


MOLECULAR BIOLOGY 
INTELUGENCE 
UNIT 

Intermediate Filaments 

Jesus M. Paramio, Ph.D. 
Department of Molecular and Cell Biology 

C I E M A T 
Madrid, Spain 

LANDES BIOSCIENCE / EuREKAH.coM SPRINGER SCIENCE+BUSINESS MEDIA 

GEORGETOWN, TEXAS NEW YORK, NEW YORK 

U.S.A. U.SA 



INTERMEDIATE FILAMENTS 
Molecular Biology Intelligence Unit 

Landes Bioscience / Eurekah.com 
Springer Science+Business Media, LLC 

ISBN: 0-387-33780-6 Printed on acid-free paper. 

Copyright ©2006 Landes Bioscience and Springer Science+Business Media, LLC 

All rights reserved. This work may not be translated or copied in whole or in part without the written 
permission of the publisher, except for brief excerpts in connection with reviews or scholarly analysis. Use in 
connection with any form of information storage and retrieval, electronic adaptation, computer software, or 
by similar or dissimilar methodology now known or hereafter developed is forbidden. 
The use in the publication of trade names, trademarks, service marks and similar terms even if they are not 
identified as such, is not to be taken as an expression of opinion as to whether or not they are subject to 
proprietary rights. 
While the authors, editors and publisher believe that drug selection and dosage and the specifications and 
usage of equipment and devices, as set forth in this book, are in accord with current recommendations and 
practice at the time of publication, they make no warranty, expressed or implied, with respect to material 
described in this book. In view of the ongoing research, equipment development, changes in governmental 
regulations and the rapid accumulation of information relating to the biomedical sciences, the reader is urged to 
carcfiilly review and evaluate the information provided herein. 

Springer Science+Business Media, LLC, 233 Spring Street, New York, New York 10013, U.S.A. 
http://www.springer.com 

Please address all inquiries to the Publishers: 
Landes Bioscience / Eurekah.com, 810 South Church Street, Georgetown, Texas 78626, U.S.A. 
Phone: 512/ 863 7762; FAX: 512/ 863 0081 
http://www.eurekah.com 
http://www.landesbioscience.com 

Printed in the United States of America. 

9 8 7 6 5 4 3 2 1 

Libraiy of Congress Cataloging-in-Publication Data 

Intermediate filaments / [edited by] Jesus M. Paramio. 
p. ; cm. ~ (Molecular biology intelligence unit) 

Includes bibliographical references and index. 
ISBN 0-387-33780-6 (alk paper) 
1. Cytoplasmic filaments. I. Paramio, Jesiis M. II. Series: 

Molecular biology intelligence unit (Unnumbered) 
[DNLM: 1. Intermediate Filament Proteins. 2. Gene Expression. 

3. Keratin-physiology. Q U 55 1609 2006] 
QH603.C95I58 2006 
611 ' .0181-dc22 

2006009316 



CONTENTS 

Preface ix 

Desmin and Other Intermediate Filaments in Normal 
and Diseased Muscle 1 
Denise Paulin and Zhigang Xue 

Desmin in Mature Skeletal and Heart Muscle Cells 1 
Desmin and Other IF Proteins in Different Muscles 2 
Functions of Desmin in Striated Muscles 4 
Function of Desmin in Smooth Muscles 5 
Gene Regulation 5 
Desmin-Related Myopathies (DRM) 6 

Intermediate Filaments in Astrocytes in Health 
and Disease 10 
Milos Pekny and Ulrika Wilhelmsson 

IFs in Astroglial Cells during Development 10 
GFAP znd Its Regulation 11 
Vimentin and Nestin and Their Regulation 13 
Formation of IFs in Astroglial Cells 13 
Astrocyte IFs, CNS Trauma and Regeneration 16 
Astrocyte IFs and Resistance to Mechanical Stress 22 
Astrocyte IFs, Osmotic Stress and Ischemia/Hypoxia 25 
Astrocyte IFs, Cell Proliferation and Tumorigenesis 25 
GFAP Mutations and Alexander Disease 26 

Neuronal Intermediate Filaments 
and Neiu-odegenerative Diseases 35 
Gee Y. Ching and Ronald K.H. Liem 

Neuronal Intermediate Filament Proteins 36 
Neuronal IFs in Neurodegenerative Diseases 38 

Neurofilaments: Phosphorylation 
and Signal Transduction 52 
Sashi Kesavapany, Richard H. Quarks and Harish C. Pant 

Neurofilaments Are Members of the Intermediate 
Filament Family 53 

Neurofilaments and Axonal Caliber 55 
Phosphorylation of Neurofilaments 55 
Neurofilaments and Their Associated Kinases 56 
Neurofilament Tail Domain Phosphorylation 57 
Axonal Transport of Neurofilaments 58 
Phosphorylation of NFs and Disease 59 
Neurofilaments and Signal Transduction Pathw^ays 60 



5. Keratin Intermediate Filaments and Diseases of the Skin 74 
E. Birgitte Lane 

Epidermal Blistering Caused by Keratin Mutations 7A 
Candidate Genes in Other Epithelia 75 
From Candidate Genes to "Candidate Diseases" 77 
Supramolecular Stability versus Molecular Flux 77 
Keratin Filaments as Tensile Structures 78 
Significance of Keratin Role in Skin Fragility Disorders 79 

6. The Keratin K6 Minifamily of Genes 83 
Manuel Navarro 

Conservation of Sequence in the K6 Polypeptides 84 
Expression of the K6 Genes 87 
Expression and Partners 89 
Functional Considerations 89 

7. Transcriptional Regulation of Keratin Gene Expression 93 
Miroslav Blumenberg 

Transcriptional Regulation of Keratin K5 Expression 93 
Regulation of Kl4 95 
Regulation of Kl 5 96 
Regulation of Kl and KIO 96 
Regulation of K4 and K13 97 
Regulation of K3 and K12 98 
Regulation of Hair Keratins 99 
Regulation of Keratin Gene Expression 

by Hormones and Vitamins 99 
Regulation of Keratin Gene Expression 

by Growth Factors and Cytokines 101 
Regulation of Small Keratins, K7, K8, K18 and K19 101 
Specific Transcription Factors Implicated in Regulation 

of Transcription of Keratin Genes 103 
Conclusions and Future Directions 105 

8. Simple Epithelial Keratins: Expression, Function and Disease 110 
M. Llanos Casanova, Ana Bravo andjosi L. Jorcano 

Suggested Functions of Simple Epithelial Keratins I l l 
Simple Epithelial Keratin Proteins and Disease 114 
Altered Simple Epithelial Keratin Expression and Cancer 115 



9. Keratins as Targets in and Modulators of Liver Diseases 120 
Kurt Zatloukal, Conny Stumptner, Andrea Fuchsbichler 

and Helmut Denk 
The Keratin Cytoskeleton of Hepatocytes 

and Bile Duct Epithelial Cells 120 
Alterations of the Keratin Cytoskeleton 

in Human Liver Diseases 121 
Animal Models to Study Hepatocytic Keratin Alterations 122 
Mallory Bodies as a Product of the Cellular Response 

to Misfolded Keratin 124 
How Can Keratins Influence Toxic Cell Injury? 125 
Mutations of Keratin Genes and Liver Diseases 127 

10. The Search for Specific Keratin Functions: 
The Case of Keratin KIO 131 
Mirentxu Santos, Carmen Segrelles, Sergio Ruiz, 

M. Fernanda Lara and Jesus M. Paramio 
Keratin KIO Assembly and Dynamics 132 
Keratin KIO Inhibits Cell Proliferation 134 
Transgenic Mice Models to Study KIO Functions 138 
The Paradigms ofKlO Knock Out Model 139 
Reconciling Hypotheses 141 

Index 147 



J 
Department 

Email: j 

- ViTWTTWi 1 
-bUl 1 wK 1 

esiis M. Paramio 
of Molecular and Cell Biology 

CIEMAT 
Madrid, Spain 

esusin.paraniio@cieinat.es 
Chapter 10 

I — — ^ r^O^TT'^TTJT rnrr^ T>c \\ 
• K^VJ 

Miroslav Blumenberg Andrea Fuchsbichler 
The Departments of Dermatology Institute of Pathology | 

and Biochemistry 
and 
The Cancer Institute 
NYU School of Medicine 
New York, New York, U.S.A. 
Email: blumem01@ med.nyu.e 
Chapter 7 

Ana Bravo 

Medical University of Graz 
Graz, Austria 
Chapter 9 

Jos^ L. Jorcano 
du Department of Molecular 

and Cell Biology 
CIEMAT 
Madrid, Spain 

Department of Animal Pathology Email: llanos.casanova@ciemat.es 11 
Veterinary School of Lugo Chapter 8 
University of Santiago de Compostela 11 
Madrid, Spain 
Chapter 8 

M. Llanos Casanova 
Department of Molecular 

and Cell Biology 
CIEMAT 
Madrid, Spain 
Email: llanos.casanova@ciemat. 
Chapter 8 

Gee Y. Ching 
Departments of Pathology and 

and Cell Biology 
Columbia University College 

of Physicians and Surgeons 
New York, New York, U.S.A. 
Chapter 3 

Helmut Denk 
Institute of Pathology 
Medical University of Graz 
Graz, Austria 
Chapter 9 

Sashi Kesavapany 
Laboratory of Neurochemistry, 
National Institute of Neurological 

Disorders and Stroke 
National Institute of Health 
Bethesda, Maryland, U.S.A. 
Chapter 4 

es E. Birgitte Lane 
Cancer Research UK Cell Structure 

Research Group 
Cell and Developmental Biology Division 

Anatomy University of Dundee 
School of Life Sciences 

Dundee, U.K. 
Email: e.b.lane@dundee.ac.uk 
Chapter 5 

M. Fernanda Lara 
Department of Molecular 

and Cell Biology 
CIEMAT 
Madrid, Spain 
Chapter 10 



Ronald K.H. Liem 
Departments of Pathology and Anatomy 

and Cell Biology 
Columbia University College 

of Physicians and Surgeons 
New York, New York, U.S.A. 
Email: rkl2@columbia.edu 
Chapter 3 

Manuel Navarro 
Department of Molecular 

and Cell Biology 
CIEMAT 
Madrid, Spain 
Email: manuel.navarro@ciemat.es 
Chapter 6 

Harish C. Pant 
Laboratory of Neurochemistry 
National Institute of Neurological 

Disorders and Stroke 
National Institute of Health 
Bethesda, Maryland, U.S.A. 
Email: panth@ninds.nih.gov 
Chapter 4 

Denise Paulin 
Biologic Mol^culaire de la DifF^renciation 
Paris, France 
Email: paulin@ccr.jussieu.fr 
Chapter 1 

Milos Pekny 
Department of Medical Biochemistry 
Sahlgrenska Academy 

at Goteborg University 
Goteborg, Sweden 
Email: Milos.Pekny@medkem.gu.se 
Chapter 2 

Richard H. Quarles 
Laboratory of Molecular 

and Cellular Neurobiology 
National Institute of Neurological 

Disorders and Stroke 
National Institute of Health 
Bethesda, Maryland, U.S.A. 
Chapter 4 

Sergio Ruiz 
Cancer Research Center 
University of Salamanca 
Salamanca, Spain 
Chapter 10 

Mirentxu Santos 
Department of Molecular 

and Cell Biology 
CIEMAT 
Madrid, Spain 
Chapter 10 

Carmen Segrelles 
Department of Molecular 

and Cell Biology 
CIEMAT 
Madrid, Spain 
Chapter 10 

Conny Stumptner 
Institute of Pathology 
Medical University of Graz 
Graz, Austria 
Chapter 9 

Ulrika Wilhelmsson 
Department of Medical Biochemistry 
Sahlgrenska Academy 

at Goteborg University 
Goteborg, Sweden 
Chapter 2 

Zhigang Xue 
Biologic Mol^culaire de la Diff^renciation 
Paris, France 
Chapter 1 

Kurt Zadoukal 
Institute of Pathology 
Medical University of Graz 
Graz, Austria 
Email: kurt.zadoukal@meduni-graz.at 
Chapter 9 



-PREFACE --

M olecular biologists' concept of cells is a "biological container" where 
important molecules float and interact with one another more or 
less randomly. However, a close view of this "bag" reveals an as­

tonishing net of fibrous proteins crossing throughout the cytoplasm: the 
cytoskeleton. This structure is composed of three different elements: actin 
microfilaments, tubulin microtubules, and a third class denoted, due to 
their size, intermediate filaments (IF). This last network is built by different 
proteins in different cells types, forming the largest family of cytoskeletal 
proteins. They are divided into six categories and, except for type V, the 
lamins, they all form a cytoplasmic web. Types I and II include the epithelial 
keratins and comprise more than 20 different polypeptides. Type fflf includes 
vimentin (expressed in cells of mesenchymal origin), desmin (characteristic of 
muscle cells), GFAP (in glial cells) and peripherin (in the peripheral nervous 
system). Type IV IF proteins are found in neurones and include the 
neurofilament proteins (NF-L, NF-M and NF-H) and a-internexin. Type 
VI may include, depending on different group criteria, nestin, synemin, 
paranemin and tanabin. The function of these proteins has long been associ­
ated with a structural role. However, this common function does not explain 
their tissue- and differentiation-specific expression patterns. Evidence is now 
emerging that IF act as an important framework for the modulation and 
control of essential cell processes. 

In this book, research groups summarize their findings in the IF field 
in particular focusing on the possible functional roles of IF proteins in cells 
and their relevance in pathological situations. Paulin's and Pekny's groups 
summarize these aspects in desmin and GFAP, respectively. In other words, 
how the functions of muscle cells and astrocytes are dependent on IF. The 
neurofilaments are covered in two chapters by Pant's and Liem's groups. 
They focus on mutation and phosphorylation of these proteins and their 
relationship with neurodegenerative disorders in mouse models and humans. 

Keratins, the largest subfamily of IF proteins, are expressed in epithelial 
cells. Remarkably, the expression of different keratins is strictly regulated in 
tissue- and differentiation-specific patterns. In this case, data obtained in 
transgenic mice and genetic analyses of human hereditary syndromes in the 
early nineties clearly demonstrated that keratins provide cells with mechani­
cal resilience against physical stress. This is reviewed in Lane s chapter. How­
ever, there are many intriguing questions to be solved with respect to these 
proteins. The diversity of keratins is highlighted in the chapter by M. Navarro. 
He concentrates on the keratin K6 minifamily, in which minimal differences 
can be observed, discussing the hints about their possible different biological 
functions. The transcriptional mechanisms regulating keratin expression, 
which ultimately gives rise to their characteristic expression pattern, are 
reviewed in M. Blumenberg's chapter. 



As commented above, the function of keratins as essential mediators 
of structural integrity was proposed as a result of the discovery of point 
mutations in human keratin genes in patients suffering from different epi­
thelial disorders. However, this is only the overall function of the stratified 
epithelia keratins. Aspects relative to the functions of simple epithelia keratins 
are covered by two chapters. Zatloukal et al summarize the role of these 
keratins in chronic liver diseases. Casanova et al review the functionality of 
keratins K8 and K18 as putative modulators of signaling and apoptosis and 
their relationship with tumor development and progression. Finally, in the 
chapter by Santos et al we summarize our findings which suggest that kera­
tin KIO is a mediator of keratinocyte homeostasis. 

Overall this book reviews most recent developments in this growing 
and exciting field and will help those interested in the study of these inter­
esting proteins. 

Jesus M. Paramioy Ph.D. 



CHAPTER 1 

Desmin and Other Intermediate Filaments 
in Normal and Diseased Muscle 
Denise Paulin* and Zhigang Xue 

Abstract 

The intermediate filament proteins (desmin, vimentin, nestin, synemins and paranemin) 
synthesized by muscle cells depends on the type of muscle and its stage of development. 
Desmin is present in all muscles at all stages of development. The others appear 

transiently or in only certain muscles. The muscles of mice lacking desmin and those of 
human having a mutated desmin gene that encodes a nonfunctional desmin are abnormal. 
The severity of the human disease depends on the location of the mutation; it may cause 
skeletal myopathies, cardiomyopathies or altered vascular elasticity. This report summarizes 
the function of the desmin gene in the skeletal and smooth muscles, the gene regulation and 
desmin-related myopathies. 

Desmin in Mature Skeletal and Heart Muscle Cells 
The cytoskeleton of muscle cells includes proteins whose primary function is to link and 

anchor structural cell components, especially the myofibrils, the mitochondria, the sarcotubular 
system and the nuclei.^ The cytoskeleton has three major filamentous components, interme­
diate filaments (IFs); microfilaments (actin); and microtubules. The IFs are so named be­
cause their diameter (8-10 nm) is intermediate between those of the thick (myosin, 15 nm) 
and thin (actin, 6 nm) filaments. The cytoskeleton may also be subdivided into the 
extra-sarcomeric, the intra-sarcomeric and the subsarcolemmal cytoskeleton; the IFs form 
the extra-sarcomeric cytoskeleton. 

Desmin is the main IF protein in mature skeletal and heart muscles. It is encoded by a fully 
characterized single copy gene, which has been mapped to band q35 to the long arm of hu­
man chromosome 2 and to band C3 of the mouse to chromosome 1. Desmin is one of the 
first muscle-specific proteins to be detected in the mammalian embryo, appearing before titin, 
skeletal muscle actin, myosin heavy chains and nebulin. It can be detected at 8.5 d.p.c. in the 
developing mouse embryo, in the ectoderm where it is transiendy coexpressed with keratin and 
vimentin. The protein is also found in the heart rudiment on 8.5 d.p.c, and its concentration 
increases over time, continuing in the myocardial cells during later cardiogenesis. From 9 
d.p.c. onwards, desmin can be detected in the myotomes. 

The concentration of desmin in skeletal and cardiac muscles remains high throughout em-
bryogenesis and early posmatal life. There is much more desmin in heart muscle cells (2% of total 
protein) than in skeletal muscle cells (0.35%) of mammal. It forms a three-dimensional scaffold 
around the myofibrillar Z-disc and interconnects the entire contractile apparatus with the 
subsarcolemmal cytoskeleton, the nuclei and other cytoplasmic organelles (Fig. 1). Desmin also 

*Corresponding Author: Denise Paulin—Biologie Moleculaire de la Differenciation, 
Paris Cedex, France. Email: paulin@ccr.jussieu.fr 

Intermediate Filaments, edited by Jesus Paramio. ©2006 Landes Bioscience 
and Springer Science+Business Media. 



Intermediate Filaments 

MvofibriUes 

Figure 1. Localization of desmin intermediate filaments around the Z-discs in striated muscle. Seaion was 
stained with anti-desmin antibody and visualised by immunofluorescence. 

forms longitudinal connections between the peripheries of successive Z-disc and along the plasma 
membrane in chicken and rabbit muscles. '̂̂  Desmin is concentrated at the myotendinous junc­
tions and at neuromuscular junctions, in skeletal muscles ' and hes deep within the junctional 
folds in frog myotendinous junctions, but not immediately subjacent to the junctional mem­
brane. ̂ ^ However, desmin is partictdarly concentrated among and aroimd the ends of the folds in 
rat neuromuscular junctions. ^ This location is in agreement with the observations of intermedi­
ate size filaments between the subneural nuclei and in the postsynaptic folds of freeze-etched frog, 
rat and snake neuromuscular junctions. Desmin is particularly plentiful in the Purkinje fibres of 
the heart; the cytoplasm of bovine Purkinje fibres contains 50-75% IFs. Normal cardiomyocytes 
are also rich in desmin, where it forms a double band structure at intercalated discs, the cell-to-cell 
contact into which both the longimdinal and transverse IFs are inserted.^ '̂ ^ Similarly, desmin 
seems to be especially abundant at regular intervals along the sarcolemma of both heart and 
skeletal muscle cells. The membrane proteins vinculin and spearin are also abundant at the 
intercalated discs of the Purkinje fibres, in the normal myocardium, and at intervals along the 
sarcolemma.^ These two proteins are concentrated in distinct domains at the sarcolemma of 
skeletal muscles. ̂ '̂  This location is thought to correspond to the costameres. Thus vinculin and 
spectrin may act as a link between intracellular structures and the extra cellular matrix. Just how 
the desmin filaments are anchored to the sarcolemma is not yet known. However, in vitro experi­
ments have shown interactions between desmin and the membrane protein ankyrin.^^ 

Desmin and Other IF Proteins in Different Muscles 
The profiles of IF proteins in the cells of skeletal, cardiac and smooth muscles vary with the 

development stage (Table 1). The vimentin gene encodes a 54-kDa cytoskeletal protein. This 
protein assembles into filaments to form a cytoskeletal network which is attached to the nucleus 



Desmin and Other Intermediate Filaments in Normal an d Disease 'd Muscle 3 

Table 1. The intermediate filament proteins 

Intermediate 
IF Class Filament Protein Main Tissues MW 

Chromosome 
Location 

Type III 

Type IV 

Type VI 

Desmin 
Vimentin 
Syncoilin 

Nestin* 

Synemin** 

Skeletal, heart, smooth 
Cells of mesenchymal origin 
Skeletal and heart muscles 

Neuroepithelial stem cells, 

muscle cells 
Skeletal, heart and smooth 

muscles 

52 
54 
53.6 

180-150-41 

2q35(H), 1C3(M) 
10p13(H), 2A2(M) 
1p34.3-p33(H), 
4D2.2(M), 5q36(R) 

15q26.3(H), 
7B5(M) 

* also in the lens and CNS. ** also in the lens, CNS, PNS and hematopoietic cells. Chromosome 
location: H, human; M, mouse; R, rat. 

and radiates through the cytoplasm to the plasma membrane. Vimentin is a characteristic IF 
protein of mesenchymal cells, some of which are the precursors of muscle. ' ' These cells 
produce desmin when they become committed to a muscle lineage. The 54 kDa protein is the 
constitutive subunit of the intermediate filaments. It becomes incorporated into the existing 
vimentin filaments during early myogenesis and forms longitudinal strands. These strands are 
transformed into transversely organized filaments as the myotubes mature; the filaments lie 
between the myofibrils at the level of the Z-discs.^^'^^ The synthesis of vimentin ceases later in 
myofibril maturation, and it is not present in normal mature skeletal muscle fibers.'^^'^^''^ 

The IF protein nestin was originally identified in neuroepithelial cells, but is also present in 
developing skeletal and heart muscles, where it is transiently found with desmin and 
vimentin. '̂  Nestin is present in the adult human heart, but its location has not yet been 
investigated in detail. 

Synemin is a large IF protein (150-230 kDa) that is found with desmin and vimentin in 
muscles and in a few nonmuscle cells. It was originally identified in avian erythrocytes. Synemin 
was found in porcine muscle, chicken gizzard, chicken and human lens cells. ' It was also 
observed in a subpopulation of rat astrocytes expressing glial fibrillary acidic protein (GFAP), 
vimentin and nestin and in some neuroglia together with GFAP, vimentin and keratins.^^ The 
wide range of species in which it is found suggests that synemin, like nestin, has evolved more 
rapidly than other IF subunits. This rapid evolution may reflect adaptation. We recently stud­
ied the expression of the human synemin gene and identified two major mRNAs coding for 
the two IF isoforms (180 and 150 kDa) that are found in the human skeletal and smooth 
muscles. The M isoform (also called desmuslin by ref. 35) lacks the 312 aminoacids encoded 
by intron IV. 

We analyzed the spatial and temporal expression of synemin gene during mouse develop­
ment to obtain a clearer picture of how the synthesis of the synemin isoforms is regulated. All, 
three isoforms of mouse synemin were isolated. We focused on the formation of the synemin 
IF network in tissues from mice lacking desmin and vimentin because synemin appears to be 
unable to assemble alone; it requires other IF partners to form filaments. Our experiment 
showed that synemin does not form filaments in the skeletal or cardiac muscles in the absence 
of desmin. The situation in smooth muscles where vimentin and desmin are present in the 
same cell is more complex. The absence of desmin from bladder or blood vessels does not 
influence the distribution of synemin, whereas the absence of vimentin disrupts synemin orga­
nization. This could reflect differences in the network-forming abilities of desmin and vimentin 
in smooth muscle and in their relationship with their partners.^ 
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Table 2. The intermediate filament protein functions 

Desmin In skeletal muscle between the peripheries of successive Z-discs 
and along the plasma membrane 

Myotendinous junction 
Neuromuscular junction 

Syncoilin Neuromuscular junction 
Sarcolemma 
Z-discs 

Nestin Neuromuscular junct ion: 
Between the post-junctional folds and the subneural nuclei 
Between the nucleus and the myofibril lar cytoskeleton 

Myotendinous junct ion: 
Between myofibrils at the Z-disc level 
Longitudinal strands close to and at the junction 

Synemin Wi th desmin in Z-disc associated striations and at the sarcolemma 
Also at the myotendinous junction and in the post-synaptic area 

at the motor end plate 

Functions of Desmin in Striated Muscles (Table 2) 
A null mutation was introduced into the mouse desmin gene by homologous recombination. 

The resulting desmin knockout mice {Dcs-I-) develop normally and are fertile. However, defects 
develop in the skeletal, smooth and cardiac muscles of the newborn mice.̂ '̂ '̂ ^ We have carried 
out a detailed analysis of somitogenesis, muscle formation, maturation, degeneration, and regen­
eration in Des-/- mice. The results demonstrate that the muscle differentiation and cell fusion at 
all the early stages occur normally. However, modifications begin to develop after birth, essen­
tially in the weight-bearing muscles, such as the soleus, and in continually used muscles like the 
diaphragm and the heart. The mice lacking desmin are weaker and fatigue more easily than 
their normal littermates. The absence of desmin renders these fibers more susceptible to damage 
during contraction. The myofibers degenerate, and this is followed by macrophage infiltration, 
and then by regeneration. These cycles of degeneration and regeneration result in an increase in 
the relative proportion of slow myosin heavy chain (MHC) and a decrease in fast MHC. This 
second wave of myofibrillogenesis during regeneration was often aberrant and showed signs of 
disorganization. Mitochondria also accumulated below the sarcolemma in these muscles. The 
lack of desmin was not offset by an increase in vimentin in these mice, during either develop­
ment or regeneration. The absence of desmin filaments from the sarcomeres did not interfere 
with primary muscle formation or regeneration. However, myofibrillogenesis in regenerating 
fibers was often abortive, indicating that desmin is implicated in this repair process. Thus, desmin 
is essential for maintaining the structural integrity of highly solicited skeletal muscle, but not for 
myogenic commitment, differentiation, or the fusion of skeletal muscle. 

