 accumulation in K8 overexpressing
mice.

Figure 3.23.

High-fat diet promotes development of liver fibrosis in WTK8
overexpressing livers.
95

Chapter 7 Appendix
Figure 3.24.

After feeding with high-fat diet, WTK8 mice display attenuated lipid
accumulation.

Figure 3.25.

Expression of genes involved in lipogenesis and lipolysis was altered in
livers of WTK8 overexpressing mice.

Information:
Parts of this dissertation have been published in the following hournal articles.
Keratins 8 and 18 are type II acute-phase responsive genes overexpressed in human
liver disease.
Guldiken N, Usachov V, Levada K, Trautwein C, Ziol M, Nahon P, Strnad P.
Liver Int. 2014 Jun 13. doi: 10.1111/liv.12608. [Epub ahead of print]
High-fat diet triggers Mallory-Denk body formation through misfolding and
crosslinking of excess keratin 8.
Kucukoglu O, Guldiken N, Chen Y, Usachov V, El-Heliebi A, Haybaeck J, Denk H,
Trautwein C, Strnad P.
Hepatology. 2014 Feb 12. doi: 10.1002/hep.27068. [Epub ahead of print]

96

Chapter 8 Acknowledgements

8.

ACKNOWLEDGEMENTS
Finally, a very nice, exciting, interesting, full of brain storm but sometimes a bit

hard journey is done. Well, up to now I am almost 11 years in science and still feel
motivated and enthusiastic to find out secrets of human biology . I can tell that my
doctoral thesis was probably the most interesting part of my life. I learnt many people from
all over the world and from their enormous cultures; languages, life styles and folkways. I
would like to thank all the people who helped, supported, motivated and made me laugh on
this hard road. First of all, it is a great pleasure to acknowledge my thesis adviser PD Dr.
Pavel Strnad for giving me the opportunity to do research in his laboratory, for his unique
scientific approaches, assistance, patience, support, and motivation in every step of my
PhD study. I would also like to thank my colleagues from University of Ulm and Aachen
(Özlem, Peggy, Elke, Mariia, Kristina, Melanie, Yu, Kateryna, Valentyn, Renwar, Katrin,
Claudia, Suzanne, Anke, Sigrid, Heidi, Deniz, Annika, Linda, Ingrid, Fa-Rong, Pooja and
Gökce) for their contribution to my studies and for providing me with very kind and funny
ambiance in laboratory. I wish to all of them success in their life and scientific path. I
would especially like to thank to all my friends and family members who live in Turkey
(particularly to Bilge) and Germany for their love, support and encouragement. I dedicate
this thesis to my parents (Mehmet & Sultan) and especially my brother Ümit who always
were kind, patient, warmhearted to me and gave me their love and support all the time.
Nurdan Güldiken

97

Chapter 9 Curriculum Vitae

9.

CURRICULUM VITAE

“ C.V. was removed for data privacy protection reasons”

98