The hearts of mice lacking desmin are myopathic, with impaired active force generation, 
although the wall compliance was not altered. Diastolic pressure was increased at all filling 
volumes. Since passive wall stress was unchanged, the alteration in distolic pressure was due to 
the thicker ventricle wall. Hence, desmin filaments may have a role in the generation of active 
force by cardiac muscle, possibly by supporting sarcomere alignment or force transmission. ^ 

The mitochondria in the hearts of mice lacking desmin are abnormally shaped and distrib­
uted. The conventional kinesin, the microtubide-associated plus end-directed motor was not 
associated with the mitochondria in desmin null hearts, suggesting that the positioning of 
mitochondria is dynamic, involving the desmin filaments, the motor kinesin and the microtu­
bule network. The hearts of mice lacking desmin also have above-normal creatine kinase activ­
ity, below-normal cytochrome c and redistributed Bcl2. 
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Function of Desmin in Smooth Muscles 
The intermediate filament system is a major constituent of the smooth muscle cytoskel-

eton. The intermediate filaments in smooth muscle are composed mainly of desmin, vimentin, 
and synemin, but other intermediate filament proteins, like the cytokeratins, have also been 
found. Smooth muscles can contain both vimentin and desmin simultaneously. ^ Neverthe­
less, as there appears to be no difference in their functions, it is not clear why certain smooth 
muscles contain mainly desmin intermediate filaments, while others have mainly vimentin. A 
lack of desmin leads to a decrease in tension development in the urinary bladder and vas defer­
ens and a loss of shortening velocity. 

The intermediate filaments of smooth muscle are associated with dense plaques in the mem­
brane, and dense bodies in the cytoplasm, which are considered to be the smooth muscle 
equivalents of the Z-discs. 

The desmin intermediate filaments bind to dense bodies in smooth muscle, and might help 
anchor the contractile units. The visceral smooth muscles of desmin-deficient mice develop 
significandy less active force, suggesting that the desmin intermediate filaments help transmit 
active force. 

Desmin and the Passive and Active Tension of Blood Vessels 
Desmin is involved in smooth muscle dilation and contraction in resistance arteries, but 

not in large arteries. Larger arteries contain few desmin-positive cells, whereas muscle ar­
teries and veins have many desmin-positive cells. This gradient in the vimentin/desmin ratio 
in the vascular tree also occurs in human vascular tissues. Vimentin is typically found in 
mesenchymal nonmuscle cells; it is also the major intermediate filament protein in large 
arteries. The desmin /vimentin ratio varies with the size of arteries; large arteries have rela­
tively large amounts of vimentin and small amounts of desmin, while the opposite is true in 
smaller arteries. '̂ ^ 

Arteries with a diameter of 100-300 pim play a key role in determining the resistance to 
blood flow ^ and their physiological function is probably influenced by their passive and active 
mechanical properties. If the desmin/vimentin concentration gradient that occurs in larger 
arterial vessels also extends to resistance arteries, it is likely that they contain many desmin 
intermediate filaments and they may be most important in the smaller arteries. 

The main features of the large arteries of Des-/- mice are disorganization of SMC, cell 
hypoplasia and a loss of adhesion, mainly in the thoracic aorta, which is particularly exposed to 
mechanical stress and affected by fatigue. The carotid arteries of these mice are more viscous 
and less distensible than those of Des+/+. 

Mice lacking desmin suffer from microvascular dysfunction. The resulting smooth muscle 
hyporeactivity shows a link between the absence of desmin and exagerated structural adapta­
tion (remodeling) in response to changes in blood flow. This might be due unbalanced 
flow-dependent remodeling or to the higher blood flow needed by tissues supplied by resis­
tance arteries. The microvascular defects that occur in the absence of desmin may be impor­
tant cause of the functional damage ocurring in desmin-related myopathies in humans. 

Gene Regulation 
The expression of the muscle-specific intermediate filament desmin gene in skeletal muscle 

is controlled in part by a muscle-specific enhancer. This activity can be divided into 
myoblast-specific and myotube-specific activation domains. The myotube-specific region con­
tains MyoD and MEF2 sites, whereas the myoblast-specific region contains Spl, Krox and Mb 
sites. A novel site located between the MyoD and MEF2 sites (named Mt) is required for fiill 
transcription activity (Fig. 2). 

A new type of combined CArG/octamer plays a prominent role in the regulation of the 
desmin gene in arterial smooth muscle cells. This element can bind to the serum response 
factor (SRF) and an Oct-like factor.̂ ^ 
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Figure 2. Illustration of specific enhancer domains of skeleton muscle in the upstream of desmin gene. The 
myotube-specific enhancer domain contains MEF2 and heterodimere type factors (MyoD or Myf5; El2 
or E47). The factor Mt is required for full transcription activity. The myoblast-specific enhancer domain 
binds SPl, Krox type factors and an unknown Mb factor. 

The IF protein vimentin is replaced by desmin when myogenesis occurs in vitro; it is the 
result of a switch in gene transcription. The vimentin promoter is recognized and activated by 
a protein that is probably identical to HTAF-1. This factor is present in proliferating myo­
blasts, but disappears when these cells fuse to form multinucleated myotubes. HTAF-1 is a 
differentiation stage-specific factor that turns off the expression of the vimentin gene during 

myogenesis, 
25 

Desmin-Related Myopathies (DRM) 
Desmin-related myopathies (DRM) are caused by defects in the formation of the desmin 

filament network; they include clinically diverse sporadic and familial muscle diseases involv­
ing the degeneration of skeletal and cardiac fibers (Fig. 3). The DRMs have a wide genetic 
spectrum, with mutations that have been mapped to various parts of the human desmin gene. 
A total of 21 mutations or deletions in the desmin gene have been reported to date, including 
16 misense mutations, three small in-frame deletion of 1-7 amino acids and the insertion of a 
single nucleotide resulting in translation termination, one mutation in splice donor or acceptor 
sites flanking exon 3 resulting in deletion of 32 amino acids. A missense mutation in the 
alpha-B crystallin gene, which encodes the chaperone protein, disrupts the organization of 
desmin filaments causing them to aggregate and give rise to clinical symptoms similar to those 
of DRMs, including distal myopathy and cardiomyopathy^^'^ (Fig. 4). Two other IF proteins, 
synemin and syncoilin, may also be involved in DRM, although no mutation has yet been 
found in the genes encoding these two proteins. It has been suggested that synemin is a compo­
nent of heteropolymeric IF and may be important for cytoskeletal cross-linking. The muscles 
contain synemin and paranemin, together with plectin, in the same location as desmin in the 
striations associated with the Z-disc and at the sarcolemma, where they display topological and 
structural relationships. Furthermore, the desmin cytoskeleton is disorganized in plectin-related 
muscular dystrophy. 

In conclusion, the expression of IF genes during development and differentiation, the char­
acterization of IF protein network and the knock-out mice can help us to reveal the fundamen­
tal role of desmin filaments in cell architecture, myofibrillar organization and physiological 
function in muscle. 
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Figure 3. The normal filament polymerization and the desminopathy aggregate formation in striated 
muscle cells. 
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CHAPTER 2 

Intemiedlate FUaments in Astrocytes 
in Health and Disease 
Milos Pekny* and Ulrika Wilhelmsson 

Abstract 

Astroglial cells (Fig. 1) are the most abundant cells in the mammalian central nervous 
system (CNS), and we only now start to fully realize their importance both in health and 
disease. Upregulation of intermediate filaments (IFs) has been a well-known hallmark 

of astrocytes activated by a disease process. This chapter focuses on the function of IF proteins 
and IFs in astroglial cells both in health and in pathological situations, such as severe mechanical or 
osmotic stress, hypoxia, brain and spinal cord injury as well as in CNS regeneration. 

IFs in Astroglial Cells during Development 
The first astroglial cells to appear during development of the CNS are the radial glia, prolifer­

ating precursor cells giving birth to neurons and glial cells. The radial processes of these cells span 
the entire thickness of the neural tube and function as migratory paths for the immature neurons 
(reviewed in ref 1). In lower vertebrates the radial glia persist into adulthood, while in mammals 
most of them are transformed into astrocytes after the morphogenesis process is accomplished 
around birth.^' In some places though the radial glia persist into adulthood; in the cerebellum as 
Bergmann glia and in the retina as Miiller cells (Fig. 2). In the early development, the IFs in the 
radial glia are composed of nestin'̂  and vimentin. ' In primates, the IF network in radial glia also 
contain glial fibrillary acidic protein (GFAP) primary localized in the cellular main processes. ̂ ^ 

Around birth, the radial glia of the mammalian CNS transform into astrocytes and the 
expression of vimentin decreases while the expression of GFAP gradually increases. In mice, 
the amoimt of GFAP mRNA in the brain increases postnatally and reaches the peak at postnatal 
day 15 (PI5) when cell proliferation declines.^^'^^ The IF protein synemin has recendy been 
reported to be transiendy expressed in some immature astrocytes. The levels of nestin do not 
seem to be altered until the transition from radial glia into adult astrocytes is completed and 
then it is down-regulated.^^ The IF network of mature astrocytes is thereby composed of GFAP 
as the major IF protein and vimentin ranging from very low to intermediate levels depending 
on the subpopulation of astrocytes. '̂ '̂  

Mature astrocytes have fine processes extending from the main cellular processes and they 
give the cell a characteristic bushy appearance (Fig. la). The IF network however, is restricted 
to the main processes and the soma of astrocytes ' (Fig. 3). 

The most recent reports show that GFAP-positive astroglial cells might be involved in the 
baseline nem-ogenesis in the adult mammalian CNS. Gage and coworkers su^ested that astro­
cytes positively control neurogenesis in the two regions of the adult CNS in which new neurons 
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Figure 1. Astrocytes in the adult mammalian CNS. a) astroq^es in the hippocampus filled with two different 
dyes (Alexa 568 and Lucifer yellow). The CNS is divided into domains and each of them is accessed by fine 
cellular processes of one individual astrocyte (firom ref. 175, the courtesy ofWilhelmsson, Bushong, Ellisman 
and Pekny). b) astrocytes in the cortex visualized by antibodies against GFAP. 

are generated even in the adult, i.e., in the dentate gyrus of the hippocampus and in the 
subventricular zone. Most interestingly, it was proposed that the majority of neural stem cells in 
the adult CNS are at some point GFAP positive, i.e., could be defined as astroglial cells."^ '̂ 
Thus, perhaps rather unexpectedly, astroglial cells might be both an important cell type control­
ling adult neurogenesis as well as the precursors to all neiu"ons that are added in the adtdt life. 

GFAP and Its Regulation 
GFAP was identified in 1971 as a protein found in the C N S of patients suffering from mul­

tiple sclerosis and during the last 30 years it has been used as the primary marker of mature 
astrocytes m die CNS.^^ The human GFAP gene is located on chromosome 17,^'^ while the 
mouse gene lies on chromosome 11.^^ The GFAP gene is highly conserved among species. ' 
The transcription of GFAP is controlled through several different regulatory elements, which 
have been described in both humans and rodents. About 2 kb of both the human and rodent 
G/vlP promoter were shown to be sufficient to direct the expression of reporter genes to astro­
cytes, and constructs containing variable length of the GFAP promoter have been used to 
direct gene expression to astroglial cells as well as to GFAP-positive cells outside the C N S (for 
review see ref. 40). Several groups have mapped regulatory elements to a distal and a proximal 
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Figure 2. Radial glia in the adult mammalian retina. During development of the CNS, radial glia guide 
neurons into their final destinations. Later on, most radial glia differentiate into various astroglial cell types, 
however in the retina and cerebellum, they persist into adulthood as Miiller cells and Bergmann glia, 
respectively. Parallel arrays of Miiller cells and a network of astrocytes, both visualized by antibodies against 
GFAP (white and gray), vessels visualized by isolectin (black). The picture is used with the courtesy of 
Lundkvist and Pekny. 

region within this sequence. ' ' One important site is the consensus AP-1 sequence, a binding 
site for the Fos and Jun families of transcription factors.^^' '̂ ^ Several methylation sites in the 
GFAP gene were suggested to control cell differentiation. In general, the GFAP gene is methy­
lated less in neural than in nonneural tissues, and it was proposed that GFAP promoter 
region at a position -1176 is demethylated during rodent development in cells of neuroectoder­
mal origin in the CNS and later remethylated in the mature cells. ' The demethylation and 
remethylation of a binding element for transcription factors, such as STAT3 might induce differ­
entiation towards a glial lineage. ^ Recendy, Song and Ghosh revealed another regulatory mecha­
nism of GFAP expression. They reported that FGF-2 can facilitate the access for transcription 

Figure 3. Three-dimensional reconstruction of reactive astrocytes after dye filling (centre and right) shows 
the typical bushy appearance of astrocytes with fine cellular processes which cannot be visualized by 
antibodies against GFAP (left and centre). Scale bar, 20 ^m. Reproduced from reference 120, ©2004 with 
permission fi-om the Society for Neuroscience. 
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factor STAT to the promoter binding site by inducing chromatin remodelling at the GFAP 
promoter through altered methylation of histone H3. 

Vttnentin and Nestin and Their Regulation 
Apart from astroglial cells, vimentin is found mainly in cells of mesenchymal origin. ̂ ^ Nestin 

is widely expressed during development in the nervous system and in the developing muscle^ ̂ ' 
as well as in the adult CNS (e.g., in neural stem cells, reactive astrocytes and endothelial 
cells ' ' ). Several regulatory elements in the vimentin promoter region have been described, 
but their involvement in astrocytic expression of vimentin remains incompletely understood. 
Similar to the GFAP gene, the vimentin promoter region contains the AP-1 sequence that 
activates vimentin expression through the Jun and Fos pathways. ' ^ Silencer elements with 
binding sites for regulatory factors Spl and ZBP-89 ' as well as an NF kappa B binding 
site have been identified. 

The second intron of the nestin gene contains enhancer elements important for nestin 
expression in the embryonic CNS. In the adult CNS, a 636 bp region of the second intron 
in the rat nestin gene is sufficient for nestin expression in the neurogenic zones, but not for a 
complete response in nestin expression in reactive astrocytes upon injury. 

Formation of IFs in Astroglial Cells 
GFAP monomers rapidly assemble into di-, tetra-, or larger subunits of polymers that can 

be incorporated into the IF network. The dynamic feature of the IF network depends both 
upon the equilibrium between filaments and unassembled subunits and the regulation of fila­
ment assembly/disassembly by phosphorylation of the head domain of the IF proteins. The IFs 
were first considered to be rather static structures primarily responsible for maintaining the cell 
shape.'̂ '̂'̂ ^ However, later findings both in vitro '̂ ^ and in vivo revealed that the IFs are 
more dynamic structures and are in a dynamic equilibrium with the pool of soluble subunits 
(reviewed in ref. 80). Vikstrom and coworkers assessed the turnover of vimentin subunits in IF 
fibers in vitro by using the FRAP technique. Rhodamine-labeled vimentin was injected into 
fibroblasts and was readily incorporated into the endogenous IF network. After bleaching the 
fluorescent IF fibers with a laser beam, fluorescence returned to the IF fibers throughout their 
length within a few minutes, proving the existence of a pool of subunits and unpolymerized IF 
proteins that are in a dynamic equilibrium with the IF network.'^ More recent reports have 
shown that nonfilamentous IF protein can be rapidly transported along the microtubule 
tracks, ' implying a complex crosstalk between different cytoskeletal systems. 

Phosphorylation of several serine and threonine residues, predominandy on the N-terminal 
head domain of the GFAP molecule, is important for the rearrangements of the IF network in 
situations such as cell motility. ' Various kinases, such as cdc2 kinase, protein kinase A, 
protein kinase C, Ca ^/calmodulin-dependent protein kinase II and Rho kinase, all phosphorylate 
GFAP and thereby both increase the disassembly of IFs and inhibit the filament assembly.̂ '̂̂ ^ 
These events increase the pool of free, phosphorylated monomers that can readily be 
reassembled after dephosphorylation by phosphatases. Even though this implicates the 
phosphorylation as a general mechanism to regulate the equilibrium and turnover rate of 
different pools of IFs, the distinct phosphorylation sites and kinases may allow more specific 
actions, as for example Rho kinase phosphorylating GFAP in cytokinesis. Different 
subpopulations of astrocytes in vivo seem to contain different levels of phosphorylated GFAP, 
suggesting a role for phosphorylation in the nondividing astroglial cells.^ 

IFs in vivo are often, if not always, heteropolymeric. For determining the partnership in the 
formation of IF heteropolymers in astrocytes, transgenic mice deficient for individual IF 
proteins were instrumental. In nonreactive astrocytes, GFAP and vimentin form IFs while in 
reactive astrocytes, nestin can be found as the additional partner in the IF network (Table 1). 
The studies of astrocytes lacking GFAP and/or vimentin have revealed that GFAP can form IFs 
on its own in vimentin deficient (F/>w ) astrocytes, but such filaments form more compact 
bundles than in wild-type astrocytes (Fig. 4, Table 2), suggesting that at least a low level of 
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Table 1. Composition of IPs in nonreactive and reactive astrocytes of wild-type mice 
and mice deficient in GFAP and/or vimentin 

Composition of IFs Reactive Astrocytes: 

Genotype 

Wild-type 
GFAF^-

Virrr^-

CFAF^Vim^-

Nonreactive Astrocytes 

GFAP, vimentin 
No IFs 
(nonfilamentous vimentin) 
GFAP 

No IFs 

Reactive Astrocytes 

GFAP, vimentin, nestin 
Vimentin, nestin 

GFAP 
(nonfilamentous nestin) 
No IFs 
(nonfilamentous nestin) 

IF Amount/Bundlii 

Normal/normal 
Decreased/normal 

Decreased/tight 

-

Figure 4. Compared to wild-type astroq^es (a,c), in V/w~̂ ~ astrocytes (b,d), IFs are composed of GFAP and 
form more densely packed bundles with the distance between the adjacent IFs being reduced. These electron 
micrographs show cytoplasmic details from astrocytes in the dorsal funiculus of the cervical spinal cord of 
healthy adult mice. The IF bundles were sectioned transversally (a,b) and longitudinally (c,d). Mi, mito­
chondrion. Reproduced, with permission, from reference 96. 
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Table 2. Quantitative comparison of the density oflFs within IF bundles in wild-type 
and Vinr^~ astrocytes in the intact CNS 

Mice Mean ± SEM Significance 

Number of IFs/0.1 ^m^(cross-section) 

Distance within a bundle between IFs (nnn) 

Wild-type 
Vim-^-

Wi Id-type 
Vim^-

215± 8 
334 ± 7 

11.8± 0.5 
4.9 ± 0.3 

p < 0.0001 

p < 0.0001 

vimentin is needed for normal IF formation in die astrocytes.^^'^^ Studies in mice deficient in 
GFAP (GFAP-^-) showed that vimentin does not seem to form IF on its own, or it does so only 
with a very low efficiency^^'^^^ (Fig. 5). In contrast, the reactive GFAP~^~ astrocytes contain IFs 
since vimentin can polymerize with nestin, which is expressed in reactive astrocytes.^ GFAP 
does not polymerize with nestin in reactive VinT ~ astrocytes and consequendy, the IFs seem to 
contain only GFAP and they exhibit the characteristic tight bundling similar to Vim ~ nonreactive 
astrocytes. In reactive astrocytes lacking both GFAP and vimentin (GFAP-'~Vim-'-) no IFs are 
formed, and the nestin protein which is produced, stays in a nonfilamentous form^ (Fig. 6 and 
Table 1). Nestin was proposed to facilitate phosphorylation-dependent disassembly of vimentin 
IFs during mitosis and was suggested to play a role in the distribution of IF protein to daughter 
cells. ̂ ^̂  The IF protein synemin was detected in some astroglial cell popidations that express 

Figure 5. While wild-type astrocytes in the intact CNS contain abundant IFs (asterisk, a), G'E4P^~astrocytes 
are devoid of IFs (b). These electron micrographs show cytoplasmic details from astrocytes in the dorsal 
funiculus of the cervical spinal cord of healthy adult mice. A, astrocytic process; M, mitochondrion; My, 
myelinated nerve fiber. Reproduced, with permission, from reference 99. 
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Figure 6. Reactive astroq^es in a primary culture prepared from wild-type (WT), GFAF^~ (G), Vim'^~ (V) 
and GFAP~^~Vim'^~ (GV) mice. Nestin antibodies visualize bundles of IFs in wild-type and GFAP~'~ astro­
cytes but fail to do so in YinT" or G/*i4/^~V/w astrocytes indicating that nestin can neither copolymerize 
nor coassemble with GFAP. This was also confirmed on a biochemical level. Vim ~ reactive astrocytes 
contain IF bundles that can be visualized by antibodies against GFAP, albeit with a reduced distance between 
individual IFs (see Fig. 4 and Table 2). Bar, 10 ^m. Reproduced, with permission, from reference 96. 

both < 
necessary 1 

GFAP and vimentin, suggesting that in astroglial cells, GFAP and vimentin may be 
sary for synemin polymerization. 

Astrocyte IFs, CNS Trauma and Regeneration 
Astrocytes are implicated to be actively involved in many CNS pathologies, such as trauma, 

ischemia, or neurodegenerative diseases. In response to essentially any C N S pathology, 
astrocytes undergo a characteristic change in appearance—the hypertrophy of their cellular 
processes, a phenomenon known as reactive gliosis with characteristic upregulation of IFs (Fig. 
7) as well as altered expression profiles of many proteins. ' Thus, genetic depletion of 
astrocyte IF proteins appeared to be a way to learn more about the physiological and pathological 
function of astrocytes. Recent data suggest that IFs in astrocytes are structures of major 
importance in various pathological situations. 

Experiments with unchallenged mice deficient for GFAP and/or vimentin did not show 
major CNS pheno suggested that astrocytes influence neuronal physiology 
in the hippocampus '̂̂ ^^ and in the cerebellum. ̂ ^̂ ' The absence of IF proteins in astroglial 
cells seems to alter commimication between Bergmann glia and Purkinje cells, and it results in 
impaired eyeblink conditioning and long-term depression in the cerebellum of GFAP~^~ mice^^^ 
and impaired motor coordination in Vim mice. It is important to note that one of the four 
groups that independendy generated GFAP~ mice reported white matter pathologies and 
dysmyelination in their unchallenged GFAP" mice,^^ while the other three groups did not 
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Figure 7. Processes of reactive astrocytes undergo hypertrophy and extend towards the mechanical, ischemic, 
electric or other type of injury or towards a region affeaed by neurodegeneration. Here astrocyte processes 
(gray) were visualized with antibodies against GFAP in a mouse model of electrically induced injury. Note 
the characteristic boarder between the terminal segments of astrocytic processes and activated microglia 
(white) visualized by isolectin staining. Reproduced, with permission, from reference 176. 

see such changes in their respective mice. ' This discrepancy has not been 
resolved. Interestingly, the same group reported increased susceptibility of GFAP~^~ mice to 
experimental autoimmune encephalomyelitis, a model of multiple sclerosis. 

Several trauma models were applied to mice deficient in GFAP and/or vimentin to assess 
the role of IF upregulation in reactive astrocytes in C N S injury. In one study, we used fine 
needle injury of the brain cortex and transection of the dorsal funicidus in the upper thoracic 
spinal cord. The responses of wild-type, GFAP~^~ and in Vim mice were indistinguishable. In 
GFAF^-Vim-^- mice, however, the posttraumatic glial scarring was considerably looser and less 
organized, suggesting that upregulation of IFs is an important step in astrocyte activation and 
that reactive astrocytes play a role in post-traumatic healing (Fig. 8). Similarly, extended 
healing period following C N S injury was reported in mice in which dividing astrocytes had 
been ablated by GFAP-driven expression of herpes simplex virus thymidine kinase and 
administration of ganciclovir. ̂ ^^'^^^ 

Hemisection of the spinal cord at T12, reponed in another study, was associated with in­
creased axonal sprouting and better fimctional recovery in GFAP^-Vim^- mice than wild-type 
controls. ̂  ̂  Somewhat conflicting data came out of the work addressing the role of astrocyte IFs 
in neurite outgrowth in vitro.^^' '̂ ^^ One group reported that GFAF^'Vim^' and GFAP~^~ 
astrocytes were a better substrate for the outgrowth of neurites in vitro than wild-type astro­
cytes. ' The other group fou-nd comparable neurite outgrowth when neurons were cultured 
on wild-type and GFAP^- astrocytes. The latter finding is compatible with the normal axonal 
sprouting and regeneration assessed after dorsal hemisection of the spinal cord in GFAP~^~ mice. ̂  ̂ ^ 
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Figure 8. Wound healing after transection of the dorsal ftiniculus in the upper thoracic spinal cord takes 
longer in GFAP~'~Vim~'~ than wild-type mice, and the resulting glial scarring is reduced. H & E staining. 
Bar, 300 îrn in a-d and 100 îm in e-f. Reproduced from reference 113, ©1999 with permission from 
The Rockefeller University Press. 

In a study conducted in mice with entorhinal cortex lesions, we recently showed that reactive 
astrocytes devoid of IFs (GFAP~^~Vim ) exhibited only limited hypertrophy of cell processes. 
Many processes of GFAP~^~Vim ~ astrocytes were shorter than those of wild-type astrocytes and 
were not straight, although the volume of the CNS tissue reached by a single astrocyte was com­
parable to wild-type mice^^^ (Fig. 9). In GFAP~^~Vim ~ mice, loss of neuronal synapses in the 
projection area of the entorhinal cortex (molecular layer of the dentate gyrus of the hippocampus) 
was prominent 4 days after lesioning (Fig. 10a-b,e), and there was remarkable synaptic regenera­
tion 10 days later (at 14 days after lesions) (Fig. lOc-e). We reported that in contrast to wild-type, 

reactive astrocytes did not upregulate their expression of endothelin B receptors, 
suggesting that the upregulation of this novel marker of reactive astrocytes^'^^'^^ is IF-dependent ̂ ^̂  



Intermediate Filaments in Astrocytes in Health and Disease 19 

WT 

jo 
•55 

>» 

GV 

^ d 

I: 

7 
6^ 

* 

1 2 E 
= O 

nh 

L 
5 <c o 
^ o „ 
X = ^ 
<l> (U O 
CO o in 

S5 E A. 

2 £ S 
~ o <o 
tt) OJ i= 
O Al ^ 

rh 

WT GV WT GV WT GV 

Figure 9. GFAJ^-Yim-'- (GV) reactive astrocytes have fewer long and straight cellular processes than 
wild-type (WT) as shown by the three-dimensional reconstruction of dye-filled reactive astrocytes in the 
dentate gyrus of the hippocampus after entorhinal cortex lesions (a,c,d). Wild-type and IF-free GFAP~^~ 
Vim-'- reactive astrocytes reach comparable volumes of brain tissue (b). ****, p<0.0001; Bar, 20 pim. 
Reproduced from reference 120, ©2004 with permission from the Society for Neuroscience. 

These findings, along with in vitro data on the morphology of IF-depleted astrocytes in 
primary cultures, showed a novel role for IFs in determining astrocyte morphology. Studies 
of IF-deficient astrocytes in vitro also implicated the role of astrocyte IF in cell motility. Lepekhin 
and coworkers assessed the motility of primary cultured astrocytes from GFAP~ ^ Vim , and 
GFAT^ Vim mice and showed that the fast-moving subpopulation was depleted partially 
among GFAF^^- and Vim'^' astrocytes and more severely among GFAP^'-Vim-'- astrocytes 
(Fig. 11). T h e in vivo relevance of these findings and the molecular mechanisms involved 
remain to be established. However, since astrocytes migrate over considerable distances to sites 
of injury,^^ the slower migration of IF-deficient astrocytes could contributed to the more 
discrete development of posttraumatic glial scars seen in GFAF-'-Vim-'- mice. The IFs have 
been implicated in cell motility also in other cells than astrocytes. For example, in vitro studies 
focusing on the motility of V/Vw fibroblasts^ showed reduced resistance to mechanical stress 
and reduced migration of these cells in both the scrape wound assay and in Boyden chambers 
compared to wild-type fibroblasts. ^̂ ^ Interestingly, another study using monolayer wounding 
experiments, showed comparable mobility of polarized wild-type and Vim fibroblasts at the 
edge of the wound. ̂ ^̂  
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Figure 10. The consequences of lesioning of the entorhinal cortex as seen in its projection area in the dentate 
gyrus of the hippocampus in GFAP~''Ytm~'~ (GV) and wild-type (WT) mice. At day 4 after lesioning, the 
synaptic loss and the signs of neurodegeneration were more prominent in GFAP~^~Vim than wild-type 
mice (a-b,e). At day 14 after lesioning, the number of synapses in GFAI^~Vim , but not wild-type mice, 
recovered reaching the levels comparable with the uninjured hemisphere (c-e). Asterisks, degenerated axons; 
arrows, synaptic complexes; D, dendritic profile; B, synaptic bouton; *, p<0.05. Reproduced from reference 
120, ©2004 with permission from the Society for Neuroscience. 

The emerging picture suggests that the effect of reactive astrocytes after brain or spinal cord 
trauma is twofold: reactive astrocytes play a beneficial role in the acute stage after CNS injury, 
but later on act as strong inhibitors of C N S regeneration. These studies of IF-nuU mutants 
provided insights into how reactive astrocytes affect the clinical ou tcome of various C N S 
pathologies. It is feasible that, by affecting the abundance or the composition of IFs, it might 
be possible to control the state of cellular differentiation and thus many cellular ftxnctions, 
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Figure 11. Compared to wild-type, the migration of GFAP~^~Vim reaaive astrocytes in vitro is reduced, 
with the single mutants migrating more slowly than wild-type but faster than GFAP~^~Vim~^~ astrocytes (a). 
Fast-moving subpopulations of GFAP~'~Yinr'~ (GV) astrocytes are smaller than in wild-type (WT), with 

astrocytes and Virrr' (V) astrocytes exhibiting a dose effea (b). Reproduced with permission 
from reference 97. 
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which ultimately allow control of complex processes such as the permissiveness of the CNS for 
regeneration. Such knowledge can be expected to open the way for modulation of astrocyte 
reactivity for the therapeutic benefit of patients. 

Because of their morphology and abundance in the adult CNS (Fig. 1), astrocytes come in 
direct physical contact with any cell that moves from one place to another. This might be of major 
importance in situations such as the migration of immature neurons born from endogenous neu­
ronal stem cells, but also for the migration of neuronal precursors from CNS transplants. To 2£&^'s& 
the impact of astrocyte IFs on the fate of neural transplants, the Chen and Pekny groups trans­
planted dissociated retinal cells from 0—3-week-old donor mice that ubiquitously express enhanced 
green fluorescent protein^ ̂ ^ into the retinas of adult wild-type and recipients and 
compared the efficiency of integration. In wild-type hosts, few transplanted cells migrated from 
the transplantation site, and few int^rated into the retina. In GFAF^'Vim hosts, however, the 
transplanted cells effectively moved through the retina, differentiated into neurons, integrated 
into the ganglion cell layer, and some of them even extended neurites about 1 mm into the optic 
nerve (Fig. 12a-d) with the single mutants exhibiting a dose-effect (Fig. 12e-i). Six months after 
transplantation, the cells remained alive and well int^rated GFAF^~Vim hosts. ̂ ^̂  

Thus, the absence of IFs in astroglial cells of the retina (astrocytes and Miiller cells) increases 
the permissiveness of the retinal environment for integration of neural transplants through the 
mechanism that is still to be elucidated. The extent to which this reflects increased permissiveness 
for the migration of transplanted cells remains to be established. However, it is tempting to 
speculate that IF depletion in astroglial cells alters their differentiation state, rendering them 
functionally similar to more immature astrocytes, which are also more supportive of CNS regen­
eration. ̂ ^̂ '̂ ^̂  It might be possible that the approaches that would control the expression of IFs 
and consequendy affect cellular differentiation might also be applicable outside the CNS. 

Astrocyte IFs and Resistance to Mechanical Stress 
One can envisage two functions of astrocytes in a physical trauma inflicted upon the CNS. 

One is the role in the healing process discussed above, the other might be the ability to increase 
the mechanical resistance of the CNS and thus making the CNS more resilient to mechanical 
stress. The abundance of astrocytes throughout the CNS as well as their morphology (Fig. 1) 
justifies this view. While in other tissues, in particular, the epidermis, the connection between 
keratin IFs and resistance to mechanical stress is well established (for review see refs. 134,135), 
the function of astrocyte IFs in maintaining the mechanical integrity of the CNS has been 
unclear. In GFAF~ mice, nonreactive astrocytes—^which account for the overwhelming ma­
jority of astrocytes in a healthy brain—are essentially devoid of IFs. Nevertheless, in three 
independent studies, GFAI^' mice lived normal lives and, if not challenged, had normal CNS 
morphology. ' Since the CNS is mechanically well protected, the importance of astro­
cyte IFs for stabilizing the CNS tissue might become manifest only in situations of severe 
mechanical stress. Two series of experiments using the head percussion model and the severe 
mechanical stress applied on the retina, respectively, suggested that this indeed is the case. 

mice were subjected to head injury from a dropped weight. When placed on a 
wooden board to prevent head movement at impact, GFAP-^- mice survived as well as wild-type 
controls. However, when placed on a foam bed that allowed head movement at impact, most of 
die GFAF^^- mice, but none of the wild-type controls, died after the injury. The GFAF-^- mice 
showed prominent subpial and white matter bleeding in the region of the cervical spinal cord, 
possibly resulting from a vein rupture. ̂ ^ 

We recently assessed the effect of the absence of IFs in astroglial cells on the mechanical 
stability of the retina under severe mechanical stress. Being an accessible part of the CNS, 
retina is well suited for such experiments, in this case performed in mice just seconds after 
death while the retinal tissue was still alive. Application of a severe mechanical stress left the 
retinas of wild-type controls intact. However, in GFAP Vim mice and, to a lesser extent, 
in mice, the inner limiting membrane and adjacent tissue separated from the rest of 
the retina (Fig. 13). Electron microscopy showed that this retinal "crack*' occurred within 
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Figure 12. Retinal transplants from mice ubiquitously expressing enhanced green fluorescent protein inte­
grated much better in GFAP~^~Vim~^~ (gv) than wild-type (wt) recipients (a-d). In G7iiP^~V/>w"^"recipients, 
transplanted cells migrated more efficiendy from the transplantation site and integrated into the ganglion 
cell layer (GCL, d), exhibiting typical morphology of ganglion cells with axon-like process parallel to the 
retinal surface (arrowhead) and branched dendritic tree-like structures (arrow, b). Some of these neurons 
even extended axons into the optic nerve (c). In single mutant recipients (g or v), the transplanted cells spread 
out more extensively than in wild-type but less efficiently than in GFAP~^~Vim recipients (e-i). *, p<0.05; 
***, p<0.001. Bar, 5 M̂m in a-b, 50 pim in c, 100 îm in e-h. Data represent mean ± SD. Reproduced, with 
permission, from reference 130. 

the endfeet of Miiller cells—radial glia-like astroglial cells in the retina that normally contain 
IFs composed of GFAP and vimentin.^^"^ Thus , at least in two specific regions of the C N S , 
astrocyte IFs seem to be important for resistance to severe mechanical stress. 
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Figure 13. Gi^;4/^"V/w^-and wild -type retinas are indistinguishable in the absence of a major mechanical 
challenge (A,B). Severe mechanical stress on the retina leads to the complete and partial separation of the 
inner limiting membrane and adjacent tissue from the rest of the retina (asterisk) in GFAP^-Vim-^- (GV) 
and partial separation (asterisk) in Vim (V) mice (E,F,HJ). The retinas of wild-type (WT; C,G,I) or 
GFAF^- (G; D) mice remain intact. H & E staining (A-F). Visualization of the inner limiting membrane 
by antibodies against laminin (G,H) and of Miiller cells and astrocytes by antibodies against S-100 (I J) . 
GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer; arrow, the inner limiting 
membrane. Reproduced, with permission, from reference 137. 
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Astrocyte IFs, Osmotic Stress and Ischemia/Hypoxia 
In vitro, astrocytes respond to a hypoosmotic environment by transient swelling and within 

minutes show a tendenq/^ to return to their original cell volume. ̂ ^ ' ^̂  This phenomenon, 
known as regulatory volume decrease, involves an efflux of osmotically active molecules from 
astrocytes, such as the amino acid taurine.^^^'^ ^' It was proposed that regulatory volume 
decrease by astrocytes might be the key mechanism in counteracting the development of brain 
edema in response to brain ischemia or trauma and that c^oskeleton-linked stretch-activated 
plasma membrane channels serve as cell-volume sensors. 

Ding and coworkers subjeaed primary astrocyte cultures from wild-type, 
and GFAP-'-Vim-'- mice to hypoosmotic stress (corresponding to a 25 mM reduction in NaCl) 
in perfusion chambers and assessed the efflux of ^H-taurine. Taurine release was up to 50% 
lower in GFAP~^~Vim than wild-type astrocytes, but tended to be only slighdy decreased in 
the single mutants. ^ Anderova and coworkers perfused spinal slices with an isoosmotic solu­
tion with an increased concentration of potassium (50 mM) or a hypoosmotic solution with a 
reduced sodium concentration and found smaller increases in the potassium concentration 
around astrocytes in slices from GFAP~ mice than in those from wild-type controls. Thus, 
genetic ablation of astrocytic IFs seems to compromise the ability of astrocytes to respond to 
hypoosmotic stress. 

Do these findings have any relevance for brain pathologies, in particular those connected 
with prominent osmotic stress, such as brain ischemia? Nawashiro and coworkers exposed 
G/̂ AT -̂and wild -type mice to brain ischemia induced by middle cerebral artery occlusion for 
2 days and reported comparable infarct volumes in the two groups. However, when middle 
cerebral artery occlusion was combined with transient occlusion of the carotid artery, 
mice had larger infarcts than controls.^ This raises the interesting and unresolved question of 
whether reactive astrocytes protect ischemically compromised brain tissue around the infarct in 
stroke patients. In this respect, GFAF-^- astrocytes in culture showed increased intracellidar 
glutamine levels and decreased glutamate transport. ̂  Studies of GFAP~ Vim ~ mice, whose 
reactive astrocytes are devoid of IFs, in various brain ischemia paradigms should shed more 
light on this issue. 

We have recendy turned to a hypoxia model in order to assess the pathophysiological impli­
cations of the "retinal crack" phenotype found in GFAP~ Vim mice described above. We 
exposed GFAP~^~Vtm " mice and single mutants to retinal hypoxia. This leads to oxygen-induced 
retinopathy, a widely used model of retinopathy of immaturity that also exhibits some features 
of diabetic retinopathy.^^^ On postnatal day 7, mice are placed into an environment with 
decreased oxygen concentration, which delays the development of the vascular system. Five 
days later, the mice are transferred to normooxygenic environment, which leads to massive 
neovascularization triggered by relative hypoxia (Fig. 14). The vessels grow from the retina into 
the vitreous body (as they do in premature babies or patients with diabetes), and their presence 
there can easily be quantified. Hypoxia-induced vascularization was decreased substantially 
in GFAP~ Vim and partially in Vim mice (Fig. 14). Thus, the absence of IFs in Miiller 
cells of the retina decreases the resistance of their endfeet and consequendy of the correspond­
ing layer of the retina to mechanical stress, and it also reduces the extent of ischemia-triggered 
pathological vascularization. 

Astrocyte IFs, Cell Proliferation and Tumorigenesis 
High grade astrocytomas are the most frequent brain tumors, and they are ranked among 

the most malignant tumors. In many high grade astrocytomas, the tumor cells lose their 
GFAP expression, and this was often inversely correlated with the malignancy of the tumor. 
Within the same tumor, the cells negative for GFAP were shown to grow faster than the 
GFAP-positive cells in their vicinity. ̂ ^̂ ' These findings were compatible with a number of in 
vitro studies. The inhibition of GFAP expression by anti-sense cDNA in human astrocytoma 
cell lines resulted in both the increased cell proliferation, transformability and the loss of the 
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Figure 14. A schematic presentation of the oxygen-induced retinopathy model. The number of neovascular 
nuclei in the vitreous body, a measure of the extent of hypoxia-induced pathological vascularization at 
postnatal day 17 (PI7), is substantially decreased in GFAF^~Vim~^~ (GV) retinas and modestly decreased 
in Vim-^- (V) retinas. No difference was found between GFAF^ (G) and wild-type (WT) retinas. In the 
absence of hypoxia, blood vessels do not enter the vitreous body, and the normal vascularization of the retina 
does not depend on the presence of GFAP and vimentin. *, p<0.05; ***, p<0.005. Reproduced with 
permission from reference 137. 

tumor cells to extend processes in response to neurons. ' Restoration of GFAP expression 
reinduced process extension in the tumor cells. Transfections of a GFAP-negative astrocy­
toma cell-line with GFAP-expressing construct resulted in a decreased proliferation and cell 
transformability. ' ̂  We showed that primary astrocytes from GFAP~^~ micejgrew more quickly 
in culture and reached higher saturation cell densities than wild-type cells. To address a pos­
sible role of GFAP in tumor development, we induced astrocytomas in GFAF^-zndGFAF'' 
mice by prenatal exposure to the mutagen ethylnitrosourea (ENU) on the/>53" genetic back­
ground (Fig. 15a). We found no difference in tumor incidence, age at tumor detection, 
tumor size, location or histology between GFAP'^" 2J[i6. GFAP^ ^ mice^ '^ (Fig. 15b-c). Thus, the 
loss of GFAP expression does not seem to constitute a step in the development of high grade 
astrocytomas. Most likely, it reflects the undifferentiated state of these cells. ̂  

GFAP Mutations and Alexander Disease 
Messing, Brenner and coworkers generated mice overexpressing human GFAP in order to 

study the role of GFAP in astrocyte hypertrophy. The astrocytes of these transgenic mice formed 
complex intracytoplasmic aggregates of GFAP and small stress proteins that were identical to 
structures known as Rosenthal fibers. Rosenthal fibers, which accompany chronic reactive 
astrogliosis, are eosinophilic, elongated structures that, when examined ultrastructurally, 
appear as electron-dense, amorphous masses surrounded by and merging with dense bundles 
of IFs^ (Fig. 16). Rosenthal fibers are also a hallmark of Alexander disease, a rare and fatal 
leukoencephalopathy that most commonly affects infants and young children, who typically 
present with feeding problems, paraparesis, seizures and mental and physical retardation. 
Juvenile forms of Alexander disease cause predominandy pseudobulbar and bulbar signs, while 
adult forms are more variable and often resemble multiple sclerosis. 
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Figure 15. High-grade astrocytomas in GFAF~^~ and GFAP^ ^ mice, a) schematic presentation of astro­
cytoma induction, which was achieved by combining prenatal exposure to ethylnitrosourea (ENU) and 
genetic absence of both copies of the tumor suppressor gene/>53. b-c) astrocytomas occured with com­
parable frequency in GFAP~ and GFAP^ mice (41 and 34% respectively, within 20 weeks after the 
induction) and they showed similar histology and progression. Note the abundance of GFAP-positive 
cells in the tumors in GFAP^'^ mice as visualized by antibodies against GFAP (the panel on the right in 
b). H & E staining, arrows depict tumors on frontal sections through the brain. Reproduced, with 
permission, from reference 167. 

The GFAP-over-expressing mice died at an early age and although the cause of death re­
mains unknown, these results pointed to an interesting possibility of GFAP as a candidate gene 
for Alexander disease. And indeed, subsequent investigations determined that the majority of 
cases of infantile Alexander disease, and at least some cases of the later-onset juvenile and adult 
forms, are due to heterozygous missense mutations in the GFAP gene. The heterozygosity of 
the mutations suggests that they are dominant. In the majority of cases, the mutations seemed 
to occur de novo and were not found in either parent. ' ^^ However, familial adult cases have 
been described, raising the interesting issue of reduced penetrance or germline mosaicism. ' 
Although these results identify mutated GFAP as at least one of the culprits responsible for a 
fatal neurological disorder in humans, the mechanism remains unclear. How the mutant GFAP 
protein causes brain damage and the role of Rosenthal fibers in this process are unknown. ̂ '̂ '̂̂ ^^ 
However, Alexander disease became the first monogenic disease caused by a primary defect in 
astrocytes and it can be expected that the understanding of its molecular pathogenesis will 
provide data relevant for other neurodegenerative diseases. 
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Figure 16. Rosenthal fibers as visualized by transmission electron microscopy with IFs and electron-dense 
amorphous masses as their characteristic components. Reproduced, with permission, fi-om reference 177. 
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CHAPTER 3 

Neuronal Intermediate Filaments 
and Neurodegenerative Diseases 
Gee Y. Ching and Ronald K.H. Liem* 

Abstract 

N euronal intermediate filaments (IFs) are major components of the cytoskeleton in 
neurons and are composed of a family of neuronal IF proteins that include peripherin, 
a-internexin, and neurofilament triplet proteins (NFTPs), designated NF-L, NF-M, 

and NF-H for low, medium, and high molecular weight subunits, respectively. NFTPs are 
determinants of axonal caliber, while a-internexin may play a role in neuronal regeneration 
and peripherin in proper development of a defined population of sensory neurons. The 
composition and proper stoichiometry of these proteins are important for IF assembly and 
transport. Abnormal IF accumulations in neuronal perikarya and proximal axons are patho­
logical hallmarks of many neurodegenerative diseases. Studies of transgenic mouse models 
as well as identification of NF-H mutations in sporadic amyotrophic lateral sclerosis (ALS) 
and NF-L mutations in Charcot-Marie-Tooth disease indicate that neuronal IFs have a 
direct role in pathogenesis of these diseases. Overexpression of individual NFTP subunit or 
peripherin in transgenic mice causes abnormal accumulation of IFs in motor neurons and 
motor dysfunction, reminiscent of ALS, whereas overexpression of a-internexin causes 
Purkinje cell death and motor coordination deficits. Deletion of NF-L or overexpression of 
NF-H extends the lifespan of transgenic mice expressing mutated Cu/Zn superoxide 
dismutase (SODl), suggesting that NFTPs may also contribute to SODl mutation-linked 
ALS. The misaccumulated IFs in neuronal perikarya and proximal axons are disorganized 
and aberrantly phosphorylated. The kinases and phosphatases that are known to control 
phosphorylation of NFTPs are deregulated in the disease state. Studies of transgenic mouse 
models show that axonal transport of neuronal IFs and other cellular components is im­
paired in the disease state, ultimately leading to neurodegeneration. Formation of disorga­
nized and aberrantly phospohorylated IFs, changes in stoichiometric levels of neuronal IF 
proteins due to dysregulation of their gene expression, and reduced levels of functional 
motor proteins may contribute in part to this defective axonal transport. Recent studies 
raise the possibility that cis-acting and trans-acting determinants of NF-L mRNA stability 
may also be involved in degeneration of motor neurons. Taken together, these data suggest 
that abnormal IF accumulations in neurons may not simply be the by-products of 
neurodegenerative diseases but may instead play a contributory role in pathogenesis of 
these diseases. 
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Neuronal Intermediate Filament Proteins 

Structure and Assembly 
Neuronal intermediate filament (IF) proteins form the 10 nm filaments present in the 

cytoskeleton of neurons. In the mammalian nervous system seven IF proteins have been 
identified and like other members of the IF protein family, they can be classified into dis­
tinct IF types according to sequence homology and the exon-intron organization of their 
genes. a-Internexin and the neurofilament triplet proteins (NFTPs), designated as NF-L, 
NF-M and NF-H for low, medium, and high molecular weight subunits, respectively, are 
type IV; peripherin and vimentin are type III; and nestin is type VI. These proteins share a 
tripartite structure typical of all IF proteins, which consists of a highly conserved a-helical 
rod domain flanked by variable amino-terminal head and carboxyl-terminal tail domains 
(Fig. 1). The a-helical rod domain contains hydrophobic hep tad repeats believed to mediate 
the formation of coiled-coil dimers, which associate laterally and longitudinally to form 
protofilaments (tetramers), protofibrils (octamers) and ultimately 10 nm IFs (for reviews, 
see refs 1-4).̂ "^ 

In mature mammalian neurons, the IFs are composed of a-internexin, NFTPs, and 
peripherin. Assembly studies performed with transfected cells demonstrate that a-internexin 
and peripherin can self-assemble into IFs and coassemble with NFTPs.^'^ In contrast, the NFTPs 

Head Rod Tail 

a-internexin 

NF-L 

NF-M 

NF-H 

Peripherin 

Vimentin 

Nestin 

Figure 1. Schematic illustration of the tripartite structure of neuronal IF proteins. The highly conserved 
central a-helical rod domain (grey) is flanked by variable N-terminal head and C-terminal tail domains 
(black). Coils lA, IB and 2 within the rod domain are separated by small linker regions (black). NF-M, 
NF-H and nestin contain coils 1 and 2. A glutamic acid-rich region (white) is present in the tail domains 
of a-internexin and NFTPs. A region (dotted area) consisting of up to 13 and 50 KSP repeats, respec­
tively, is present in the tail domains of NF-M and NF-H. The tail domain of nestin is too long to be 
illustrated within the scale shown here. 
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are obligate heteropolymers since NF-M or NF-H requires NF-L for coassembly into IFs. 
Human NF-L can partially self-assemble into filaments, whereas rodent NF-L cannot.^'^^'^^ 
The head and tail domains of a-internexin and NFTPs may contribute to the differences in 
assembly properties between these proteins. '̂ ^ 

Expression 
The neuronal IF proteins are expressed differentially during neurogenesis. Vimentin and 

nestin are expressed only in neiu-oepithelial stem cells, whereas a-internexin, NFTPs and 
peripherin are expressed in post-mitotic neurons. a-Internexin is expressed earlier and more 
abundantly than NFTPs in the developing peripheral (PNS) and central (CNS) nervous sys­
tems. As development continues, the levels of a-internexin decrease whereas those of the 
NFTPs increase. By adulthood, a-internexin is found primarily in the CNS and very mini­
mally in the PNS, while the NFTPs are present abundantly in both the CNS and PNS. In 
adult CNS, a-internexin is colocalized with NFTPs in most axons but is present at lower levels 
in large neurons, such as the motor neurons of the spinal cord and cranial nerve ganglia. How­
ever, it is highly expressed in the cerebellar granule cells, which lack NFTPs. ' Peripherin is 
expressed predominandy in the PNS but is also found at low levels in subsets of CNS neurons, 
such as the motor neurons of the spinal cord.̂ ^"^^ 

Function 
The conduction velocity of an impulse down the axon is determined, in part, by the axonal 

caliber. Fast impulse conduction velocity is crucial for the proper functioning of axons with 
large diameter, such as motor axons. NFTPs are present at high levels in large axons. The 
carboxyl-terminal tail domains of NF-M and NF-H, which form the side arms projected later­
ally from the filament core, contain up to 13 and 50 lysine-serine-proline (KSP) repeats, re­
spectively, depending on the species. Phosphorylation of these KSP repeats is believed to regu­
late interfilament spacing and thereby axonal caliber. ̂ '̂"̂  

The role of NFTPs in regulating axonal caliber has been investigated in mice with targeted 
gene disruption. Surprisingly, targeted disruption of the NF-H gene results in litde or modest 
effects on axonal caliber.^ Furthermore, targeted deletion of the NF-H tail domain and all 
of its phosphorylation sites also does not affect the axonal diameter of motor and sensory 
neurons although acquisition of normal axonal caliber is slower in the mice.^^ In contrast, the 
absence of NF-L or NF-M, which have fewer phosphorylation sites in their tail domains, has 
more impact on the radial growth of axons. Mice with targeted disruption of NF-L,^ NF-M^^ 
or both NF-M and NF-H genes^^ show a dramatic decrease in IF content and a 2-3 fold 
reduction in axonal caliber. Interestingly, the absence of NF-L causes a 20-fold reduction in the 
levels of NF-M and NF-H proteins, ^ and the absence of NF-M results in a substantial de­
crease in the levels of NF-L but an increase in the levels of NF-H.^^ The lack of both NF-M 
and NF-H causes sequestering of unassembled NF-L in neuronal perikarya. Overall, these 
data suggest that the composition and proper stoichiometry of NFTPs are important for nor­
mal IF assembly and transport as well as axonal caliber. Moreover, phosphorylation of the 
NF-M tail domain may be more important than that of NF-H in determining axonal caliber. 
This conclusion is further supported by analysis of transgenic mice overexpressing individual 
NFTP or a combination of NFTP subunits. Overexpressing each NFTP subunit individu­
ally causes inhibition of radial growth of axons, whereas overexpressing NF-L together with 
either NF-M or NF-H leads to an increase. Recent studies with NF-M tail domain-deleted 
mice, which contain normal ratios of the three NFTP subunits, surest that the NF-M tail 
domain may regulate axonal caliber by forming long cross-bridges extended laterally from the 
filament core and thereby increasing interfilament spacing. ̂ ^ 

Targeted disruption of the a-internexin or peripherin genes have no effect on axonal 
caliber. Instead, the a-internexin null mice develop normally with no obvious changes in the 
nervous system. However, a recent report of up-regulation of the a-internexin expression in 
injured motor neurons suggest that this protein may play a role in neuronal regeneration.^ 
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The peripherin null mice display a reduced number of unmyelinated sensory axons, indicating 
its role in proper development of a defined population of sensory neurons. 

Overall, none of the null mice described above exhibit gross developmental defects and 
overt behavioral phenotypes, demonstrating that these neuronal IF proteins are not essential 
for the development of gross structure of the nervous system and survival of these animals. 
Nevertheless, deficiencies in these proteins have deleterious effects on the null mice. The NF-L 
null mice exhibit a 20% loss of motor neurons and delayed maturation of regenerating myeli­
nated axons.^^ The mice with null mutation in NF-M develop atrophy of motor axons and a 
hind limb paralysis with aging. Increase in microtubule content27.^o.^' and alteration in slow 
axonal transport^ '̂̂ ^ are observed in the mice with null mutations in either NF-M, NF-H, or 
both NF-M and NF-H. 

Neuronal IFs in Neurodegenerative Diseases 

Abnormal IF Accumulations in Neurons 
Abnormal accumulations of neuronal IFs are pathological hallmarks of many 

neurodegenerative diseases, such as amyotrophic lateral sclerosis (ALS), Lewy body-type 
dementias, and Parkinson's disease. ' High levels of neuronal IFs are accumulated in the 
perikarya and axons of motor neurons of ALS patients. NFTPs and peripherin are detected in 
these neuronal IF inclusions (Fig. 2). '̂ ^ 

The relationship between neuronal IFs and neuronal degeneration has been extensively 
studied in transgenic mouse models. Transgenic mice that overexpress NFTP subunits indi­
vidually exhibit massive accumulations of neuronal IFs in motor neuron perikarya and in 
proximal portions of motor axons. "̂  ^ In some cases, such as overexpression of mutated mouse 
NF-L, wild-type human NF-M or NF-H, these motor neuron pathologies are accompanied 
by skeletal muscle atrophy and motor dysfunction, reminiscent of those found in human 
ALS. '^'^^'^^ Despite these characteristics, most of the transgenic mice do not display signifi­
cant loss of motor neurons, an important difference with respect to the human disease. Al­
though overexpression of the mutated mouse NF-L results in motor neuron death. 

Figure 2. Abnormal accumulation of neuronal IFs in spinal motor neurons of a sporadic ALS patient. 
Immunofluorescence stainings with antibodies to (A) NF-H or (B) peripherin reveal abnormal IF accumu­
lations in the cell body (arrowhead) and axonal spheroids (arrows). (These photographs are courtesy of Dr. 
Arthur Hayes, Department of Pathology, Columbia University College of Physicians and Surgeons.) 
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overexpression of wild-type mouse NF-L does not. Some of the muscle atrophy observed in 
the mice overexpressing the wild-type NF-L could be attributed to the experimental use of a 
viral promoter that expresses NF-L ubiquitously. ^ It is noteworthy that overexpression of 
wild-type human NF-H or human NF-M ^ induces motor dysfunction and in the case of 
human NF-M, loss of motor neurons as well, whereas overexpression of wild-type mouse 
NF-H^^ or NF-M^^ does not. These differences may be partly due to variation between the 
two species in the sequence and number of multiple KSP repeats in the carboxyl tail domains 
ofNF-MandNF-H.^^'5^ 

Transgenic mice overexpressing peripherin exhibit IF inclusions reminiscent of axonal sphe­
roids detected in ALS patients as well as motor neuron death during aging. In contrast to 
NFTPs and peripherin, transgenic mice overexpressing a-internexin do not display ALS-like 
phenotype.^ The lack of effects on motor neurons may be due to intrinsically low levels of 
a-internexin expression in these neurons.^ '̂ ^ Instead, overexpression of a-internexin causes IF 
accumulations in perikarya and axons of Purkinje cells, leading to the progressive 
neurodegeneration and ultimate loss of the neurons. The transgenic mice have motor coordi­
nation deficits preceding neuron loss, a pattern characteristic of some human neurodegenerative 
diseases. The degrees of motor coordination deficits and neuron loss are transgene 
dosage-dependent, demonstrating a direct role of levels of misaccumulated neuronal IFs in 
neurodegeneration. 

Studies of various transgenic mouse models suggest that direct mutations or dysregulated 
expression of neuronal IF genes, abnormal phosphorylation of neuronal IF proteins, de­
fects in axonal transport and in protein degradation can lead to accumulation of IF inclu­
sions. Misaccumulation of neuronal IFs, in turn, can affect neuronal IF organization, phos­
phorylation, and axonal transport, ultimately leading to neuronal dysfunction. Thus, 
abnormal IF accumulations in neurons may not simply be the by-products of 
neurodegenerative diseases but may instead play a contributory role in pathogenesis of these 
diseases, especially in light of the identification of mutations in the NFTP genes in some 
neurodegenerative diseases. 

Neuronal IF Gene Mutations in Human Diseases 
ALS is an adult-onset neurological disease pathologically characterized by a loss of motor 

neurons in the cerebral cortex and the spinal cord, leading to skeletal muscle atrophy, paraly­
sis, and ultimately death within 2-5 years after the onset of the disease. Approximately 10% 
of ALS cases are familial, with the remainder being sporadic. Mutations in the Cu/Zn super­
oxide dismutase gene (SODl) have been identified that account for 20% of the familial ALS 
cases. ̂ ^ Transgenic mice with ALS-linked mutations in SOD I exhibit abnormal IF accumu­
lations and degeneration of motor neurons. While the causes of sporadic ALS remain largely 
unknown, mutations in the NF-H gene have been identified in a small number of sporadic 
ALS patients. All of these mutations are deletions or insertions in the carboxyl tail domain of 
NF-H (Fig. 3A).55-57 

Charcot-Marie-Tooth disease (CMT) is a hereditary peripheral neuropathy affecting 
both motor and sensory neurons. CMT has been classified into types 1 (CMTl), 2 (CMT2), 
3 (CMT3), and 4 (CMT4): types I, 3, and 4 are myelinopathies and type 2 is an 
axonopathy. Mutations in the NF-L gene have recently been found in some cases of 
CMT2E, a dominantly inherited neuropathy, and all but one of them are mis-sense muta­
tions (Fig. 3B).59-^^ 

Parkinson's disease is a progressive neurological disorder that affects the dopaminergic 
neurons in the substantia nigra, with clinical symptoms such as resting tremor and rigid 
movement. Mutations in the Parkin gene and the alpha-synuclein gene have been reported 
to be responsible for the disease. Recently, three variants in the NF-M gene are found in 
three patients with Parkinson's disease ' However, the involvement of mutations in NF-M 
in this human disease remains to be determined. 
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Figure 3. Schematic illustration of the neuronal IF protein mutations found in human neurodegenerative 
diseases. A) Deletion (A) and insertion mutations of NF-H are found in a small number of patients with 
sporadic ALS and they are located in the protein region containing multiple KSP repeats. B) Mutations in 
NF-L are found in patients with CMT2E. With the exception of one deletion (A), all the CMT2E mutations 

are missense mutations. 

Dysregulation of Neuronal IF Gene Expression 
The roles of dysregulation of neuronal IF gene expression in neuronal degeneration are 

poorly understood. Alterations of the NF-L or peripherin mRNA levels in motor neurons of 
ALS patients have been reported. Recent studies raise the possibility that neuronal IF mRNAs 
may play contributory roles in the pathogenesis of motor neuron degeneration. 

Cis-acting destabilizing elements have been identified in the 3' untranslated regions (3'UTR) 
of the NF-L and NF-H mRNAs and similar RNA-binding protein complexes assemble on the 
two regions. Deletion or disruption of these elements results in stabilization of the NF-L 
and NF-H mRNAs. Transgenic mice containing a 36 bp c-myc insert within the destabilizing 
element of the NF-L transgene exhibit extensive vacuolar changes in motor neurons. Fur­
thermore, transgenic mice with a chimeric transgene containing an enhanced green fluorescent 
protein (EGFP) reporter gene and the 3' UTR of NF-L mRNA show growth retardation, 
motor nerve fiber atrophy and motor impairment. When the chimeric transgene is modified 
to have a 36 bp c-myc insert disrupting the destabilizing element of the NF-L 3'UTR, a similar 
but more severe phenotype is observed. In contrast, such a phenotype is not observed in mice 
carrying an EGFP transgene. Additional studies with cultured motor neurons show that ex­
pression of a chimeric transgene containing the NF-L 3*UTR fused to the EGFP reporter gene 
results in early degeneration of neuritic processes and accumulation of ubiquitinated aggre­
gates in the perikarya of degenerating motor neurons.'^ Taken together, these data suggest that 
the cis-acting destabilizing element of NF-L mRNA may be involved in degeneration of motor 
neurons, but the possibility of toxic effects of prolonged high-level expression of EGFP due to 
the presence of the NF-L 3'UTR cannot be entirely excluded. 

Using a 68-nucleotide UNA probe containing the NF-L cis-acting destabilizing element, a 
neuron-enriched guanine exchange factor (GEF), p l90RhoGEF, has been isolated.^^ 
p i 90RhoGEF is up-regulated during postnatal development and expressed abundandy in large 
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differentiated neurons, including motor neurons of the spinal cord/ It binds not only to the 
NF-L destabilizing element, but also to BCl, an untranslated 152-nucleotide polymerase III 
transcript that is thought to serve as a molecular scaffold for regulating transport and transla­
tion of neuronal mRNAs at dendritic sites. It also interacts with microtubules, c-Jun N-termi-
nal Kinase-interactive protein-1 (JIP-1) and 14-3-3, and is proposed to be involved in regula­
tion of the neuronal cytoskeleton. The identification of pi 90RhoGEF as the trans-acting factor 
binding to the NF-L destabilizing element is interesting, in light of the finding of mutation in 
the ALS2 gene, which encodes a GEF, as the genetic cause of a recessively inherited ALS. A 
recent report suggests that trans-acting factors, which bind to the NF-L 3'UTR and destabilize 
NF-L mRNA, are present in normal spinal cord but absent in ALS spinal cord homogenates, 
resulting in increased NF-L mRNA levels in ALS tissues. Identification of these trans-acting 
factors and their roles in pathogenesis of ALS are yet to be established. 

An alternatively spliced isoform of mouse peripherin (61 kDA), which contains a 32-amino 
acid insertion within the a-helical rod domain due to retention of intron-4, is proposed to 
contribute to degeneration of motor neurons in a mouse model of ALS. An antibody specifi­
cally against this 61 kDA isoform is able to immunostain axonal spheroids of motor neurons in 
two cases of familial ALS. However, the corresponding intron of the human peripherin gene 
differs in size and sequence from that of mouse peripherin gene, and if not spliced out, would 
result in a truncated protein. It is therefore unclear what protein the antibody recognizes in the 
tissues of the ALS patients. Further studies are needed to confirm the role of this 61 kDa 
peripherin isoform in pathogenesis of ALS. Nevertheless, analysis of peripherin isoforms could 
provide additional information regarding mechanisms of motor neuron degeneration, and RNA 
splicing has been demonstrated to play an important role in human diseases, including neuro­
logical disorders.^^'^^ 

Disorganization of Neuronal IFs 
In normal neurons, neuronal IFs are dense in axons but are sparse in dendrites and perikarya. 

In axons, the filaments are regularly aligned and spaced, with well developed cross-bridges 
(formed by the NF-M and NF-H side arms) linking them to each other and to other cytoskeletal 
components, including microfilaments, microtubules, and their associated proteins. The IF 
structures are less organized in dendrites and even less so in perikarya. The tail domains of 
NF-M and NF-H, which form the side arms projected laterally from the filament core, are 
largely nonphosphorylated in dendrites, perikarya, and proximal parts of axons, but become 
highly phosphorylated in distal regions of axons. 

In diseased neurons, which contain abnormal IF accumulations in their perikarya and proxi­
mal parts of axons, the misaccumulated IFs are disorganized and contain less-developed 
cross-bridges. Numerous cellular organelles (such as mitochondria and smooth endoplasmic 
reticulum) are sequestered or entrapped in these neuronal IF accumulations and some of them 
look abnormal ' (Fig. 4). Many of the misaccumulated IFs contain highly phosphorylated 
NF-M and NF-H, whose presence in neuronal perikarya is a pathological hallmark of many 
neurodegenerative diseases. Disorganization of neuronal IFs may affect their interaction 
with other proteins, cytoskeletal components and membranous organelles. Excessive accumu­
lations of these disorganized neuronal IFs may cause defects in axonal transport of IFs and 
other cellular components crucial for neuronal fimction. '̂  '̂  Organelle damages and aber­
rant distribution of normal organelles may perturb metabolic activities of the affected neurons. 
The defects in axonal transport and perturbation in cellular metabolism contribute in part to 
neuronal dysfunction and degeneration. 

Ultrastructural studies reveal cross-bridges from mitochondria to neuronal IFs or microtu­
bules.^^ In neurons, mitochondria are transported in association with microtubules, actin fila­
ments, and IFs. Docking of mitochondria to neuronal IFs and microtubules influences the 
motility and distribution of mitochondria in axons. In vitro studies have demonstrated the direct 
binding of mitochondria to NF-M and NF-H and phosphorylation of the NF-M and NF-H 
side arms affects these interactions.^^'^^ Phosphorylated neurofilaments bind mitochondria at 
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Figure 4. Electron micrograph of a swollen Purkinje cell axon from a transgenic mouse overexpressing rat 
a-internexin. Closely packed, randomly oriented neuronal IFs and sequestered organelles are observed in 
a cerebellar torpedo, which is an abnormal swelling of Purkinje cell axon. 

high membrane potential and are released from them at low membrane potential, whereas de-
phosphoryiated neurofilaments bind mitochondria of low and high membrane potentials with 
similar efficiency.̂ ^ Mitochondria are the principal source of energy for the cell and cytoskeletal 
changes that alter their distribution can have detrimental effects on the function and viability of 
cells. Motor neurons have high energy demands because of their large size and long axons. There­
fore, they are particularly vulnerable to alteration in transport and distribution of mitochondria 
as well as to mitochondrial dysfunction that are induced by misaccumulation of disorganized 
and aberrandy phophorylated neuronal IFs. 

Aberrant Phosphorylation of Neuronal IF Proteins 
Neuronal IF proteins are continuously modified by various protein kinases and phosphatases 

that control phosphorylation at their amino-terminal head and carboxyl-terminal tail domains 
in axons. NF-M and particularly NF-H are highly phosphorylated due to the presence of mul­
tiple KSP repeats in their tail domains. These KSP repeats are phosphorylated by proline-directed 
kinases that include the cyclin-dependent Cdk5/p35, die extracellular signal-regulated Erkl/2, 
the glycogen synthase kinase-3 (GSK3) and the stress-activated protein kinases (SAPK). 
The glutamic acid-rich region of the tail domain, shared by all NFTP subunits and a-internexin, 
also contains serine/threonine residues that can be phosphorylated by second messenger inde­
pendent kinases such as casein kinases I and II (CKI/II). ' Some of the serine/threonine 
residues in the head domains of NFTPs, a-internexin and peripherin are phosphorylated by 
second messenger dependent kinases such as Protein kinase-A and —C (PKA, PKC) and Ca /̂ 
calmodidin-dependent protein kinase II (CAMKII).^ '̂̂ '̂ ^^ Protein phosphatase-2A is imph-
cated to dephosphorylate the KSP repeats in the tail domains of NF-H and NF-M, and protein 
phosphatase-1 is shown to dephosphorylate the head domain of NF-L.^ Phosphorylation 
of NFTPs has significant roles in regulating axonal caliber^ '̂̂  '̂ ^ and cross-bridge formation, 
IF assembly, ̂ °̂ interaction with other cytoskeletal components, ̂ ^̂ '̂ ^̂  axonal transport,"^ 
and protection of NFTPs from degradation by protease. 

, 47,123 
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Phosphorylation of the KSP repeats in the tail domains of NF-M and NF-H is regulated 
topographically during neuronal development. It is also correlated with myelination. NF-M 
and NF-H are synthesized in neuronal perikarya and their phosphorylation begins soon after 
synthesis. They are hypophosphorylated in the perikarya and become variably phosphory-
lated after they enter the axons. The two proteins are least phophorylated in the unmyeli­
nated initial segment and the nodes of Ranvier where axonal caliber is smaller, but are heavily 
phosphorylated in the internode region of myelinated axons. '̂ ^ The detection of 
highly phosphorylated NF-M and NF-H in the perikaryal IF accumulations of the diseased 
neurons, as seen in neurodegenerative diseases and transgenic mouse models, suggest that 
the mechanisms regulating the phosphorylation of these proteins may be perturbed. Recent 
studies have provided evidence to link pathogenesis of neurodegenerative diseases with de­
regulation of kinases and phosphatases that are known to modulate phosphorylation of neu­
ronal IFs. Activation of the p38 mitogen-activated protein kinase (p38MAPK) is shown to 
occur in transgenic mice expressing a mutant SODl (G93A). Furthermore, p38MAPK 
colocalizes with phosphorylated NF-M and NF-H in vacuolized perikarya and neurites of 
spinal motor neurons. Activation of p38MAPK is also detected in Alzheimer's and other 
tau-related diseases.^^^ Hyperphosphorylation of NF-M and NF-H is associated with de­
regulation of Cdk5 in transgenic mice expressing a mutant SODl (G37R). Abnormal 
subcellular localization of Cdk5 is also observed in some neurodegenerative diseases, includ­
ing ALS and Alzheimer's disease. Overexpression of p25, a truncated form of the Cdk5 
activator p35, causes hyperphosphorylation of neurofilaments and tau in transgenic mice^^^ 
and accumulation of p25 is detected in the brains of Alzheimer's disease. ̂ ^ Calcineurin, a 
Ca ^/calmodulin-dependent phosphatase-2B known to dephosphorylate NFTPs, is protected 
from oxidative inactivation by wild-type SODl, but its activity is impaired in the motor 
cortex of brains from mutant SODl-expressing transgenic mice.^ '̂̂  Myotubularin-related 2 
protein phospohatase (MTMR2), an ubiquitously expressed phosphatase that has enzyme 
activity toward phospholipids, is shown to interact with NF-L in both neurons and Schwann 
cells.^^^ MTMR2 expression is absent or limited in CMT4B patients with demyelinating 
peripheral neuropathy due to MTMR2 mutations. Even when it is detectable in the pa­
tients, it is restricted to Schwann cell cytoplasm, and it is not detectable in the axon. The 
interaction between NF-L and MTMR2 might explain why the CMT4B pathology is re­
stricted to the nervous system despite the ubiquitous expression of MTMR2. Whether NF-L 
is a substrate to be dephosphorylated by this phosphatase and the relevance of their interac­
tion in the CMT4B pathogenesis are yet to be determined. 

Defective Axonal Transport 
Axons, such as those of motor and sensory neurons, can extend in length of one meter or 

more. Axonal proteins, membranous organelles and Golgi-derived vesicles are transported from 
neuronal perikarya to nerve terminals along the axon via a process called axonal transport. 
Thus, axonal transport is essential for growth and maintenance of axons and proper function­
ing of neurons. 

Axonal transport has been categorized as either fast or slow based on the relative rates at 
which various cargoes move. In axons, microtubules are unipolar, with their plus ends directed 
toward the synaptic terminals and minus ends toward the neuronal perikarya. Therefore, the 
direction of cargo movements along microtubules further distinguishes axonal transport as 
anterograde (from perikarya to synapse) and retrograde (from synapse to perikarya). Fast ax­
onal transport involves transport of membranous organelles, mitochondria and vesicles of the 
secretory and endocytic pathways along microtubules at average rates of 50-400 mm day.'̂  
Slow axonal transport is further divided into two components: slow component 'a' involves 
transport of proteins associated with neuronal IFs and microtubules (including neuronal IF 
proteins, tubulin, and tau proteins) at average rates of 0.3-3 mm day'^ component 'b' involves 
transport of actin and cytosolic matrix proteins at average rates of 2-8 mm day' . Slow axonal 
transport has generally been considered to be anterograde, but recent studies with GFP-tagged 
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neurofilaments suggest that the observed neurofilaments can move bidirectionally, although 
predominandy in an anterograde direction. Motor proteins of the dynein and kinesin super-
families have been identified as responsible for axonal transport. Most dynein proteins move to 
the minus ends of microtubules, whereas most kinesin proteins move to the plus ends (for a 
review, see refs. 139-142). 

It has long been debated whether neuronal IF proteins move in the form of monomers, 
oligomers, or polymers. Recent studies show that efficient axonal transport in vivo mini­
mally requires hetero-oligomer formation such as between NF-M and either NF-L or 
a-internexin. These studies suggest a model, where slow axonal transport of neuronal IFs 
involves rapid movements interrupted by frequent long pauses, resulting in a net slow trans­
port rate. ' ' In this model, the axonal cytoskeleton is viewed as a stationary network in 
dynamic equilibrium with transported cytoskeletal proteins, and the stationary cytoskeleton 
may consist of cross-linked, relatively hyperphosphorylated neuronal IFs. Relatively 
hypophosphorylated neuronal IF proteins (in the form of monomers, oligomers, or poly­
mers) that are part of the "moving wave" may then associate with and dissociate from the 
stationary cytoskeleton along the axon. Phosphorylation of neuronal IF proteins, particu­
larly the NF-M and NF-H tail domains, promotes associations between neuronal IFs and 
dissociation of neuronal IFs from kinesin motors, resulting in slowing of axonal transport of 
neuronal IFs. In contrast to kinesin, dynein motors appear to preferentially associate with 
phosphorylated neuronal IFs. 

Transgenic mice overexpressing neuronal IF proteins ^ 8'5i'52 ^^ expressing human mu­
tant SODl^^'^^' exhibit abnormal IF accumulations in neuronal perikarya and proxi­
mal parts of axons. These findings suggest that axonal transport of neuronal IFs may be 
perturbed. Indeed, defective axonal transport is observed in some of these transgenic 
mice. '̂ '̂̂  ' ^ Several factors may account for the deficits in axonal transport. Accumu­
lation of high levels of disorganized, randomly oriented neuronal IFs may over-burden the 
transport machinery, creating a "traffic jam" situation. Moreover, disorganization of the 
misaccumulated neuronal IFs may affect the interaction of neuronal IFs with microtubules 
or motor proteins, thereby disrupting axonal transport. Since phosphorylation of NF-M and 
NF-H retards axonal transport of neuronal IFs, the presence of aberrantly phosphorylated 
NF-M and NF-H in the abnormal IF accumulations further compounds the impairment of 
axonal transport. Transgenic mice expressing a mutant SODl (G93A) exhibit reduced levels 
of kinesin motor proteins in axons as well as an impairment in fast anterograde axonal trans­
port preceding loss of spinal motor neurons.^ ^This reduction in the levels of kinesin motor 
proteins in the disease state suggests that normal levels of functional motor proteins as well 
as their accessibility are important for axonal transport. Indeed, targeted disruption of KIF5A, 
a neuron-specific conventional kinesin heavy chain, causes a specific deficit in axonal trans­
port of neuronal IFs, resulting in accumulations of neuronal IFs in the perikarya of periph­
eral sensory neurons accompanied by reduction in sensory axon caliber in the null mice. 
Since cytoskeletal alterations induced by misaccumulated neuronal IFs may affect motility, 
distribution, and function of mitochondria (described above), motor proteins could be dam­
aged by oxidative stress. In the case of SODl-mediated ALS, the toxic effects of mutated 
SODl could also cause damage to motor proteins. Alternatively, misaccumulated neuronal 
IFs can potentially act as a motor-protein sink to deplete motor proteins from transporting 
cargoes into axons. 

Defective axonal transport seen in the disease state can also be directly caused by muta­
tions in neuronal IF proteins or motor proteins. Insertion and deletion mutations in the tail 
domain of NF-H that account for a small number of sporadic ALS cases presumably affect 
the structure and phosphorylation of NF-H and could thereby impair axonal transport. 
Transfection studies show that the NF-L mutations associated with CMT2E disrupt IF as­
sembly and cause formation of aggregates, leading to deficits in axonal transport. ' A 
recent report links a mutation in the largest subunit (DCTNl) of dynactin, a multiprotein 
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complex that associates with dynein, to a slowly progressive, autosomal dominant form of 
lower motor neuron disease without sensory symptoms. ̂ ^̂  Overexpression of dynamitin, 
the p50 subunit of dynactin, causes disassembly of the dynactin complex, neuronal IF accu­
mulations, and inhibition (but not complete blockage) of retrograde axonal transport in 
spinal motor neurons of transgenic mice. These transgenic mice develop a late-onset, 
progressive motor neuron disease. Mice with gene-targeted disruption of the cytoplasmic 
dynein heavy chain also display formation of Lewy-like inclusion bodies, motor neuron 
degeneration, and impairment in fast retrograde transport. ̂ ^̂  Since retrograde axonal trans­
port of neuronal IFs is dynein-dependent, ^̂ '̂  ^ accumulation of neuronal IFs detected in 
the dynamitin-overexpressing mice and in the dynein mutant mice may be partly attribut­
able to the defect in retrograde transport. 

Conclusion 
Identification of mutations of NF-H in ALS and mutations of NF-L in CMT indicates a 

direct role of neuronal IFs in neurodegenerative diseases. Transgenic mouse models have pro­
vided useful experimental systems to investigate how alterations in neuronal IFs contribute to 
neuronal dysfunction and degeneration. Neuronal IF gene mutations can cause formation of 
disorganized IFs or aggregates as well as aberrant phosphorylation of neuronal IF proteins, 
resulting in impairment of axonal transport, which ultimately leads to neurodegeneration. 
Changes in the stoichiometric levels of neuronal IF proteins due to dysregulation of IF gene 
expression can also affect IF assembly and transport. Deletion of NF-L extends the lifespan of 
mutant SODl (G85R) mice by 5-6 weeks and increasing NF-H expression extends the lifespan 
of mutant SODl (G37R) mice by up to 6 months, indicating that NFTPs contribute to SODl 
mutation- linked ALS. ̂ 5̂ '̂ 5̂  In die latter case, overexpression of human NF-H, which can 
potentially act as a phosphorylation sink for deregulated Cdk5 activity in the SODl(G37R) 
mice, reduces levels of nuclear Cdk4 and retinoblastoma (Rb) protein phosphorylation, cell 
cycle regulators in the neuronal death pathway and alleviates disease. Taken together, the 
data from the transgenic mouse models suggest that the mechanisms of neurodegeneration are 
complex and involve the interplay of many factors. Thus, elucidating these mechanisms re­
mains to be a challenging area of scientific research. 

With technological advances in molecular biology, identification of additional neuronal IF 
gene mutations associated with neurodegenerative diseases is expected and will undoubtedly 
provide a better understanding of their roles in the disease mechanisms. Regulation of neu­
ronal IF gene expression remains poorly understood, although alterations in their expression 
levels have been reported in some human neurodegenerative diseases. To date, cis-acting ele­
ments that control the neuron-specific expression of these genes have not been determined and 
only a few elements that regulate their expression levels have been identified. The roles of NF-L 
mRNA stability and alternative spliced peripherin isoform in the pathogenesis of ALS also 
require fiirther analysis. 

Axonal transport of neuronal IFs and other cellular components are crucial for growth and 
maintenance of axons and proper functioning of neurons. Studies of transgenic mouse models 
show that axonal transport is impaired in the disease state and its impairment is evidendy 
linked to pathogenesis of neurodegenerative diseases. Future studies should include identifica­
tion of motor proteins responsible for transport of neuronal IFs and elucidation of the mecha­
nisms that regidate their association and dissociation from these motors. Since phosphoryla­
tion of neuronal IF proteins plays an important role in this regulation, identification and 
characterization of the kinases and phosphatases that control their phosphorylation will help 
understanding how axonal transport becomes disrupted in the disease state. 
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CHAPTER 4 

Neurofilaments: 
Phosphorylation and Signal Transduction 

Sashi Kesavapany, Richard H. Quarles and Harish C. Pant* 

Abstract 

N eurofilaments belong to the Class IV family of Intermediate filaments and are 
neuron-specific. They are classed into three distinct groups according to their 
molecular masses; NF-H (heavy chain), NF-M (middle-chain) and NF-L (light 

chain). Together with microtubules and their associated proteins, neurofilaments make up 
the dynamic axonal cytoskeleton. Neurofilaments comprise a central alpha helical coil-coiled 
domain flanked by an amino terminal head domain and in the case of NF-H and NF-M, a 
hypervariable carboxy-terminal tail domain. Neurofilaments participate in dynamic prop­
erties of the axonal cytoskeleton such as axon outgrowth, axonal transport and the control 
of axonal caliber. They contain multiple phosphorylation sites in their amino-head and 
carboxy-tail domains that are phosphorylated topographically by a number of kinases and 
the phosphorylation of neurofilaments is related to their functions. Expression and phos­
phorylation of neurofilaments is developmentally regulated and most of the phosphoryla­
tion occurs in the tail domains in the mature nervous system. Kinases that have been found 
to phosphorylate neurofilaments include PKA, CKI, CKII CaMK and the proline directed 
kinases. The proline directed kinases such as Cdk5, members of the MAP kinase family 
(p38, SAPK and ERKl/2) and GSK3 phosphorylate the KSP repeats found in NF-M and 
NF-H tail domains. Aberrant hyperphosphorylation of neurofilaments in dendrites and 
cell bodies are seen in neurodegenerative diseases such as Amyotrophic Lateral Sclerosis, 
Alzheimer's disease, Parkinson's disease. Pick's disease and Dementia with Lewy bodies. 
Thus, defects in compartmentalization of cytoskeletal protein phosphorylation may con­
tribute to pathology seen in these diseases. Neurofilament phosphorylation is affected by 
signal transduction pathways. Calcium influx into neurons causes the phosphorylation of 
NF-M through the activation of the ERKl/2. Integrin mediated signaling also causes the 
phosphorylation of NF-H through the activation of Cdk5 activity. Recent studies have also 
shown that kinase cascades can be affected by myelin associated glycoprotein (MAG), a 
major glial protein found in periaxonal membranes of glial cells. MAG appears to be in­
volved in bi-directional signaling affecting axonal properties such as axonal caliber, phos­
phorylation of neurofilaments and mediating the activity of ERKl/2 and Cdk5. Thus, sig­
nal transduction pathways are involved in the phosphorylation of the KSP repeats found in 
NF-M and NF-H. 
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Neurofilaments Are Members of the Intermediate Filament Family 
Neurofilaments belong to the Class IV family of Intermediate Filaments (IF) and are the 

neuron specific intermediate filaments. Vertebrate neurofilaments are approximately 10 nm 
in diameter and are intermediate in size between microfilaments and microtubules. They con­
sist of three groups divided according to their molecular mass; neurofilament heavy-chain (NF-H: 
190 kDa), neurofilament middle-chain (NF-M: 115 kDa) and neurofilament light-chain (NF-L: 
68 kDa). In common with other members of the intermediate filament family, N F - H , N F - M 
and NF-L each comprise a central alpha helical coil-coiled rod domain flanked by a variant 
amino-terminal globular head domain and a hyper-variable carboxy-terminal tail domain which 
differ in length among the sub-units^' '̂  (see Fig. 1). 

Together with microtubules, microtubule-associated proteins (MAPs) lA, IB and tau, actin 
and other associated proteins, neurofilaments (NFs) make up the dynamic axonal cytoskeleton. 
Of the cytoskeletal components, only the neurofilaments are unique to and diagnostic of neu­
rons. In some large axons (eg. squid giant axons), N F proteins make up to 1 3 % of the total 
protein. ' T h i s suggests that NFs play an important structural role in neurons and together with 
MAPs and other associated proteins, they sustain axonal and dendritic branching patterns and 
also promote axonal growth or thickening. It is now clear that NFs also participate in dynamic 
properties of the axonal cytoskeleton during neuronal differentiation, axon outgrowth and guid­
ance and its state of phosphorylation seems to be important with regards to its function. ' 
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Figure 1. Domains of neuronal intermediate filaments (adapted from Nixon and Shea, 1992). Coil 1 and 
coil 2 regions are conserved alpha-helical domains containing heptad repeats of hydrophobic amino 
acids. These regions are separated by nonhelical "links" which are represented by the separation of the 
boxes. NF-M and NF-H contain a unique, single elongated coil 1 region, which may restrict their ability 
to form filaments in the absence of a 'backbone' subunit such as NF-L. The initial twist of the 
carboxy-terminus, which constitutes the tail region of vimentin and peripherin, is followed by the 
specialized domains in the other neuronal intermediate filaments species as follows. The carboxy-terminus 
of nestin contain glutamic acid-rich segments (E) and approximately 35 repeats of an 11 amino acid 
sequence. Nestin also contains a relatively short amino-terminus. The neurofilaments, along with internexin, 
contain one or more glutamic acid-rich segments while internexin possesses a region enriched in lysine 
and glutamic acid (KE), NF-M and NF-H both contain repeating regions of lysine-serine-proline (KSP) 
segments which represent the regions that are extensively phosphorylated in these two species. The 
extreme termini of NF-M and NF-H possess unique regions rich in lysine and glutamic acid (KE 
segment) and in lysine, glutamic acid and proline (KEP) residues. The black boxes within the KE region 
of NF-M represent unique amino acid repeats which may be involved in binding ftinctions. 
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The central rod domain is involved in coiled-coil formation of the filamentous structure 
while the globular amino head domain is involved in neurofilament assembly. The head domain 
of neurofilaments contain multiple second-messenger related phosphorylation sites which may 
regulate head domain function in assembly of neurofilaments. ' The carboxy-terminal tail 
domains are distinct in NF- H and NF- M. The carboxy-terminal extensions form side-arms 
that extend from the filament and appear to form connections between adjacent neurofilaments 
and between neurofilaments and other axoplasmic structures. The most striking feature of 
NF-M and NF-H is the carboxy-terminal (C-terminal) side arm domains which contain 
multiple lysine/serine/proline (KSP) repeat motifs. These are known to be phosphorylated in 
axons in vivo. NF-H is one of the most extensively phosphorylated neuronal proteins contain­
ing over 50 potential acceptor sites (8-100 depending on the species). ^ Mass spectroscopic 
analyses of NF-H in humans, rats, canine and squid have shown that most of the KSP sites are 
phosphorylated in vivo.̂ '̂̂  

Developmentally, the neuronal cytoskeleton must accommodate the morphological and 
behavioral transitions from migrating and target-seeking axons to the stability of a function­
ing, mature neuron. NFs are phenotypic markers of differentiating neurons and prior to 
their synthesis, neuronal precursor molecules express, either independently or together with 
NFs, other intermediate filament (IF) proteins such as nestin, vimentin, a-internexin and 
peripherin.^ Although the patterns of expression of proteins within the developing nervous 
system exhibits temporal and spatial diff^erences, the timing of different intermediate fila­
ment expression show a common trend. One of the first proteins to be expressed during 
neurogenesis is nestin, which is a ClassVI IF protein and is expressed in the neuroepithelia of 
the developing neural tube. As neuroblasts replicate within the neuroepithelium, they also 
express vimentin, another IF protein which may be involved in cell proliferation at this 
stage. It may also promote neurite outgrowth in the neural progenitor cells since anti-sense 
vimentin constructs inhibited this process in these cells. ' In other neurons with small 
axons, peripherin or a-internexin are expressed during this same early period of neurogenesis. 
Peripherin is homologous to Class III IF proteins and its expression correlates with the out­
growth of specific CNS and PNS neuronal populations. Its expression is transient in most 
CNS neurons and it maintains plasticity during the axon outgrowth phase and gradually 
disappears as NF subunits are synthesized to form the stable cytoskeleton. However, peripherin 
appears to be expressed more in some PNS neurons. It is expressed into adulthood in 
dorsal root ganglia neurons (DRGs) and in regenerating adult DRG neurons, initial neurite 
regrowths are enriched in peripherin. The peripherin expression also disappears as 
neurofilaments are expressed. Although peripherin can form filaments with NF-L in trans-
fected cells, it cannot assemble with NF-M and NF-H subunits. Early expression of 
a-internexin in CNS neurons correlates with an increase in axonal outgrowth persisting in 
adult neurons. This may implicate a role in assembly with neurofilaments, however, this 
seems to be unimportant in neurogenesis, since an a-internexin null-mouse exhibits a com­
pletely normal phenotype, without any changes in axon trajectories, connectivity and cali­
ber. ̂ ^ Neurofilaments, for the most part, exhibit a sequential order of expression in verte­
brate development with NF-L and NF-M appearing initially as neurites differentiate. Later, 
as the nervous system matures, NF-H expression becomes apparent in the brain and spinal 
cord, as stabilization of the neuronal cytoskeleton occurs. Thus, at embryonic day 12 (El2) 
in the rat, the first post-mitotic regions in the hindbrain begin to express NF-L and then 
shortly thereafter NF-M. These NFs are probably heterodimers of NF-M/L, are 
unphosphorylated and their function includes the maintenance of the cytoskeletal plasticity 
for neuronal migration and axon outgrowth. These neurons, containing the unphosphorylated 
NFs are considered immature and at this early stage, peripherin and a-internexin are also 
present and may colocalize with NFs in some neurons. This two stage expression pattern for 
IFs and NFs also occur in other cell types such as cultured El8 hippocampal neurons, El5 
DRG neurons, and adult regenerating neurons of the rat 2in6.Xenopus}^'^^' ^ The pattern of 
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mRNA expression also mirrors the protein expression profile with NF-L and NF-M mRNA 
being expressed days before the expression of NF-H mRNA. 2̂  Thus, it appears that the 
expression of NF-L and NF-M genes are coordinately regulated while the NF-H gene is 
expressed independently. A similar pattern of NF expression is seen in the developing squid 
nervous system, however, one alternatively spliced gene gives rise to all three NF proteins in 
this system. In all these studies though, it is important to bear in mind that the detection of 
the neurofilament proteins are heavily dependent on the epitope specificity of the antibodies 
used, particularly the phospho-specific ones and in some cases such antibodies were not 
available to facilitate a thorough development study. The synthesis of IF proteins (including 
NFs), during neurogenesis is initially detected in neuronal cell bodies in the earliest stages of 
differentiation. Subsequently, NFs begin to be detected in neurites possibly due to axonal 
transport. This topographic pattern was observed using PCI2 cells in the presence and in the 
absence of nerve growth factor (NGF). In the presence of NGF, neurite outgrowth is ob­
served in these cells, however, in the absence of NGF, the cells contain low levels of all three 
NF proteins and any neurofilaments are detected only in the perikarya of the cell.̂ '̂"̂  Al­
though filaments are detected in the cell, these were considered incomplete or diassociated 
filaments however, after NGF induction, the levels of NF protein expression markedly in­
creased, particularly within neurites. 

Neurofilaments and Axonal Caliber 
One of the functions of neurofilaments is to control the axonal caliber since the speed of 

conductivity of a nerve impulse along the axon is direcdy proportional to the caliber of the 
axon. Neurofilaments are particularly abundant in large myelinated axons such as those of 
motor neurons where speed is crucial in their proper function. Neurofilament involvement in 
caliber determination was demonstrated through analyses of a mutant 'quiver' quail in which 
the NF-L gene was disrupted and thus neurofilament formation was affected. The diameter 
of axons was significandy reduced in the mutant 'quiver' quail as was the conduction velocity 
of impulses. Similar studies have now been confirmed in similar models in transgenic mice.^ '̂̂ ^ 

Phosphorylation of Neurofilaments 
After their transport into the axons, neurofilaments are extensively phosphorylated." '̂"^ '̂̂ '̂̂ ^ 

In the developmental paradigm, phosphorylated NF-M can be detected as early as El3 in 
spinal cord neurons whereby its expression is most intense in the axons and peripheral nerves 
with litde or no expression in the perikarya and dendritic branches. NF-M and NF-L expression 
reach peak, adult values at El5, where NF-H is detected in brain and spinal cord at low levels 
and is a mixture of phospho and nonphospho forms. Most of the neurofilament phosphorylation 
sites are located in the KSP motifs of the tail domains of NF-M and NF-H, although other Ser/ 
Thr motifs are phosphorylated. The spatio-temporal phosphorylation pattern of neurofilaments 
is distinct in different neuronal sub-popidations and cerebellar granule cell parallel fibers, which 
lack NF-H, show no phosphorylation. On the other hand, in the neurons of the optic nerve, 
NF phosphorylation occurs in a gradient function along the axon, starting proximally as 
neurofilaments enter the axon hillock and continuing down the axon.^ Nonphosphorylated 
NF-M/H is found in cell bodies of DRG, ventral motor and sympathetic neurons while 
phosphorylated NF-M/H is found down the axon suggesting the phosphorylation state of 
NF-M/H is related to the extent of axonal transport of neurofilaments. ̂ "̂  However, this matter 
is still debated since phospho-NF-H is intensified in brain and spinal cord neurons but its 
phosphorylation pattern occurs distal-proximal (ie. opposite to the other neurons). The 
suggestion here is that perhaps contact with terminals initiate NF phosphorylation.^^ The 
phosphorylation of NFs continue postnatally in diff̂ erent brain regions at different rates and in 
some regions such as the olfactory bulb and hypothalamus, phospho-NF-H is undetectable at 
postnatal day 1 (PI). The initial appearance and progressive phosphorylation of NF-M and 
NF-H in the axons are region-specific and correlated to synaptogenesis and myelination, as the 
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mature neuronal qa;oskeleton begins to be established. Myelination also signals to promote 
NF phosphorylation and radial growth or thickening of the axons (described later). Interest­
ingly, NF phosphorylation is not seen in embryonic or adult neuronal dendrites even though 
all three subunits are present. ̂ '̂ ^ This may be due to a lack of specific signals to activate the 
kinases responsible for NF subunit phosphorylation. The axonal phosphorylation of NFs is a 
slow process in vivo and may rely on the subunits being transported into the axons however, 
the transport of NFs is slowed down by their phosphorylation. This may account for the 
phospho-gradients observed along the axon however, other factors such as the regulation of the 
kinase activities and conformation of the proteins are also important determinants in NF 
phosphorylation. 

NF-L is essential for the formation of neurofilaments from its subunits, however, the 
precise mechanism by which neurofilaments form is controversial. Neither NF-M nor NF-H 
can self assemble into filaments in vitro and the central a-helical rod domain of NF-L con­
trols NF formation by acting as the backbone. ^ Interestingly, NF-L can self assemble into 
10 nm homopolymeric filaments in vitro. In vitro, NF-L assembly probably begins with 
the dimers assembling into tetrameric protofilaments which then form octameric protofibrils 
and ultimately into core lOnm wide filaments. Both ends of NF-L were found to act an­
tagonistically and were required for NF-L assembly in vitro, by experiments where tail-less, 
head-less and rod-less constructs of NF-L were recombined in various combinations. The 
head domain promotes lateral association of protofibrils into protofilaments and the tail 
domain promotes the termination of filaments upon reaching 10 nm. In vivo however, 
NFs are obligate heteropolymers although NF-L is required for NF formation, it is not 
essential for viablility as observed by extensive transgenic modulation and gene knockout 
studies. The mutation of the NF-L gene in the Japanese quail results in the production of a 
fertile, viable adult with a 'quiver' phenotype. The 'quiver' quail exhibits NF-L deficient 
axons without neurofilaments decreased axonal caliber and earlier death than the wild-type 
neurons. A NF-L null mouse does not have any neurofilaments, exhibits a reduced axonal 
caliber but this mutant also contains dramatic reductions in NF-M and NF-H levels.^^ In 
transient transfection studies using cells that lack intermediate filaments, NF-H and NF-M 
were unable to form homopolymeric filaments whereas NF-L, cotransfected with NF-M or 
NF-H, assembled into filamentous structures. Experiments that removed the tail domains of 
NF-L and NF-M still allowed coassembly into filaments thus indicating that the tail do­
mains are indispensable for filament formation even in vitro. ^ Instead, another region of 
neurofilaments were found to be important in for filament formation. The assembly into a 
heteropolymer is dependent on the head domains of NF-L and NF-M and more specifically 
on the phosphorylation states of these domains. The phosphorylation of the head domain of 
NF-L inhibits filament assembly or it may promote disassembly. Protein kinase A (PKA) 
mediated phosphorylation of Serine^^ in the head domain of NF-L or Serine in the head 
domain of NF-M is sufficient to block assembly. ^ Additionally, transgenic mice express­
ing a mutant NF-L, Serine to Aspartate mutation (mimicking permanent phosphoryla­
tion), exhibited pathological accumulations of neurofilament aggregates in the cell bodies of 
neurons within a month after birth.^ Thus, the phosphorylation of the head domains may 
occur immediately after NF-L synthesis in the cell bodies so that premature assembly of 
neurofilaments in the cell bodies is averted, before transport into the axons. 

Neurofilaments and Their Associated Kinases 
Intermediate filaments such as vimentin, desmin and GFAP are phosphorylated by PKA 

and PKC. Much like vimentin, the head domain of NF-L can be phosphorylated by PKA. 
This phosphorylation prevents NF-L assembly and induces the disassembly of NF-L filaments 
in vitro. The major PKA target site on NF-L is localized in the head domain on the Ser̂ ^ 
residue, a site that may be essential for early stages of regulation of filament assembly. Assem­
bly or disassembly of NF-L filaments in vitro is also regulated by phosphorylation of Ser in 
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Figure 2. Neurofilament subunit domains and sites that are phosphorylated by known kinases. Sche­
matic representation of NF-L, NF-M and NF-H proteins and sites that are phosphorylated by different 
kinases. All three subunits are phosphorylated at their amino termini by protein kinase A (PKA), protein 
kinase C (PKC) and calcium-calmodulin kinase (CA/CAM). Both NF-L and NF-M are phosphorylated 
in the Glutamic acid rich region (shaded box) by Casein kinase I (CKI). NF-M and NF-H are phospho­
rylated in their KSP repeat regions by ERKl/2 and Cdk5. The number of phosphates incorporated per 
mole of neurofilament protein are indicated on the right. Nf-L and NF-M have 1-3 and 6-15 phosphates 
per mole respectively and NF-H has between 40-57 phosphates incorporated all seemingly attributed 
toERKandCdk5. 

the head domain of NF-L by the Rho associated kinases. Second messenger independent 
kinases such as CKI and CKII are found in N F preparations from mammalian nervous tissue. 
CKI, a constitutively active kinase, is the principal kinase associated with NFs in preparations 
made from squid axoplasm, bovine and chicken spinal cord^^ and in vitro, CKI phosphoylates 
Ser/Thr residues in the C-terminal tail domain shared by all three subunits. ' CKI 
phosphoylates at least 5 Ser residues C-terminal to a conserved VEEIIEET sequence found in 
all three NF subunits from human to lamprey. CKII, a microtubule associated kinase that 
phosphoylates p-tubulin,^^'^^ is also associated with N F preparations. It is less active than CKI 
with N F substrates, particularly N F - H , but it phosphoylates NF-L at Ser in vitro. Addi­
tionally, an antibody that specifically detects phospho-NF-L exhibited robust expression in 
perikarya of rat cortex suggesting this event takes place in vivo too. CAMKII, another kinase 
enriched in squid N F preparations phosphoylates N F proteins among other substrates in the 
complex of PSD proteins ^ (see Fig. 2). 

Neurofilament Tail Domain Phosphorylation 
The C-terminal domains of all neurofilament proteins contain a glutamic acid rich region 

with serine residues. These serine residues can be phosphorylated by casein kinase I and II on 
the basis of their consensus sequences. '̂ '̂̂ '̂ ' 

Most phosphorylation sites in N F - M and N F - H are found in their KSP repeat regions, 
which can be specifically phosphorylated by the proline directed kinases. The tail domains of 
the N F - M and N F - H contain consensus sequences of Cdk5 and the mitogen activated protein 
kinase (MAPK) family. The kinases associated with NFs isolated from neuronal tissues have 
been extensively analysed. These preparations contain endogenous kinase activities that 
phosphoylate a number of substrates including NFs. The kinases isolated in these preparations 
phosphoylate casein and lysine rich histone thus suggesting the presence of multiple kinases in 
the N F preparation. It is now evident that two families of the proline directed kinases, the 
cyclin dependent kinases such as Cdk5 and the MAP kinases such as E R K l / 2 , SAP, p38 kinases 
and GSK3 are the principal kinases that phosphoylate the KSP repeats in the N F - M and N F - H 
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tail domains '̂  (see Fig. 2). NF-H is the most extensively phosphorylated molecule in the 
nervous system and most of the phosphorylation takes place in the C-terminal KSP repeats.̂ '̂"^^ 
In vivo phosphorylation of NF-H by Cdk5 has been shown to occur in transfection studies. 
Cotransfection studies of NF-H with p35/Cdk5 or GSK in COS cells, have shown that NF-H 
is phosphorylated at different sites by the two kinases. Only p35/Cdk5 altered human NF-H 
electrophoretic mobility to a similar level to brain NF-H suggesting that KSPXK repeats were 
phosphorylated by Cdk5/^ Rodent NF-H contains 41 KSPXXXK repeats between residues 
508 and 763, which were not phosphorylated by p35/Cdk5. The specificity of Cdk5 for the 
KSPXK was confirmed in another study where the KSPXXXK motif, which predominates in 
the tail domain of rat NF-H is preferentially phosphorylated by ERKl/2 while Cdk5, which 
requires an adjacent basic or neutral residue, has a greater preference for KSPXK.^ '̂ This 
explains why human NF-H, with its 34 KSPXK repeats is a preferred substrate for Cdk5. 

Axonal Transport of Neurofilaments 
Synthesis of all the cytoskeleton molecules, their kinases and regulators occurs in the 

perikarya of the neuron and delivered by a mechanism called axonal transport (see for review 
refs. 75-78). Axonal transport is divided into two major categories based on the speed of 
transport. These are 'fast axonal transport' which includes membraneous components and 
'slow axonal transport' that includes cytoskeletal components such as neurofilaments, 
microtubules and their associated proteins. Initially it was thought that the different rates of 
transport were due to the transported proteins associating with different motors responsible 
for the two types of transport. However, it is also possible that the different speeds are due to 
the proteins attaching, for varying lengths of time, onto a unitary motor. Thus, elements 
undergoing fast transport could be attached to the motor all the time therefore being 
transported rapidly and elements undergoing slow transport, could be attached to the motor 
for a fraction of the time. Motors that could translocate material in both anterograde and 
retrograde directions along microtubules have been identified but the same success has not 
been obtained when identifying motors responsible for slow axonal transport. The known 
retrograde fast transport motor, dynein, was shown to mediate the movement of microtu­
bules and similarly, the fast anterograde motor kinesin transported NFs in cellular system 
and in situ. Studies have also implicated dynein in movement of NFs along MTs.^^ Real 
time experiments have shown that NF transport in cultured neurons that what appears to be 
what was first thought to be slow transport of NFs is actually a series of short 'sprints' by the 
NFs at speeds consistent with fast axonal transport, mixed with periods of nonmotility. 
In addition to NFs being transported as filaments, some NF subunits are transported as 
punctuate structures consistent at slow transport rates and these structures are then con­
verted into filamentous structures along the length of axonal neurites. Additionally, a smaller 
percentage of punctuate structures moved in a retrograde fashion, some changed between 
anterograde and retrograde and some showed no movement. ^' NF transport is dependent 
on the presence of MTs and MT motors. The microinjection of anti-kinesin antibodies 
disrupted NF transport and furthermore, NFs are recovered in a MT motor preparation and 
are coimmunoprecipitated by anti-kinesin antibodies.'^^ NF retrograde transport has also 
been documented in peripheral axon ligations in mice where both bulk and newly transported 
NFs accumulated on both proximal and distal ends of the ligated nerve. The proximal accu­
mulations could be explained by anterograde transport while the distal end accumulations 
could only be explained by retrograde transport. Mechanical constriction of axons of 
cultured neurons yielded similar results. Real time or 'live' experiments, using GFP tagged 
NF-H constructs, showed that a proportion of NF-H moved in a predominantly retrograde 
fashion with occasional anterograde movement while a fraction moved in an opposite fash-
ion.^ '̂̂ '̂̂ ^ Recent studies suggest that dynein may mediate the retrograde movement of 
NFs. NFs were observed to undergo expected bi-directional movement and copurified with 
dynein and kinesin-related motors. NF motility was predominantly towards an anterograde 
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direction when antibodies against the cargo-loading domain of dynein were introduced, 
suggesting that dynein may be responsible for the retrograde movement. 

Neurofilament phosphorylation is implicated in the overall slowing of their transport rate 
as migration along the axon continues. The rate of NF transport is inversely correlated with 
their phosphorylation state. Hypophosphorylated NF-H and NF-M are transported approxi­
mately twice as fast as their phosphorylated forms. Furthermore, NF-H, containing a 
phospho-epitope normally seen later in development, is transported at half the rate of total 
NF-H. The reversible association of NFs with their transport complexes could be 
regulated by phosphorylation. Increased C-terminal phosphorylation may promote disassociation 
of NFs from their anterograde transport motor. Studies manipulating the kinases and phos­
phatases also support a role for phosphorylation in the regulation of NF transpon. The 
injection of the phosphatase inhibitor, okadaic acid, slowed axonal transport of NFs and also 
induced the appearance of a phospho-NF epitope within the proximal segments of optic axons 
that is normally restricted to distal areas. The slowing of NF transport was not due to an overall 
inhibition of axonal transport since another component, fodrin, was not affected.^^ The 
relationship between the phosphorylation event, the kinases resposnsible and association of 
NFs with the transport machinery is highly complex and not completely understood. If a 
phosphatase inhibitor inhibits transport, then it follows that a kinase inhibitor may then 
increase transport, but this is not the case. PD98059, a specific inhibitor of the MAP kinase 
pathway inhibits the anterograde transport of GFP-tagged NF subunits in neuroblastoma cells 
however, mitochondrial transport was not affeaed suggesting that not all anterograde transport 
was impaired. Additionally, olomoucine, an inhibitor of Cdk5 inhibited both mitochondrial as 
well as NF transport. Further experiments showed the complexity of the transport mecha­
nism where, as mentioned above, cells, treated with PD98059, suppressed NF transport but, 
addition of MAP kinase to a microtubule motor preparation disrupted the interaction between 
NFs and kinesin while at the same time increasing C-terminal NF phosphorylation. Recent 
studies have shown that NF phosphorylation is responsible for disassociating NFs from kinesin 
and hypophosphorylated NFs were recovered from a standard MT motor preparation rich in 
kinesin. The failure to recover kinesin from routine NF preparations could be because the 
majority of NFs are highly phosphorylated. When MAP kinase is added to the motor prepara­
tion, there was an increase in C-terminal phosphorylation of some of the NF subunits and 
these were unable to coprecipitate with kinesin. This selective phosphorylation and subse­
quent dissociation from the anterograde motor may be a potential mechanism by which NF 
phosphorylation is implicated in the slowing of NF axonal transport. ̂ '̂̂ ^ Ongoing work to 
determine which of the approximately 50 phospho-sites of NFs regulate the association of NFs 
to the motors and whether different kinases, phosphorylating different sites have divergent 
effects remain critical areas of investigation. 

Phosphorylation of NFs and Disease 
The KSP sites in NF-M and NF-H are extensively phosphorylated in axons but not in den­

drites or cell bodies except in cases of neurodegenerative diseases such as Amyotrophic Lateral 
Sclerosis (ALS) where abnormally phosphorylated NFs accumulate in the spinal motor neuron 
perikarya. A number of neurodegenerative diseases such as Alzheimer's, Picks disease with 
Lewy bodies. Dementia with Lewy bodies and Parkinsons disease are characterized by a com­
mon neuronal pathology where there are accumulations of insoluble filamentous aggregates 
with neuronal perikarya (see for review re£ 94). Thus, defects in the compartmentalization of 
cytoskeletal protein phosphorylation may lead to neuronal death seen in these diseases. The 
principal proteins found in the aggregates are tau and synuclein, but small amounts of phospho­
rylated neurofilaments and their associated kinases have also been detected through 
immunodetection of the proteins. ALS however, is a different story as the major pathological 
hallmark is neurofilaments containing filamentous aggregates primarily localized to the perikarya 
and the proximal axons of spinal motor neurons.^^ Additionally, the neurofilament aggregates 
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are extensively phosphorylated, particularly in the tail domains of NF-M and NF-H. Neurons 
that contain this pathology are destined to die accounting for the motor neuron loss, nerve 
degeneration and the muscle dystrophy that is characteristic of ALS, resulting in death. Even 
though the pathological hallmark has been discovered, the precise mechanism of neuronal loss 
in ALS is confusing and not fiiUy understood yet. Studies attempting to shed some light on the 
mechanism have involved altering the neurofilament protein subunit stoichiometry with neu­
rons using transgenic mice and a number of different models have been produced. However 
these models did not explain what was going wrong in the neurons, as diverse and contradictory 
neuronal and behavioural phenotypes were obtained. A 2-4 fold overexpression of either human 
or mouse NF-H produces a massive accumulation of NFs within spinal motor neuron perikarya 
but only overexpression of human NF-H produces overt motor neuron dysfunction characteris­
tic of the disease. ̂ "̂̂ ^ Like-wise, transgenic mice over-expressing NF-L also display a spinal 
neuron pathology resembling that of ALS with phosphorylated NFs in the perikarya.^^'^^ Over 
expression of mutant or wild-type murine NF-M or human NF-M leads to some perikaryal 
accumulations within motor neurons however in the majority of cases, massive accumulations, 
motor dysfunction nor neuronal loss were not observed.^ ,101 103 s^^Jies performed with NF-M 
knock-out mice exhibited decreases in NF-L protein levels while NF-H protein levels and NF 
transport velocity increase suggesting that NF-M plays a dominant role in the regulation of 
NF-L protein stoichiometry and the phosphorylation state of NF-H. '̂ ^̂  Transgenic NF-M 
mice have increased levels of NF-L and both total and phospho-NF-H levels decrease as if to 
compensate for the overexpression of NF-M. These studies suggest that as long as the NF-L to 
NF-H ratio is maintained, filaments are assembled and transported as normal. As confusing as 
the studies are, the stoichiometric imbalance among the NF subunits are primarily responsible 
for the spinal motor neuron phenotype seen in ALS since introduction of NF-L in to NF-H 
transgenic mice restore a normal phenotype.^ Neurons with higher levels of axonal NFs seem 
to be most at risk from the imbalances in stoichiometry of the NF subunits since transgenic 
mice overexpressing peripherin did not display any massive accumulations in the spinal motor 
neurons but some had significant accumulations in the proximal regions, accompanied by mo­
tor dysfunction from 6-28 months. ̂ '̂̂ ^ To confuse the situation even further, the nature of the 
aggregates in the motor neurons are not identical, with some being spherical and some filamen­
tous and the nature of associated proteins unknown. Even the state of NF phosphorylation is 
not the predictor for neuronal cell death as, a recent comparison of the specific pattern of NF-H 
phosphorylation between ALS and normal spinal cords were similar.^^ So the question remains 
about what factors are responsible for neuronal cell death, axon degeneration and the motor 
dysfunction seen in ALS. It appears that changes in the NF subunit ratio in the cell body may 
affect NF assembly, NF transport and/or NF phosphorylation or perhaps all three in some 
combination or altogether. ' ^ A common feature of all the affected neurons in the mouse 
models is the serious disruption of NF transport, perhaps due to the premature assembly of 
abnormal polymers within the cell bodies and this inhibits proper association with the microtu­
bule transport machinery. ' ' The phosphorylation of NF-M and NF-H tail domains 
may also contribute to the disruption of NF transport due to the mechanical interference cause 
by the side-arm formation. Consistent with this observation, transgenic mice bearing superox­
ide-! (SODl) mutations display motor neuron accumulations of phosphorylated 
neurofilaments. Autosomal dominant mutations in the SOD-1 gene are the primary cause of 
ALS in a small number of human families. Transgenic mice with these mutations exhibit an 
early onset of reduced tubulin transport and subsequent appearance of motor neuron pathology 
and cell death characteristic of ALS. 

Neurofilaments and Signal Transduction Pathways 
Only a small subset of Ser/Thr residues in rat NF-H are phosphorylated by Cdk5. The 

MAP kinases, particularly ERKl/2, play a greater role in the phosphorylation of these resi­
dues. In vivo, the MAP kinase cascade is implicated in neurite outgrowth in PC 12 cells where 
NGF stimulation induces a sustained increase in ERKl/2 activation and neurite outgrowth is 
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Figure 3. The transient transfection with the constitutively aaive MEKl construct causes the phosphory­
lation of NF-M tail domain. A) NIH3T3 cells were transiently transfected with NF-M and hemagluttinin 
tagged (HA)-ERK2 (lane 1), NF-M, HA-ERK2 and CA-MEKl (lane 2) and NF-M, HA-ERK2 and 
dominant negative (DN)-MEKl (lane 3). Phospho NF-M was detected from cell lysates through Western 
blot analysis, using the monoclonal phospho-specific antibodies RMO-281 (left panel) and SMI31 (right 
panel). Equal amounts of protein were loaded and resolved in each lane. B) The same set of transfections 
were subjeaed to immunocytochemical analyses. Transfeaed, serum-starved cells were fixed and incubated 
with RMO-281, followed by FITC-conjugated secondary antibody. It was clear that transfections with 
CA-MEKl caused the phosphorylation of NF-M and DN-MEKl did not induce NF-M phosphorylation. 

detected within a few days.^^^ Accompanying this neurite outgrowth is the activation of NF-L 
and NF-M m R N A transcription while N F - H transcription is unchanged."^^ Inhibition of the 
MAP kinase pathway results in the inhibition of neurite outgrowth and in hippocampal cells, 
this is accompanied by a decrease NF-M, N F - H and MAP-1 phosphorylation, suggesting a 
role for these proteins in axon elongation.^^ The MAP kinase signal cascade is also implicated 
in calcium-induced membrane depolarization of P C 12 cells. The induction of calcium influx 
through L-type channels resulted in the activation of E R K l / 2 phosphorylation and subse­
quent neurite outgrowth and phosphorylation of the N F - M tail domain. Inhibition of the 
calcium influx or the MAP kinase pathway with the use of a specific M E K l (upstream activa­
tor of ERKl /2) inhibitor, prevented neurite outgrowth and N F - M phosphorylation. Addition­
ally, constitutively active M E K l , cotransfected with a N F - M tail domain construct in NIFi 
3 T 3 cells, resulted in E R K l / 2 activation and the N F - M tail domain phosphorylation (Fig. 3). 
Further experiments involving N I H 3 T 3 cells treated with EGF, a growth factor that specifi­
cally activates the MAP kinase pathway and transfected with N F - M showed an activation of 
E R K l / 2 and induced N F - H phosphorylation. This suggested that endogenous M E K l was 
activated and the effects were blocked by the M E K l inhibitor suggesting that the MAP 
kinase cascade is involved in regulating N F tail domain phosphorylation. It has been shown 
that E R K l / 2 phosphoylates the KSP repeats in N F - M and N F - H and this event, is linked to 
neurite outgrowth and branching in primary rat hippocampal neurons. Treatment of these 
cells with the M E K l inhibitor PD98059 caused a decrease in outgrowth and inhibited the 
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Figure 4. Retinoic acid and laminin induced Cdk5 activity and NF-H KSP tail domain phosphorylation 
in SH-SY-5Y human neuroblastoma cells. A) Cells were treated with retinoic acid (RA-10 ^iM) or with 
vehicle for 7 days and then culured on poly-L-lysine or laminin for 24 hours. Cell extracts were immu-
noprecipitated with anti-Cdk5 antibody (c8) and immunoprecipitates were assayed for their ability to 
phoshorylate histone H1 . IN the presence of retinoic acid and laminin kinase activity was observed to 
be highest. B) Equal amounts of protein from cell lysates were immunoblotted using total (SMI33) and 
phospho-dependent NF-H (SMI31) antibodies. Again, total NF-H levels were barely changed but 
phosphorylation of NF-H increased dramatically in the presence of laminin. 

phosphorylation of N F - H and N F - M and MAP. Additionally, studies have shown that the 
phosphorylation event is regulated by signal transduction pathways. Recent studies have shown 
that integrin a i p i activated Cdk5 and this causes the phosphorylation of NF-Fi (Fig. 4). 
Cellular adhesion to the extracellular matrix is mediated by a diverse class of a l / p i heterodimeric 
receptors known as integrins, which transduce signals at the cell surface to activate multiple 
intracellular signal pathways within the cells. The signaling pathways that link integrins to 
neuronal process outgrowth is not fully understood. It was discovered that the a i p i integrin 
induces the activation of Cdk5 , causing phosphorylation of human C-terminal N F - H on KSP 
repeats as well as mediating neurite outgrowth. These results indicated that Cdk5 may play an 
important role in promoting neurite outgrowth and human N F - H tail domain phosphoryla­
tion through the a i p i integrin signaling pathway (Fig. 5). 
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Figure 5. Laminin induced Cdk5 activity correlated with neurite outgrowth in RA-treated SH-SY-5Y 
cells. SH-SY-5Ycells were evaluated for neurite outgrowth in the presence and absence of a i p i antibod­
ies or the Cdk5 inhibitor BL-1. Cells were treated with and without RA for 7 days, detached and replated 
on poly-L-lysine or laminin coated coverslips in serum-free media with and without a l antibodies, pi 
antibodies and BL-1. Processes were measure in five randomly selected fields after fixation and staining 
with crystal-violet. Laminin and RA together caused a larger increase in neurite outgrowth compared 
with laminin or RA alone, a l and pi antibodies and BL-1 inhibited this effect. The antibodies appeared 
to be more effective in reducing neurite outgrowth compared to BL-1. 

The phosphorylation of neurofilaments occurs in axons in close proximity to myelin sheaths. 
Myelination may be the signal needed to induce phosphorylation of NFs in axons but it is also 
possible that a signal from Schwann cells or oligodendrocytes may also activate Cdk5 and MAP 
kinase. Increased phosphorylation of MAPs are also caused by the presence of myelin sheaths on 
axons and thus, myelination may cause the increased axonal caliber primarily determined by the 
phosphorylation of NFs. However, the specific molecules in myelinating cells and mechanisms 
present, that regulate signaling cascades affecting the expression and phosphorylation of cytoskeletal 
elements, have not been fully identified. The myelin-associated glycoprotein (MAG) belongs to 
the *siglec subgroup of the immimoglobulin superfamily and is expressed exclusively by myelinating 
oligodendrocytes and Schwann cells. ̂  ̂  ' Its localization in periaxonal membranes suggests that 
it is involved in glia/axon interactions and/or signaling and MAG appears to be involved in 
bi-directional signalling and may be a potential neuronal ligand that modulates glial events. Al­
though studies have shown that MAG is not essential for myelin formation, MAG null mice 
display subde abnormalities including the disruption of the periaxonal junction, delayed myeli­
nation and formation of dystrophic oligodendrocytes. ̂  ̂  '^^^ MAG may be particidarly important 
in neuron to glia signaling with MAG acting as a ligand for a neuronal receptor to affect axonal 
properties. Aging MAG null mice exhibit PNS axonal degeneration, characterized by a reduced 
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Figure 6. Schematic representaion of the integrin signalHng pathway. The membrane bound integrin 
receptor couple to intracellular signaling molecules, binds to a ligand and is transduced to activate 
Src-FAK tyrosine kinases. These kinases are linked to the Gb2 and She proteins that are also known to 
associate with the RAs signaling proteins. The message is then shuttle into the cell to increase the 
transcription of p35 thus activating Cdk5 and resulting in the phosphrylation of cytoskeletal proteins 
such as neurofilaments MAPs and tau. 

axonal caliber with decreased spacing, expression and phosphorylation of NFs. ̂ ^̂ '̂ ^̂  Addition­
ally, MAG also affects neurite outgrowth via neuronal signaling cascades. ̂ ^̂ ^̂ ^ The in vitro re­
sults suggest that the phosphorylation of NFs is increased when DRG or PCI2 neurons are 
cultured in the presence of MAG, reinforcing the hypothesis that MAG itself is a component of 
the signaling system that affects the neuronal cytoskeleton (Figs. 6,7). The increased neurofilament 
packing density correlates with decreased phosphorylation of KSP repeats in the C-terminal do­
mains of NF-M and NF-H. In addition to confirming the decrease of phospho NF-M and NF-H 
levels in MAG-null mice as reported previously, the activities of 2 proline directed kinases known 
to phosphoylate NF-M and NF-H, Cdk5 and MAP kinase, are also reduced in these mice^^ 
(Fig. 7). Thus, the activities of Cdk5 and ERKl/2 appear to be responsible, at least in part, for the 
decreased neurofdament phosphorylation (Figs. 8, 9). In addition to changes to the NFs, the 
microtubular cytoskeleton of PNS axons is also affected when normal myelination is disrupted. 
Changes in the levels and/or the phosphorylation of MAPs including tau, MAPI A and MAP IB 
were also detected when DRG neurons were cocultured with MAG expressing cells (Fig. 10). 
This suggests that a MAG mediated signaling process may also be involved in the regidation of 
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Figure 7. MAG causes the phosphorylation of neurofilaments in DRG neurons and in diflFerentiated PC 12 
neurons. A) DRG neurons were cocultured with COS cells transfected either with vector only (Vector) or 
Vector-L-MAG for 4 days. Total protein was analyzed by western blotting and immunodetection of 
neurofilament subunits were performed using the same antibodies described earlier in Figure 3. Results fi-om 
three separate experiments are expressed as SEM in the bar graph on the right (B). *p < 0.05, **p < 0.01. 
C) PC 12 neurons were cocultured with transfected either with vector only (Vector) or Vector-L-MAG for 
4 days. Western blots showing total and phospho-NFM are shown on the left and results expressed as a bar 
graph are shown on the right (D). In both cases the presence of MAG stimulated the phosphorylation of 
NFM without affecting its expression. 

Figure 8. MAG-null Mice have De­
creased ERKl/2 and Cdk5 Activ­
ity. Sciatic nerves from 10 month 
old control and MAG-null mice 
(MAG-/-)were analyzed forERKl/ 
2 and Cdk5 activity. Phospho-
ERKl /2 and Cdk5 were immuno-
precipitated and kinase assays us­
ing casein, histone and myelin 
basic protein (MBP) as substrates 
in in vitro kinase assays. Casein 
phosphorylation was unchanged 
between wild-type (Control) and 
MAG-null mice sciatic nerves. Hi­
stone and MBP phosphorylation 
were significandy reduced. The 
data are expressed as SEM fro three 
MAG-null mice and three control 
(wild-type) mice. *p < 0.05. 
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Figure 9. Neurofilament phosphorylation in MAG-null mice. Sciatic nerves from 10 month old control 
and MAG-null mice (MAG-/-) were analyzed for total and phosphorylated neurofilament proteins by 
western blotting with the following specific antibodies: SMI31 (NFHP+ and NFMP+), N52 (Total 
NFH) and RMO270 (Total NFM). NFHP+ and NFMP+ refer to phospho-NFH and NFM respectively 
Tubulin is shown as a control that changes were specific to neurofilaments. The bar graph on the right 
shows results obtained by densitometric quantification of neurofilament proteins in 8 MAG-/- mice 
expressed as a percentage of mean control levels in 8 control mice (*p < 0.05, **p < 0.01). 

Figure 10. MAG Causes the Increase in MAP2 and Tau Expression and Phosphorylation of MAPIB. 
DRG neurons were cocultured for 4 days with L-MAG transfected COS cells (MAG) or cells containing 
plasmid vector only (vector). Following protein extraction, samples were resolved by SDS-PAGE and 
immunoblotted with the following antibodies: SMI21 to phosphorylated MAPIB (MAP1B+), AA6 
(Total MAPIB), MAP2, tau, GAP43, P-actin and P-tubulin. Westerns blots are shown in A. The results 
of three separate experiments are expressed as mean ± SEM are shown in the bar graphs in B. *p < 0.05. 
**p < 0.01. MAG expressing COS cells increased both total MAP 1B and phosphorylated MAP 1B by 2.1 
and 1.8 fold respectively, over those DRG neurons containing vector alone. The levels of MAP2 increased 
1.7 fold and low molecular weight tau increased 1.4 fold in the presence of MAG. The increased levels 
of these MAPs in the presence of MAG were associated with a comparable 1.6 fold increase in the 
expression of growth-associated protein-43, a biochemical marker positively associated with neurite 
outgrowth. However, there were no significant changes detected in the levels of p-actin and P-tubulin. 
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Figure 11. Schematic representation of MAG signaling pathway. The MAG ligand binds to its receptor 
located in the axonal membrane and initiates a signal transduction pathway involving Cdk5 and ERKl/ 
2 kinases. Its effect on Cdk5/p35 and ERKl/2 kinases results in NF and MAP phosphorylation. ERKl/ 
2 phosphorylation also leads to an increase in transcriptional activation leading to synthesis of cytoskeletal 
proteins as well as synthesis of the Cdk5 activator, p35. 

the microtubular q^oskeleton by myelin. In vitro results strengthen the hypothesis that MAG 
itself is a component of the Schwann cell periaxonal membrane that signals to the axonal cytosk-
eleton. The MAG-mediated cellular pathways by which the cytoskeleton may be modified are 
summarized in Figure 12. 

Neurofilaments, MAPS and tau make up the dynamic cytoskeletal architecture of neurons. 
These proteins are located downstream of initial signals of kinase signal transduction pathways 
and are phosphorylated by a number of kinases. Of the best characterized kinases, Cdk5 and 
E R K l / 2 have been shown to phosphoylate the cytoskeletal proteins in response to extracellular 
signals. The various signals and their effects mediate cytoskeletal protein phosphorylation and 
are summarized in Figures 12 and 13. 

Sutnmaiy 
The major questions that remain posed relate to the factors that regulate the compartmen-

talization of neurofilaments and other cytoskeletal protein phosphorylation in the neurons. 
Secondly, what are the mechanisms responsible for the regulation and de-regulation seen in 
neurodegenerative disorders. To address these questions, we have studies the factors regulating 
the axonal phosphorylation of neurofilament proteins. It is found that the activation of 
proline-directed kinases, such as E R K l / 2 and Cdk5, are primarily responsible for the extensive 
axonal phosphorylat ion of mult iple KSP repeats wi thin N F - M and N F - H carboxy-tail 
domains. It has also been demonstrated that these kinases, activated by signal transduction 
cascades in cell culture systems, phosphorylate NF-M, NF-H and MAPs on their proline-directed 
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Figure 12. Regulation of cytoskeietai protein phosphorylation by activation and inhibition of kinase 
cascades. Table showing the effects of signals, the activation of specific kinases and the resultant effect on 
cytoskeietai protein phosphorylation in various cell types. 
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Figure 13. Schematic illustration of neuronal signal transduction pathways leading to cytoskeietai protein 
phosphorylation. Cellular signals, such as the influx of calcium, leads to the activation of the ERKl/2 
pathway through the Ras signaling pathway leading to neuronal cytoskeietai protein phosphorylation. 
The activation of the Cdk5/p35 kinase complex through as yet unknown steps also leads to the end stage 
phosphorylation of neurofilaments, tau and MAPs. Stress factors binding to a receptor leads to the 
activation of the Stress Activated Kinases (SAPK) resulting in cytoskeietai protein phosphorylation. This 
pathway has not been discussed in this chapter. 
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Ser or Thr residues. In the axon, one source of exogenous signals are the glia responsible for 
myelination. Our studies of myelin associated glycoprotein (MAG)-null mice, in which glial 
cells fail to myelinate axons, have shown that the activities of ERKl/2 and Cdk5, as well as 
cytoskeletal protein phosphorylation, were down-regulated in the brain tissue of MAG-nuU 
mice. To further explore the mechanism of this signaling pathway, we established an in vitro 
coculture system of PCI 2 cells or DRG neurons cocultured with MAG-transfected COS cells. 
Here too we observed activation of ERKl/2 and Cdk5 kinases couple to neurofilament 
phosphorylation in neuronal cells. In addition, proline directed kinase activation by a wide 
variety of signal transduction pathways can regulate the cytoskeletal protein phosphorylation 
in neurons. It is proposed that hyperactivation/deregulation of these kinase cascades may 
induce aberrant phosphorylation of the cytoskeletal proteins in neurons leading to pathologies 
seen in neurodegenerative diseases. 
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CHAPTER 5 

Keratin Intemiediate Filaments 
and Diseases of the Skin 
E. Birgitte Lane* 

Abstract 

Aquestion that still challenges cell and tissue biologists is that of the driving forces that 
have selected for and conserved the numerous intermediate filament proteins in 
vertebrates. We are only beginning to understand the functions of this family of 

cyto-skeleton structures and we have very few experimental tools for testing comparative func­
tions of these proteins in a satisfactory way. A major turning point came with the discoveries 
that mutations in keratin intermediate filament genes were responsible for a large number of 
inherited skin fragility disorders. These disease links showed unequivocally that intermediate 
filament proteins, at least in barrier epithelia like skin, provide essential stress resilience for cells 
in tissues. The keratin genes account for three quarters of all the intermediate filament genes 
identified in the human genome, and it seems highly likely that any function attributable these 
structural proteins will also be important for the nonkeratin intermediate filaments. Once the 
stress resistance function of intermediate filaments is taken as a fact, rather than a persistent 
speculation, this knowledge can guide further experimental analysis and design to allow us to 
at last move closer to understanding the biology of these enigmatic cytoskeleton filaments. 

Epidermal Blistering Caused by Keratin Mutations 
The idea that keratins may contribute a structural supporting role in epithelia shifted from 

hypothesis to well-accepted fact when it was discovered that mutations in keratins K5 and K14 
caused profound fragility of epidermal basal keratinocytes. Analyses of a wide range of 
heritable skin disorders described below have confirmed that without keratin intermediate 
filaments to form an effective network in the cytoplasm of keratinocytes, these normally very 
tough epithelial cells are rendered fragile and break down when the skin is subjected to quite 
mild everyday physical stress, such as stretching or rubbing. As cells expressing mutant keratins 
break down, they destroy cell layers in the stratified epithelium. 

The first of these to be identified as caused by keratin mutations was a group of disorders 
known as epidermolysis bullosa simplex (EBS), with bullosa referring to the bullous or fluid-filled 
blisters that develop on the skin following quite mild physical trauma such as scratching or 
rubbing. In this case the keratinocytes of the epidermal basal layer in the skin are rendered 
fragile by a mutation (usually dominant) in either K5 or K14,^'^ i.e., the pair of keratins that 
make up the keratin cytoskeleton of these cells. The fracture of the basal cells can be seen by 
histology of rubbed skin and fluid accumulates in the plane of rupture. In severe cases, the 
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Dowling-Meara type of EBS (OMIM 131760), characteristic aggregates of electron-dense 
material can be (variably) seen in the cytoplasm of basal cells. 

The published data on mutations in keratins, and other intermediate filaments, is collected 
in a public internet-accessible database (www.interfd.org) maintained here at the University of 
Dundee. Analysis of nearly two hundred mutations in K5 and K14 to date has identified 
mutations in about 78% of cases diagnosed as EBS. Nearly all the identified pathogenic 
mutations in these genes are dominant. There are a few cases of recessive mutations which 
nearly all lead to loss of function, or a natural knock-out, in Kl4. No K5 knock-out mutations 
have been identified in humans, suggesting that this is lethal, presumably because there is no 
"back-up" type II keratin for K5 in basal cells. (For type I keratins, there are other possible 
candidates to reinforce a K14 knockout, such as K15. ) 

The severest cases of EBS are mostly associated with mutation in a specific codon for an 
arginine at position 125 in the amino acid sequence of K14, as first described by Coulombe et 
al; otherwise they are nearly all in the helix initiation motif or the helix termination motif, the 
rod ends that are so critical for intermediate filament assembly. Milder forms (so-called 
Weber-Cockayne type EBS (OMIM 131800), and to a certain extent the Kobner type (OMIM 
131900)) are associated with mutation cluster sites outside the helix boundary peptides^'^^ but 
they almost certainly define other critical points in the intermediate filament proteins as the 
pathogenic mutations are not randomly distributed (discussed in ref 11). Overall, the severity 
of a case of K5/K14 EBS depends on the position of the mutation in the keratin protein. 

Candidate Genes in Other Epithelia 
Once the connection between K5/K14 mutations and EBS was made, there followed a 

period of intense analysis of other inherited dermatological conditions whose phenotype 
su^ested cell fragility. Amongst other benefits, this period undoubtedly brought dermatologists 
and basic scientists together in an interesting and highly productive way. Many more EBS 
mutations were found in K5 and/or K14, although as they were mosdy sought only in the helix 
boundary regions (following the first findings) it is probable that many were missed at first. 
Current good practice in EBS screening must involve sequencing the whole coding region of 
these two genes. 

It was quickly realised that other phenotypically diverse skin conditions might also be caused 
by mutations in (different) keratin genes. These other disorders exhibited quite distinct 
phenotypes from that of EBS, yet the similarities and differences of these keratin disorders all 
fell rapidly into place as it was seen that the diverse phenotypes depended on the tissue expression 
of the mutated keratin target genes. A large amount of immunohistological information on 
keratin expression in tissues had been gathered since monoclonal antibodies to keratins were 
first generated in the early 1980s, and using this information it was now possible to rapidly 
identify candidate genes for other epithelia fragility disorders. Mutations were soon identified 
by sequence analysis of these other keratin genes. Again, most transpired to be dominant 
negative missense mutations situated in the helix boundary peptides of keratin genes, as had 
been the case for K5 and K14. This enlarging group of diseases and their relationship to keratin 
mutations has been the subject of a number of recent reviews. ̂ '̂̂ ^ Examples of some of the 
mutation reports are cited below but a more extensive list of published mutations is collated in 
the Intermediate Filament Database (http://www.interfil.org). 

The second pair of keratins in which pathogenic mutations were identified in skin fragility 
disorders was the epidermal secondary or differentiation-specific pair of Kl and KIO, 
normally expressed in suprabasal post-mitotic keratinocytes as they leave the basal layer and 
begin their progress towards complete terminal differentiation in the epidermis. It was 
correctly predicted that mutations in Kl and KIO might be responsible, at least in part, for the 
epithelial cell breakdown seen in the epidermolytic hyperkeratosis that characterised another 
group of disorders, know as bullous congenital ichthyosiform erythroderma (BCIE; OMIM 
113800), also sometimes called after the characteristic epidermolytic hyperkeratosis seen in these 
disorders (EHK) (see http://www.interfil.org for identified mutations). With this condition. 
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infants can sometimes be initially misdiagnosed as EBS, but the early blistering subsides to be 
replaced by thick, ichthyotic skin, which can be very extensive over the body surface. Histology 
of such skin shows that the basal cells are intact but the suprabasal cells are fractured, which by 
analogy with the basal cell lysis of EBS would suggest a defect in one of the pair of suprabasal 
keratins, i.e., Kl or KIO. This proved indeed to be the case, as several groups have confirmed 
with the identification of a range of dominant mutations clustering around the helix boundary 
motifs of either of the two proteins. Mutations in Kl have also since been linked to 
epidermolytic palmo-plantar hyperkeratosis (EPPK; OMIM 144200), mild diffuse cases of 
nonepidermolytic palmoplantar keratosis (NEPPK; OMIM 600962)^^ and possibly a case of 
Curdi-Macklin ichdiyosis hystrix (OMIM 146590).^^ EPPK is more usually linked to K9 
mutations; ' K9 is a keratin expressed specifically in palmoplantar epidermis. 

The same reasoning was applied to ichthyosis bullosa of Siemens (OMIM 146800), an 
uncommon epidermal fragility disorder characterised by cytolysis of upper layers of the epider­
mis and the formation of flat, superficial blisters. This was found to be caused by mutations in 
K2e, ' which Frankes group had shown was a late-expressed keratin in the epidermis. 
Thus the fragile cells again matched the known expression range of the keratin concerned. 

Mutations in another pair of secondary (differentiation-specific) keratins were discovered 
to cause another skin fragility disorder when mutations in K4 and K13 were identified in 
families affected with white sponge naevus (WSN; OMIM 193900).^^-^^ Loose white plaques 
in the buccal epithelium characterise this benign condition, which is more usually picked up 
by dentists than doctors. Buccal epithelium, like other regions of oro-genital epithelia, ex­
presses K4 and K13 as the suprabasal keratin pair and WSN was found to be specifically asso­
ciated with dominant mutations in these two keratins, mostly located in the helix termination 
motifs. Histological sections at first show a loose basketweave structure of the suprabasal cells 
layers, which on closer inspections can be seen to be caused by cytolysis of these cell layers. 

Corneal epithelium specifically expresses keratins K3 and K12, and these two keratins have 
been found to harbour helix termination motif mutations in patients affected by a disorder 
called Meesman corneal dystrophy (MCD; OMIM 122100). People suffering from MCD 
develop small blisters specifically on the corneal epithelium. 

The most divergent phenotypes of keratin disorders lie in the pachyonychia congenita dis­
orders. Pachyonychia (thick nails) congenita has two clinically distinct forms: the 
Jadassohn-Lewandowsky type (PC-1; OMIM 167200) with thick nails, oral leukoplakia and 
nonepidermolytic palmoplantar keratoderma (NEPPK; OMIM 600962), and the 
Jackson-Lawler type (PC-2; OMIM 167210) with thick nails, pilosebaceous cysts,/>/// torti 
(twisted or corkscrew hairs) and, variably, prematurely erupted natal teeth. Guided by candi­
date gene identification based on a knowledge of tissue expression patterns of keratin, PC-1 
was linked with mutations in K6a or K16, and PC-2 with mutations in K6b and K17.'̂ '̂̂ ^ 
Milder mutations in K6b or K17 are associated with steatocystoma multiplex (OMIM 184500) 
suggesting that there is a severity spearum in these genes analogous to that seen in EBS.̂ '̂̂ ^ 

There are also mutations in some hair keratin genes that are associated with hair fibre malfor-
mations such as moniledirix (OMIM 158000),^^^^ which may also be explainable by cell fragil­
ity in a critical subpopulation of cells involved in shaping the forming hair. In all these disorders 
the predominant location of the mutations has been found to be in the helix boundary motifs, 
and sometimes in the HI domain of the head region adjacent to the N-terminal end of the rod 
domain. It is only in the K5/K14 mutations of EBS that a much wider range of mutation 
clusters along the proteins is seen. This is most likely because mutated secondary keratins are to 
some extent protected or reinforced by the underlying template of residual K5/K14 filaments 
synthesised in the basal cells and serving as an assembly template for the secondary keratins. 
Thus only the most disruptive type of mutations are pathogenic in the secondary keratins. 

Most of the keratin disorders show skin thickening (keratoderma), especially on the palms 
and soles (palmoplantar skin). This is probably a residt of the "chronic wounding" of cell 
fragmentation: cells breaking open will release cytokines to trigger a repair process, even though 
the epithelial barrier is not completely breached. Cell proliferation in epidermal wounding is 
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normally part of the later phase of epidermal response, with the earlier epithelial response 
directed to cell migration to close the breech in the barrier. Thus the proliferative response may 
not need to detect free space around the cells whereas a migration response would. 

From Candidate Genes to ^^Candidate Diseases*' 
For several years, there were notable omissions from the list of keratins implicated in epithelial 

fragility disorders, in the simple epithelial keratins such as K8/K18 (the primary keratins) and 
K7, K19 and K20. This might suggest that simple epithelial keratins were not so essential for 
cell resilience and survival as they mostly occur in internal epithelia that are not so greatly 
stressed as epidermal tissues. On the other hand, K8/K18 are expressed in the very earliest 
stages of embryogenesis, and embryos of homozygous knockout mice have gready reduced 
viability.̂ "^ The tissue expression patterns of K8/K18 suggested to us that intestinal epithelia 
might be vulnerable to K8/K18 mutation-induced fragility and so we examined DNA from 
patients with inflammatory bowel disease. Mutations have now been identified in some cases 
of cryptogenic liver cirrhosis (included in OMIM 215600),^^ pancreatitis^^ and in our case 
from inflammatory bowel disease—both Crohn disease (OMIM 266600) and ulcerative colitis 
(OMIM 191390).^^ Strikingly th ese mutations are not in the helix boundary motifs, 
suggesting that mutations at such critical sites might be embryonic lethal in these early-expressed 
keratin genes. However neither are the mutations dominant; they occur in polygenic disorders, 
so at best they can only be predisposing factors. This is a good example of the necessity for 
lateral thinking about possible consequences of cytoskeleton defects in tissues. 

Supramolecular Stability versus Molecular Flux 
So how does this information sit with our prior understanding of keratin function in cells? 

Intermediate filaments are still far less well understood than the other cytoskeleton filamentous 
polymer systems of actin and tubulin. In contrast with actin and tubulin, intermediate 
filaments have been widely believed (somewhat erroneously) to be inert and unreactive. 
Intermediate filaments appear so because they form complex and ofi:en very dense meshworks 
of rope-like polymers in the cytoplasm that are not easily disrupted by drugs, nor easily soluble. 
Moreover the filaments are multi-stranded and have no net polarity, so dynamic flux is much 
more difficult to detect and monitor than in actin filaments and microtubules. Purified 
intermediate filament proteins in vitro will polymerise rapidly without any requirement for 
cofactors or associated proteins: if this is also the case inside cells, this only further increases the 
difficulty of analysing single strand kinetics. 

In recent years several lines of evidence have accumulated which suggest that cytoplasmic 
intermediate filaments are much more dynamic than was previously thought. The increasing 
use of techniques such as green fluorescent protein (GFP), for example, to tag and track 
specific proteins in living cells has revealed that much subunit exchange takes place along 
filaments. The speed of this flux reflects the likelihood that subunits of protein are normally 
flickering on and off the filaments all along their length, reviewed by Helfand et al. Small 
nonfilamentous protein particles of vimentin and keratin ^ have been observed that are highly 
mobile and that associate with actin and tubulin polymers as well as intermediate filaments. 
Larger nonfilamentous aggregates accumulate in some epithelial cells during mitosis ' and 
can be induced experimentally by intracellular injection of some antibodies. In some 
diseases, nonfilamentous keratin aggregates accumulate spontaneously, such as in severe forms 
of the genetic skin blistering condition epidermolysis bullosa simple:)? and in hepatocytes of 
people with alcoholic cirrhosis of the liver (Mallory bodies). 

Keratin aggregates in many forms are associated with a high level of phosphorylation^ 
and elevated phosphorylation of intermediate filaments is associated with the depolymerised 
state, suggesting that filaments are remodelled inside cells by cycles of phosphorylation and 
dephosphorylation. Specific information on phosphorylation sites and their regulating 
enzymes is still patchy for intermediate filaments and is best defined so far for the simple 
epithelial keratins K8 and KI8 (see Owens and Lane for a recent review). 
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Thus, intermediate filaments such as keratins clearly have mechanisms in place that can 
facilitate rapid spatial modulation at many levels, fi"om subunit flux along the filament surface 
to total filament collapse and remodelling by phosphorylation. Their apparent stability is probably 
due to the multistranded structure of the filament bundles seen by light microscopy which 
protects these cytoskeleton structures from total catastrophic collapse as can take place in 
microtubules and actin filaments. Thus, under most circumstances the tonofilament as a whole 
persists. The evolution of a system with this supramolecidar stability indicates that network 
persistence is an important aspect of intermediate filament function. Finally, the recent 
observauon that accumidation of keratin aggregates in EBS-derived keratinocytes is exacerbated 
by mechanical stress indicates that keratin filament remodelling can take place as a direct 
response to mechanical stress, thus putting all the pieces in place for keratins to function as 
mechanical stress sensors in epithelia. 

Keratin Filaments as Tensile Structures 
Keratins are the intermediate filament proteins characteristic of epithelial sheet tissues and 

account for up to 80% of the total cell protein in differentiated keratinocytes. A typical 
immunofluorescence image of keratin filaments (Fig. 1) shows a dense mesh of cytoplasmic 
fibres running in all directions through the cell in bundles of varying thickness, linked into 
desmosomes at cell to cell junctions and to hemidesmosomes at the cell-substrate interface. 
Keratin staining images from cells in culture and in tissue sections all show evidence of trans-tissue 
continuity of keratin filament bundles (tonofilaments) via cell junctions. 

Figure 1. Immunofluorescence image of confluent keratinocytes stained with antibody to keratin, illustrat­
ing the radial tonofilaments that extend firom the cell periphery into the cell body. They are typically in direct 
alignment with filaments subtending the other half of the desmosome in the neighbouring cell, indicating 
tension in the system. Deeper into the same cell the filament arrays are typically less straight and tend to 
track around the nucleus, suggesting lower filament tension exists simultaneously in other parts of a cell. 
(NEB-1 cells cultured on tissue culturegrade plastic dishes and stained with polyclonal rabbit antiserum to 
the C-terminal peptide of K5. Scale bar =10 pim. Micrograph courtesy of Alison Hill.) 
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Do these keratin filaments sustain tension? The old term "tonofilaments" for keratin 
filament bundles presumes a degree of tension in the system, probably suggested by the straight 
arrangement of peripheral radial keratin bundles that subtend the desmosomes in keratinocytes 
(see Fig. 1). This first impression probably merits closer inspection as if there is tension within 
the keratin cytoskeleton of an epitheUal cell, it is probably not evenly distributed. Seen with 
fluorescence light microscopy, the peripheral radial filament bundles appear run end-on into 
desmosomes (although by electron microscopy they appear to loop through the plaques) and 
are in directional alignment with their reciprocal fibres on the other side of the desmosomes in 
the neighbouring linked cell, suggesting a pull on both sides of a desmosome. 

Further back into the cell body, these straight tonofilaments mosdy become subsumed into 
a more ring-shaped arrangement of filaments that encircle the nucleus in the plane of the 
substrate. This suggests that any tension on the desmosomes must now have been dissipated or 
redistributed between a different set of vectors. Time-lapse filming of GFP-keratins in living 
cells shows sinuous wave-like flexing of keratin bundles, ^ indicating a reduced tension in at 
least some parts of the system. Electron microscopic images suggest that the filaments do not 
end at the junctions but loop through the desmosomes/hemidesmosome plaques. This would 
intuitively seem to be functionally important, as it suggests side-on associations of filaments 
with junction proteins, i.e., associations involving sites that repeat along the filaments. This 
would allow slippage of filaments through or past the anchorage junctions and so preventing 
rupture of structures by mechanical stress in the epithelial sheet. Thus the cytoplasmic 
distribution of keratin tonofilaments suggests that some locally variable tension is maintained 
in the system, and the evidence for dynamic turnover suggests that filaments can be repositioned, 
possibly in response to mechanical cues, providing the basis for a mechanosensory system based 
on intermediate filaments. 

Sig^ificance of Keratin Role in Skin Fragility Disorders 
Disease associations have now been identified for 15 of the 21 well-studied keratins 

expressed in soft epithelial cells. Those not so far associated with pathogenic mutations are 
K2p, K7, K15, K19 and K20. K15 seems to be a secondary basal cell keratin in keratinocytes, 
associated with a long-term stability state, and K7, K19 and K20 are all secondary simple 
epithelial keratins. At least 4 other nonkeratin intermediate filaments have been associated 
with diverse pathologies from premature ageing (lamin mutations: Hutchinson-Gilford progeria 
(OMIM 176670), Emery-Dreifuss muscular dystrophy (OMIM 181350) and familial partial 
lipodystrophy, OMIM 151660), to desmin mutations in myofibrillar myopathy (OMIM 
601419) and GFAP mutations in Alexander disease (OMIM 203450) and neurofilament 
mutations in some cases of ALS (OMIM 105400) (reviewed in Lane and Pekny, 2004). 

The hypothesis that keratins have a role in maintaining mechanical resilience in epithelia 
arises very naturally from observing the configuration of keratin filament bundles (tonofilaments) 
and desmosome cell-cell junctions by immunofluorescence microscopy. Until the discovery of 
keratin mutations in skin disorders, there had been no way of proving it. Keratins are hard to 
get rid of: in cultured cells they appear to be refractory to most of the drugs used to disrupt 
actin and tubulin systems, and even microinjection of antibodies, which can be very effective 
in specifically disrupting keratins as we showed earlier,^ '̂̂ ^ did not destroy epithelial cells in 
tissue culture. This is probably because there is no significant mechanical stress involved in cells 
attached and spread on the stiffs plastic substrate of a tissue culture dish. 

The keratin mutations clearly show that cell fragility arises from loss of cell resilience , due 
to loss of function of the keratin cytoskeleton. With the filament system compromised by 
certain types of mutations in one of the relevant keratin genes, the cell's internal reinforcement 
is inadequate and the cell is torn apart by mechanical forces acting on the skin that would 
normally cause no deteaable response in the tissue. The mechanisms for the nonkeratin disorders 
seem more obscure at first sight. However it seems likely that these too will eventually be 
recognized as resulting from structural fragility. More intermediate filament links with diseases 
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will continue to slowly emerge as we become better at predicting the consequences of intermediate 
filament mutations and as large-scale sequencing becomes more trivial. 

Therefore, besides the not-insignificant benefit of being able to inform patients about their 
disease, and to carry out prenatal screening where appropriate and where required, what else 
can we learn from these disorders? We should start to consider the downstream consequences 
of the findings in human skin diseases. 

First, the disease associations show beyond doubt that keratin intermediate filament 
proteins are required to provide essential resilience to cells. Thus this concept of intermediate 
filament function has now progressed from the status of a persistent but logical speculation to 
that of a text-book fact. Armed with this fact, we can begin to progress to the next paradigm 
level of understanding intermediate filaments, such as querying the biological need for different 
keratins in different tissues, and from there to probe the likely evolutionary benefit of so many 
different intermediate filament genes. The simplest explanation for why vertebrates need 
different stress-resisting intermediate filaments in diff̂ erent tissues is that the filament proteins 
are subtly different and that the fine-tuning of the filament cytoskeleton in different tissues has 
evolved to match different tissue cell requirements. 

Secondly, if it is accepted that different intermediate filaments impart different resilience 
characteristics to cells of different tissues, and that this stress resilience is essential for tissue 
fiinction, then it is likely that the ability to sense mechanical stress and initiate mechanical 
stress-specific signal cascades in tissues, especially epithelia, is also an important feature of all 
tissues expressing specific intermediate filaments. This is a concept that has received very little 
attention to date except in specialised tissues like muscle. It is now clear that keratins and other 
intermediate filaments have mechanisms in the cell for rapid remodelling, and that this 
remodelling can be triggered by mechanical stress such as cell deformation by stretching or 
swelling; stress remodelling of intermediate filament has been seen in other cell types too. ' 
All the mechanisms are in place for intermediate filaments to function as stress sensors in tissue 
cells; the signal transduction pathways triggered by biological tissue deformation events now 
need to be identified. 
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CHAPTER 6 

The Keratin K6 Minifamily of Genes 
Manuel Navarro* 

Abstract 

Keratin K6 constitutes a special case among the keratin intermediate filaments. It is 
constitutively expressed in several stratified epithelia, but is also induced by several 
stimuli, many of which are related to hyperproliferation. In addition, this keratin is, 

unlike others, encoded by several genes, which give rise to similar but not identical forms. In 
recent years, considerable advances have been made in the identification of new K6 genes and 
the understanding of the function of K6. Here I review the present knowledge about the 
human, murine and bovine keratin K6 genes, in particular with regard to the differences in 
sequence among the different isoforms and their different regulation. Hints about the possible 
K6 biological function that are suggested by the study of murine models of overexpression 
and gene inactivation, as well as by the study of human diseases due to mutations in K6, 
are also discussed. 

Introduction 
Keratins are the most abundant structural proteins in epithelial cells, where they constitute 

the cytoskeieton of intermediate filaments. In fact, skin epithelial cells are so loaded with keratins 
that they were initially denominated keratinocytes. Consistent with this abundance of proteins, 
keratin genes are among the most intensely expressed in keratinocytes, both in vivo and in vitro 
(Sesto and Navarro, unpublished results). Keratins constitute the most extensive protein family 
among the intermediate filaments: in humans, some 30 different keratin polypeptides have 
been described, which can be clustered in two different types, I and II, based on their sequence 
and genomic structure. For establishing their structural network, keratins must assemble in 
tetramers, which consist of specific pairs of type I and type II keratins. Expression of these pairs 
occurs in a tissue- and differentiation-specific mode, in such a way that the different epithelial 
cell types can be characterized by the keratin pairs they express. ' It can be easily seen that the 
expression of keratins must be tighdy regulated to obtain stechiometry and cell type specificity. 

One of the most interesting members of the keratin family is K6 which, together with its 
partners K16 and K17, is constitutively expressed in a series of internal stratified epithelia such 
as esophagus, tongue, palate, and female genital tract.'^' ' In the skin and adnexa, it is expressed 
in the suprabasal layers of palmar and plantar epidermis, nails, and in the hair follicle outer 
root sheath. What makes K6 extraordinary is that, in addition to having (as every other keratin) 
the "standard" constitutive expression in its own characteristic array of tissues, it can also be 
induced in a vast number of skin hyperproliferative situations, such as skin carcinomas, 
psoriasis, warts, inflammatory processes, and wound healing."^'^ K6 is also induced in cell 
culture, and responds to several chemicals with proliferative effects, such as retinoic acid or 
TPA. ' Thus, the expression of K6 goes beyond the characteristic pattern of expression of 
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other keratins, existing a number of situations in which K6 seems to be expressed upon 
demand. In fact, it has been proposed that K6 induction occurs whenever the normal biology 
of keratinocyres is disturbed, irrespective of their proliferative status. 

K6 is also unusual in that it is coded by several genes, which are transcribed to very similar 
(but no identical) proteins. Initial studies described two genes for human K6,^ and later it was 
discovered that at least six different genes encode this keratin in our species. Recently, new 
K6 related genes have been identified during a screening of the draft sequence of the human 
genome. Since some of the formerly known genes were not found in the draft sequence of the 
human genome, it is still possible that additional K6 genes appear. In mice, two different K6 
genes have been described so far,̂ '̂ '̂ ^ and three in bovines.^^' ' In addition to all these genes, 
there are at least four human ' and one murine K6-related K6irs keratins, which are 
specifically expressed in different cells of the inner root sheath of the hair follicle. Interestingly, 
K6irsl and K6irs2 sequences coincide, respectively, with the hK6i and hK6k genes identified 
in the analysis of the human genome draft sequence, but the sequences of K6irs3 and K6irs4 
were not identified in that study. A human K6hf has also been identified which is specifically 
expressed in the innermost (or companion) layer of the outer root sheath of the hair follicle. 
Similarly, a murine mK6hf has also been described. The type I partner for all these keratins 
have not yet been identified. The sequences of some of these keratins are most closely related 
to other keratins than K6 (for instance, hK6hf is more similar to hK5, and hK6irsl to hK4)^ '̂̂  '̂ ^ 
but, since they comigrate with K6 in one-dimensional SDS protein gels, and are expressed in 
the hair follicle, they have been designated as "K6", according to the original keratin classification 
criteria." '̂̂ ^ However, evolutionary tree analysis of these keratins locates them away from the 
"bona fide" K6 genes, and in fact the four different human K6irs represent a different subgroup 
of keratins, as hair keratins do.^^ 

Pseudogenes have been found among human keratins, but most of them belong to the K8 
and K18 genes. No pseudogene has been found, up to date, for human K6 genes, except 
one for hK6hf, the keratin specific of the companion layer of the hair follicle. In mice, 
however, two K6 pseudogenes have been described. ̂ ^ No pseudogenes have been reported 
for bovine K6. 

Why are there some many K6 proteins? The multiplicity of K6 genes in several species 
strongly suggests that this represents an advantage for the organism. This idea is reinforced by 
the evolutive tree analysis of K6, which suggests that the different genes evolved independendy 
after species separated. ̂ ^ It is possible that the different K6 polypeptides could have different 
regulation and/or different functions. They might respond to different stimuli or be gradually 
induced in such a way that the keratinocyte can get the needed amount of K6 in a fast way. 

Conservation of Sequence in the K6 Polypeptides 
Keratin sequences are highly conserved in their central, coiled-coil region, while the regions 

in 5' (head) and 3' (tail) are specific to each keratin. In the last years, it has become evident that 
the different keratins have different functional properties, and it has been shown that, while 
the central, conserved region is used for assembly, the amino- and carboxi-terminal domains 
confer to keratins their different functional properties. ̂ '̂ '̂ ^ A study of the 5' and 3' sequences 
of the different K6 polypeptides could shed some light on their possible differential properties. 
Comparison of the amino acid sequences of the known human, murine and bovine K6 genes 
reveals, as expected, a very high identity in the available a-helical region (not shown) but also 
an elevated identity in the amino terminal region (Fig. 1). It can be observed that keratins of 
the inner root sheath, both human and murine, clearly constitute a separate group, as happens 
with hK6hf and mK6h£ These K6hf keratins, however, are not as different from the "bona 
fide" K6 sequences as the K6irs are. hK61 also diverges from all the other K6 sequences, but has 
strong sequence homology with the protein encoded by the murine CDNABC031593^^ (com­
parison not shown), which might represent an additional, not previously identified mouse K6 
gene. On the basis of this comparison, it is predicted that hK61 and BC031593 constitute a 
new group of K6-related keratins. 



The Keratin K6 Minifamily of Genes 85 

\r^rAr^r-\r-\r-\r^i-ir-it~\r~\r-it-ix~t 

I ro ' C>4 
81 (0 0} (0 

<t4 (M V4 Vi M M M 
A O t6 Xi, C < J l . « H C C L ? > - a i j : ; ^ H - H - H ' H H H 

(0 W «Q (0 (0 
%i (^ )a i4 M M Vf 

^ -J4 -S 

Z "^ o 

-T-t "-> O 
VO O ^ 

I I-
o -5 c 
§<^ s 

^^ a 
"^^ "̂  
O 

1̂  

c ti J2 'C 

«« 'r2 -r-i 

(U Qj S; 

si 
- ^ O H 

a-cr 
I - • C - J C 

•̂  s ̂  ^ 
o ^ S "̂  
5 2 c X 

I -SII 
-T3 ^ C/O qj 

•S £ -S a 
6 ° w «« 

5̂ O rt 
C i-i oj 

1 s -^ 
vr\ -g "53 

rp a 5 o 
2 J^^ 
«« J 2 ry TS 

" C ' - 3 c« flj 
J;J rt Qj --!H 

^ O S-T3 

o JS .S 

U 

S) 



86 Intermediate Filaments 

Considered by species, the human hK6a, hK6b, hK6c, hK6e, hK6f and hK6h polypeptides 
share considerable sequence homology. Keratins hK6h and hK6f are identical in this 5' 
aminoterminal region, and among the other keratin polypeptides, only six residues in the tract 
of 163 vary, with some of these differences resulting in aminoacids with similar properties 
(e.g., valine-isoleucine), and others that affect to phosphorilable residues. Study of the putative 
molecules that could bind to these variable residues^ allows us to see that in hK6c and hK6e 
the presence of an arginine instead of a glycine in position 88 confers a greater surface accessibility 
and gives rise to a putative PKC6 phosphorilation site in the adjacent serine 90. Interestingly, 
PKC6 serves as receptor for phorbol esters. Similarly, the presence of a serine in position 21 of 
hK6b creates a putative phosphorilation site for clk2 kinase. Thus, the possibility exists that 
these small sequence differences between the human K6 polypeptides may translate into 
differential binding to other molecules, which may result in different functional capabilities 
for the different K6 isoforms. However, these statements should be treated with caution, since 
they are based only in "in silico" analysis, and up to the date there is no proof of functional 
differences among the several K6 keratins. 

In the H1 domain of all K6 keratins the sequence LLTPL, which is a target for phosphorilation 
related to stress situations, is conserved, as is in all type II keratins. Notably, in the K6irs 
keratins, murine and human, this sequence is changed to LLAPL, where the threonine that 
undergoes phosphorilation is lost, and so these K6irs are predicted not to be sensitive to 
stress-induced depolymerization. 

In the case of the murine polypeptides, the differences between the two isoforms consist 
mainly in the deletion of an eight-aminoacid tract in mK6a. In the bovine genes the 
aminoterminal sequence of bK6a is not known, but the amino acid sequences of bK6p and 
bK6Y are highly similar in this r ^ o n (96% identity). It is seen that bK6Y shows more similarity to 
the human sequences than bK6p, since in almost all positions in which bK6p and bK6Y differ, 
the sequence of bK6Y is identical to the human sequences. Also, the bK6p protein lacks a 
sequence GFGG, that is present in most of the K6 and K6hf proteins (Fig. 1). Strikingly, in 
bK6Y there is an eight amino acids sequence TEHSPITV that is unique among the known 
keratin sequences. This sequence is particularly interesting, since it is located after amino acid 
165, just between the end of the HI domain and the beginning of the alpha-helical rod 
domain, but its structure is not a-helical and possesses three putative phosphorilation sites. 
The significance of this sequence remains to be tested, but since the gene for bK6Y is expressed 
in tissues in which no aberrant keratin structures are found (not shown), it is possible that the 
only effect of this insertion is to delay the start of the a-helix. On the other hand, this sequence 
is located in the middle of two frequendy mutated regions in keratin genes: mutations in the 
gene for hK6a in pachyonychia congenita concentrate in hot spots corresponding to amino 
acids 171 and \7A, just seven amino acids after the inclusion of the TEHSPITV sequence, 
and mutations in the H1 domain, which has a direct role in the filament assembly, have been 
found in several keratins.^^ Since the HI sequence in bK6Y is not mutated, but only separated 
from the coil, and the heptads repeats of hydrophobic residues in the alpha-helix are not 
disrupted (see Fig. 1), it is difficult to predia how the presence of this sequence might influence 
the structure of keratin bK6Y or affect the stability of the proteins. Interestingly, it has been 
postulated that destabilization of the coil might be important for the wound healing response. ̂ ^ 

Comparisons of the sequences of the carboxiterminal ends of all published human, murine 
and bovine keratins (Fig. 2) clearly confirm that K6irs and K6hf keratins from mice and 
human constitute separate groups. Here also, as suggested by the comparison of the 
aminoterminal domains, hK61 seems to be an "independent" keratin. Among the other keratins, 
the sequences here are more conserved than in the aminoterminal domain and, consistent with 
the idea that K6 genes evolved independendy after species diverged, differences between 
species are more evident than intraspecies, with several of the keratins being identical in this 
carboxiterminal region: in humans, hK6b and hK6f are identical, as are hK6a and hK6c. The 
hK6f and hK6c proteins, which are identical in the aminoterminal region, differ here in three 
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Figure 2. Comparison of the 3'-carboxiterminal domains of the human, murine and bovine K6 genes so far 
identified. Boxes shaded in black represent residues that are identical in at least 50% of genes; boxes shaded 
in gray indicate residues with similar properties. Sequences were aligned with ClustalW 1.8 and shaded with 
Boxshade. The ends of the coiled-coil and H2 domains are indicated (arrowhead and asterisk, respectively). 

aminoacids. In bovines, the three isoforms for b K 6 a , bK6p and bK6Y are identical, and 
include an insertion GAGGYG that is not found in the human or murine proteins. A search 
for diflPerences in putative protein binding did not give significant residts here. 

Expression of the K6 Genes 
How^ is the regulation of the expression of this plethora of K6 genes achieved? Few studies 

have been performed, and maybe the main finding is that constitutive and inducible expression 
can be separated. Transgenic mice studies using the promoter of the bovine bK6^ gene have 
elucidated the regions controlling tissue-specific and hyperproliferation-related expression of 
this keratin.^^' ^ While the ability to induce expression resides in the 2.4 kb preceding the 
transcription start, the cooperation of a distal and a proximal element in a 9 kbp region is 
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needed for the constitutive expression. ' ^ In humans, the situation could be similar, since 5.2 
kb of 5'-upstream sequence of the gene coding for hK6a are not enough for conferring 
constitutive expression, ^ but the 960 bp preceding the transcription start suffice to confer 
inducible expression to a reporter gene, although an upstream enhancer is necessary for 
maximum inducibility. Strikingly, the induction of transgenes using either the bovine hKG^ 
or human hK6a regulatory sequences is suprabasal, '̂ while it has been reported that the 
endogenous mK6a gene suffers mainly basal induction. ̂ '̂ ^ 

Even less is known about the transcription factors that govern the regulation of these K6 
genes. No studies have been done on the distal elements, and only short stretches of the proxi­
mal promoters of the bK6^ and hK6b genes have been studied in detail. Among the functional 
elements characterized are AP-1, AP-2 and RARE elements in the bK6^ gene,^^ and AP-l,"^^ 
AP-2, C/EBP and an EGF-responsive sequence in the hK6b promoter. A comparison of 
the 5-upstream, noncoding sequences of the bK6^, hK6a^ hK6by mK6a and mK6p genes yields 
an elevated identity in the near 250 bp of available sequences (Fig. 3), where almost all the 
regulatory sequences are conserved. The AP-1 core sequence found in the bK6^ gene^^ in the 
position most proximal to the TATA box is conserved in all five genes, as is the adjacent "epi­
dermal box".^ '̂ ^ The EGF-responsive sequence characterized in the hK6b promoter is also 
well conserved, although no transcription factor binding in this region was detected in the 
bK6^ gene. ̂ ^ The binding sites for the transcription factor C/EBP-gaddl 53 found in the hK6b 
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Figure 3. Comparison of the 5'-upstream sequences of (from top to bottom) mK6a^^ mK6p,^^ hK6a,^^ 
bK6p ' 2indhK6b. ^ The sequence comparison ends at the position of the ^A'6j3capsite.̂  Boxes shaded 
in black indicate sequence identity in at least four of the five genes. Boxes shaded in grey represent 
sequence identity in three genes. The sequences that have been shown to interact with nuclear proteins 
in the bK6p 5-upstream region (AP-1/epidermal box)^^ as well as those binding nuclear proteins in the 
hK6b gene (C/EBP,"̂ ^ EGFRE,"^ '̂̂  A and B"̂ )̂ are indicated. TheTATA box is also shown. Sequences were 
aligned with ClustalW 1.8 and shaded with Boxshade. 
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promoter are not so well conserved. Interestingly, a C/EBP binding site has been shown to be 
responsible for the TPA induction of the involucrin gene, and many of the sites here de­
scribed (AP-1, RARE, EGF) are related with the inducibiUty of the K6 genes. Going 5' up­
stream (not shown) the second AP-1 core sequence found in the bK6^ gene^^ is conserved in 
the hK6b gene, as is the AP-2 sequence in the bK6f> and hK6b genes. ̂  ' 

Expression and Partners 
Historically, an important question has been to elucidate if the different K6 isoforms 

have a similar or different pattern of expression. The elevated homology sequence between 
the different K6 proteins has difficulted the use of antibodies to identify their pattern of 
expression. In humans, some information has been obtained using probes from the less 
conserved 3' nontranslated regions. In this way, it has been shown that hK6a is the main 
isoform expressed in hair follicles, sole skin and cultured keratinocytes. In addition, the 
study of the phenotypes of the diseases in which human K6 genes are involved (pachyony­
chia congenita of types I and II) has allowed to infer the pattern of expression of hK6a and 
hK6b, respectively: while hK6a seems to have the highest expression in most K6 positive 
tissues, hK6b is expressed mainly in the luminal cell layers of the sebaceous ducts. ^ It has 
also been determined that the partner of K6a is K16 and the partner of K6b is K17, ^ 
although sometimes K17 is found without K6b. Almost nothing is known about the expres­
sion of the other human K6 isoforms. In mice, specific antibodies for mK6a and mK6p 
have been recently developed, ̂ '̂ ^ and have helped to elucidate that mK6a is the main 
isoform, and it is expressed mainly in the skin follicles and whiskers. ̂ ^ In tongue, palate and 
footpad, mK6p has been reported to be more suprabasal, while expression of mK6a appar­
ently occurs in all layers. 

Functional Considerations 
In spite of all the recent developments, the biology of K6 is still not well understood. Some 

of the K6 genes have been more or less linked to human diseases: mutations in hK6a and hK6b 
cause pachyonychia congenita (PC) of type 1 and 2, respectively ̂ '̂̂ ^ PCI (OMIM #167200) 
is characterized by onychogryposis, hyperkeratosis of the palms, soles, knees and elbows, tiny 
cutaneous horns in many areas, and leukoplakia of the oral mucous membranes. PC2 (OMIM 
# 167210) has natal teeth and epidermoid cysts, but no oral leukoplakia. In contrast to PCI, 
PC2 has minimal oral involvement and milder keratoderma, and multiple steatocystomas (cys­
tic hamartomas lined by sebaceous ductal epithelium) is a major clinical feature. ^ Mutations 
in the hK6hf gene, its type I partner, or one of the K6irs genes might be responsible for the 
development of the loose anagen syndrome^^ (OMIM 600628). The remaining K6 polypep­
tides have not yet been associated to any specific disease. 

The study of knock-out murine models only partially unveils the functions of K6: K6a null 
mice are viable and do heal wounds normally, although it has been reported that they display 
a delayed reepithelization from the hair follicles upon mild wounding, ^ Two independent 
knockouts of both the murine mK6cL and mK6f^ genes caused the early death of the animals, 
probably due to severe blistering in the oral mucosa.^ The nails, however, did not suffer 
evident alterations, and apparendy there were no differences in the embyonic^^ or adult^ wound 
healing. As a consequence of these findings, the third murine keratin mK6hf, which is ex­
pressed in hair follicles and nails (but not in tongue, palate or footpad), was identified. But 
these results also illustrate the difficulties in interpretation due to the different genetic back­
ground of the animals: the survival of the double K6 knockout mice was different depending 
on the strain. ' Moreover, it has been recendy shown that keratinocytes nidi for both mK6a 
and mK6p show an increased proliferative potential when put in culture, probably due to 
increased migration, and that these keratinocytes are destroyed when subjected to mechanical 
trauma, but this effect does not occur in the other model of mK6a and mK6p knockout, 
which is made in a different genetic background. 
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The analysis of the function of K6 could perhaps also benefit from the separation of inducible 
and constitutive roles. In the case of the constitutive expression the importance of the different 
K6 forms is evident, as seen in the different phenotypes observed in PCI and PC2 patients, 
which can be attributed to the different pattern of expression of each gene and are strong 
evidence of lack of compensation for the different K6 keratins. However, for the K6 induction 
upon wound healing the situation is a little bit more complex. Several evidences suggest that 
the different K6 genes have cell-type specificity of induction: in mice, mK6a seems to be 
responsible for the induction in the basal layer of the epidermis and the outer root sheath, 
while mK6p can be induced only in the suprabasal layers of the epidermis. ̂ '̂ ^ Induction of 
mK6a and mK6p occurs with different kinetics, and the mK6p gene seems to be more strongly 
induced. On the contrary, human PC patients have not been reported to show any alteration 
in wound healing, and this might mean that other K6 isoform might compensate for the 
mutated one. However, mutations in keratin genes are usually dominant, causing a collapse in 
the intermediate filament cytoskeleton, which cannot be precluded by expression of other 
keratins. So, it is possible that the absence of these keratins is not enough to affect the wound 
healing response, similarly to what happens in a line of mK6a and mK6p null mice, but not 
in other. In this respect, it has been suggested that the role of K6 in wound healing may be 
only structural, as a suppon against mechanical stress. K6 proteins would be able to provide 
the correct architecture to support both migration and resistance in the special context of cells 
in the margins of injured tissues.^^ If this explanation is correct, there may be other cellular 
factors (or perhaps K6 genes) that are able sometimes to compensate for the absence of a given 
isoform of K6. 
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CHAPTER 7 

Transcriptional Regulation of Keratin 
Gene Expression 
Miroslav Blumenberg* 

Abstract 

Keratin synthesis is regulated at the level of transcription. Each keratin gene appears to 
be regulated by a characteristic constellation of transcription factors and DNA binding 
sites. Often these occur in clusters and complexes, providing a mechanism for fine-tuning 

the expression levels. Most commonly, the important regulatory sites are found in the pro­
moter regions, infrequently coding and downstream sequences also play a role. Transcription 
factors Spl, API and AP2 are important components in regulation of many keratin genes, and 
the nuclear receptors for retinoic acid and thyroid hormone also regulate majority of keratins. 
In addition, the expression of most keratin genes can be modulated by extracellular signals, 
such as growth factors. Universal or general regulators for all keratin genes have not been 
found; apparendy each keratin protein has its own, characteristic circuits and machinery for 
regulation of expression. 

Introduction 
Since the first cloning of a keratin gene, just over 20 years ago, ' we have come a long way 

toward understanding their structure, ftinction and regulation. The control of keratin expres­
sion occurs primarily, perhaps exclusively, at the transcriptional level. Therefore, several groups 
have worked very hard on elucidating the transcriptional regulation of keratin gene expression. 
Keratins K5, K6, K16 and K18 have been particularly well explored, others, e.g., K7 and hair 
keratins, await their turn. A common thread that connects the transcriptional regulation of 
keratin genes is that their promoters contain complex sites that simultaneously bind a multitude 
of transcription factors. Many transcriptional factor binding sites in keratin gene promoters 
have been mapped, and their functional significance ascertained. However, the overall picture of 
the mechanisms and circuits that regulate keratin gene expression is not known. At present, we 
see many trees, but not yet the forest. Still, many details are known, which combined with 
systematic genomic studies, promises that a comprehensive picture will appear before long. 

Transcriptional Regulation of Keratin K5 Expression 
A common feature of all epithelial cells is the presence of keratin proteins that assemble 

into an intermediate filament cytoskeletal network. Whereas other cell types often use a 
specific master transcription factor to coordinate cell type-specific transcription, analysis of 
transcriptional regulation of keratin genes suggests that specific groupings of widely expressed 
transcription factors, acting on clusters of recognition elements in the promoter regions, 
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confer epithelia-specific transcription. Keratins K5 and K14 form the cytoskeletal interme­
diate filament network in mitotically competent basal cells in all stratified epithelia, and 
therefore have received extensive attention focused on the mechanisms of their regulation. 

To initiate analysis of the protein factors that interact with the human K5 keratin gene 
upstream region, we have used gel-retardation and DNA-mediated cell-transfection assays. A 
cluster of three sites that binds five transcription factors was found in the promoter of the 
human K5 keratin gene. ' Within this cluster, an unusual Spl site binds the Spl transcription 
factor and two additional proteins. Flanking the Spl site are an AP2 site and another sequence 
that binds a transcription factor. Similar clusters of recognition sites for the same transcription 
factors have been also identified in other keratin genes. DNA-protein interactions at two of the 
sites apparently increase transcription levels, at one decrease it, while the importance of the 
remaining two sites is, at present, unknown. In addition, the location of the retinoic acid and 
thyroid hormone nuclear receptor action site has been determined, and it involves a cluster of 
five sites similar to the consensus recognition elements. The complex constellation of protein 
binding sites upstream from the K5 gene probably reflects the complex regulatory circuits that 
govern the expression of the K5 keratin in mammalian tissues. Such clusters may play a role in 
epithelia-specific expression of keratins. 

In transgenic mice, as few as 90 bp of the human K5 promoter still directed expression to 
stratified epithelia. However, the truncated K5 promoter expression was not limited to the 
basal layer. A 6Kb segment of the 5' upstream K5 gene directed proper basal cell-specific ex­
pression in all stratified epithelia. An open chromatin region containing a DNase I-hypersensitive 
site within the 6 kb of 5' upstream regulatory sequence acted independently to drive abundant 
and keratinocyte-specific reporter gene activity in culture and in transgenic mice. A 125-bp 
segment of this element is an independent strong enhancer element with keratinocyte-specific 
activity in vivo. Its activity is restricted to a subset of cells located within the sebaceous gland. 
The adjacent segment can suppress the sebocyte-specific expression and induce expression in 
the inner root sheath. Thus, the K5 gene expression is determined by multiple regulatory 
modules, which may contain AP-2 and/or Spl/Sp3 binding sites as well as additional sites that 
determine cell type specificity.^ 

Similar regulation mechanism regulate K5 expression in other organism; for example, the 5' 
upstream region located between the cap-site and nucleotide -605 of the bovine K5 gene was 
found to contain the cis-regulatory DNA elements involved in the cell-type-specific expres­
sion. These elements enhanced the specific expression in the epithelial cells that express the 
endogenous gene, but not in cells that do not. Analogous epithelium-specific expression was 
also observed in murine keratinocytes, suggesting that similar regulatory mechanisms have 
been conserved through evolution. The 5.2 kilobases preceding the gene contain the regulatory 
sites responsible for the cell type-specific expression of bovine K5. A strong enhancer is located 
between positions -762 and -1009.^ The only regulatory element found in this enhancer by 
electrophoretic mobility shift, competition, and footptinting experiments is a consensus AP-1 
site. Mutation of this site abolishes the activity of the enhancer and reduces to 25% the activity 
of the 5.2-kilobase upstream promoter region. Surprisingly, although the AP-1 sequence pre­
sents indistinguishable footprints in all cell types tested, the enhancer is active only in some of 
them. Furthermore, an oligonucleotide containing the AP-1 region is active in epithelial cells 
lines but not in fibroblasts, suggesting that this region could constitute an epithelium-specific 
AP-1 element. Thus the regulation of K5 keratin gene by AP-1 must be complex and different 
from other suprabasal, AP-1-regulated cellular and viral genes. 

The tissue specificity of the bovine K5 expression was used ingeniously to produce strict 
conditional expression of genes in the mouse epidermis. Transgenic mouse lines were generated 
in which the tetracycline-regulated transcriptional transactivators, tTA and rTA, are linked to 
the bovine keratin 5 promoter. ̂ ^ When crossed with the tetOlacZ indicator line, the K5/tTA 
line induced beta-galactosidase enzyme activity in the epidermis at a level 500-fold higher than 
controls, and oral and topical administration of doxycycline caused a dose- and time-dependent 
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suppression of beta-galactosidase mRNA levels and enzyme activity. Histochemical analyses 
localized the beta-galactosidase expression to K5 positive tissues, i.e., the basal layer of the 
epidermis and the outer root sheath of the hair follicle. The K5-dependent tetracycline regula­
tory system produces effective conditional gene expression in the mouse epidermis, and has 
been used to suppress and activate foreign genes specifically in the basal layer of the epidermis. 

Regulation of K14 
A construct containing 300 base pair segment corresponding to the promoter region of a 

human Kl 4 gene was introduced into various mammalian cell lines and primary cultures. ̂  ̂  The 
300 base pair segment was active in all epithelial cells, including transformed simple epithelial 
cells, cell lines derived from stratified epithelia as well as primary cultures of epithelial cells, but 
it was inactive in all nonepithelial cells tested including fibroblasts and melanocytes. Using a 
series of deletions, an essential fiinction was localized within a 40 bp sequence, thus identifying 
the keratin gene promoter that is sufficient to confer epithelial-specific expression.^^ 

A much larger construct containing approximately 2.500 kb of the human K14 keratin 
gene generated tissue-specific and difi^erentiation-specific expression in transgenic mice. Four 
DNase I-hypersensitive sites are present in the 5' regulatory sequences of the K14 gene in cells 
where the gene is actively expressed. Two of these sites are conserved in position and sequence 
within the human and mouse K14 genes. A novel 700-bp regulatory domain encompassing 
these sites is sufficient to confer epidermis-specific activity to a heterologous promoter. A 125-bp 
DNA fragment encompassing DNase I-hypersensitive site-II harbors the majority of the activ­
ity in vitro, and AP-1, ets, and AP-2 proteins orchestrate the keratinocyte-preferred expression. 

The suprabasal suppression of the K5 and K14 gene expression may depend on the POU 
homeodomain factors Skn-la andTst-1, because Kl4 mRNA expression persists in suprabasal 
cells in Skn-l/Tst-1 double knockout mice. Both Skn-la andTst-1 repress the K14 promoter, 
with the POU domain being sufficient for repression.^ DNA-binding defective mutants of 
Skn-la andTst-1 are as effective at mediating repression as the wild-type proteins. A 100-base 
pair sequence, lacking POU-binding sites, adjacent to the transcription start site of the K14 
gene is sufficient and required for repression by Skn-la, suggesting that protein-protein inter­
actions rather than direct DNA binding effect the repression. (CBP)/p300 coactivators activate 
K14 gene expression and interact direcdy with the POU domain of Skn-la, suggesting that 
POU domain factors repress K14 gene expression by interfering with CBP/p300. 

When we compared the functions of epidermal keratin genes, K5, K6, KIO and Kl4 by 
transfection into nonepithelial and transformed epithelial cell lines, as well as in primary 
cultures of cells derived from simple and stratified epithelia, we found that the four promot­
ers were functional only in epithelial cells.^^ While the promoter for the Kl4 gene was active 
in all epithelial cells tested, its basic-type partner, K5, and the promoter for the 
hyper-proliferation-associated K6 were active only in primary cultures of stratified epithelia. 
The promoter for the epidermal differentiation-specific Kl 0 keratin gene was active at a low 
level in primary cultures of stratified epithelial cells on nonepidermal origin. Thus, the K14 
gene promoter is functional in all epithelial cells, but the upstream regions of the K5 and K6 
keratin genes restrict their expression to stratified epithelia, whereas the epidermal determi­
nants of the KIO gene are not in the proximal upstream sequences. 

We studied the effects of transcription factors of the AP-1 and N F - K B families on the 
expression of those four keratin genes using gene transfection. AP-1 and N F K B are activated 
by many extracellular signals, including those in hyperproliferative and inflammatory pro­
cesses. K5 and Kl4 promoters, which are coexpressed in vivo, are regulated in parallel: both 
were activated by the c-Fos and c-Jun components of AP-1, but not by Fral. On the other 
hand, the N F K B proteins, especially p65, suppressed these two promoters. The K17 promoter 
was specifically activated by c-Jun, whereas the other transcription factors tested had no signifi­
cant eflFect. In contrast, the K6 promoter was very strongly activated by all AP-1 proteins, 
especially by the c-Fos + c-Jun and Fral + c-Jun combinations. It was also strongly activated by 
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the N F K B p65 protein. AP-1 and N F K B synergistically activated the K6 promoter, although 
the AP-1 and the N F - K B responsive sites could be separated physically. These results suggest 
that the interplay of AP-1 and N F K B proteins regulates epidermal gene expression and that the 
activation of these transcription factors by extracellular signaling molecules brings about the 
differential expression of keratin genes in epidermal differentiation, cutaneous diseases, and 
wound healing. 

The transcription of K14 and some other epidermal marker genes is regulated by API 
interactions at their promoters. c-Jun and JunD activate and JimB downregulates the transcription 
of both basal and suprabasal genes. The effect of c-Jun is exerted through interactions with 
c-Fos at the API motifs in the target promoters, whereas both JunB and JunD act indepen­
dently of the binding at the API sites. The differentiation specificity of the API regulation 
seems determined by interactions involving other transcriptional regulators and transcription 
factor AP2 plays a role in K14 keratin gene expression. Functional AP2 binding sites were 
found upstream from several epidermal genes, suggesting that AP2 may be generally involved 
in epidermal gene regulation. The role of AP2 was examined by in vitro gel shift analysis, 
AP2 binding site mutagenesis, and stable and transient transfection experiments. Nonepithelial 
cells, such as fibroblasts and melanocytes, neither express keratin nor become phenotypically 
epithelial when transfected with an AP2-expressing vector. However, cotransfection of an 
AP2-expressing vector increases the level of transcription from keratin gene promoters. Thus, 
the role of AP2 in keratin gene expression seems to be quantitative rather than qualitative. 

Regulation of K15 
Basal layers of stratified squamous epithelia express keratins Kl 5 in addition to K5 and K14, 

although at lower levels. Nonkeratinizing stratified epithelia, e.g., esophagus, produce more 
keratin Kl 5 than epidermis. We cloned the promoter of the Kl 5 gene and examined its regulation. 
Using cotransfection, gel mobility shift assays and DNAse I footprinting, we have identified the 
regulators of the K15 promoter activity and their binding sites. We focused on those that can 
be manipulated with extracellular agents, transcription factors C/EBP, AP-1, N F - K B , nuclear 
receptors for thyroid hormone, retinoic acid and glucocorticoids, as well as the cytokine IFNy. 
We found that C/EBPp and API induced, while retinoic acid and glucocorticoid receptors and 
N F K B suppressed the Kl 5 promoter, along with other keratin gene promoters. However, the 
thyroid hormone and IFNy uniquely and potendy induced the K15 promoter. ^ 

Regulation of Kl and KIO 
The process of epidermal differentiation is profoundly influenced by the level of intracellular 

calcium within keratinocytes, which, in turn, regulates the expression of the 
differentiation-specific keratin genes Kl and KIO. A 249-bp region in the 3'-flanking region of 
the human Kl gene, located 7.9 kb downstream from the promoter, can activate a minimal 
promoter construct in transfected keratinocytes.'^^ Importandy, this activity was enhanced by 
increased levels of calcium. The 249-bp fragment demonstrated a marked specificity for 
epidermal keratinocytes and was not active in other cell types. Moreover, this fragment could 
activate CAT expression in a construct driven by the Kl promoter, which alone had no 
intrinsic CAT activity. An AP-1 site is implicated in mediating the calcium response. These 
data identified and characterized a calcium-responsive regulatory element of the Kl gene. 

Forced expression of C/EBPp in BALB/MK2 keratinocytes inhibited growth, induced 
morphological changes consistent with a more differentiated phenotype, and induced expression 
of two early markers of differentiation, Kl and KIO but had a minimal effect on the expression 
of late-stage markers, loricrin and involucrin. Conversely, C/EBPp-deficient mice revealed 
decreased expression of Kl and KIO but not of involucrin and loricrin. C/EBP^-deficient 
primary keratinocytes were partially resistant to calcium-induced regulation. Thus, C/EBPp 
modulates the early events of keratinocyte differentiation including Kl and KIO expression. 
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Similarly, overexpression of Whn (Hfhll, Foxnl), a winged-helix/forkhead transcription 
factor that, when mutated causes the nude phenotype, stimulates the expression of Kl, while 
suppressing later markers, profilaggrin, loricrin, and involucrin. This suggests a role for Whn, 
the nude gene, in the earliest stages of epithelial terminal differentiation, the stages when the 
expression of keratins Kl and KIO commences. 

Differentiation-associated transcription factors C/EBPa, C/EBPp, and AP-2 regixlate KIO 
gene expression. In cultured cells, C/EBPa and C/EBPp can activate the KIO promoter 
using three binding sites. The selection of C/EBPa vs. C/EBPp for KIO regulation is 
determined through a third transcription factor, AP-2 (see below). Unique gradients of expression 
exist for each transcription factor, i.e., C/EBPp and AP-2 are most abundant in the lower 
epidermis, C/EBPa in the upper layers. In response to differentiation signals, loss of AP-2 
expression leads to induction of C/EBPa and activation of the KIO promoter. 

Regulation of K4 and K13 
The esophageal stratified epithelium, like the epidermis, comprises an actively proliferating 

basal layer that, unlike the epidermis, undergoes a differentiation program not involving 
keratinization. Given its localization, K4 is a marker of the early differentiated suprabasal 
compartment of nonkeratinizing stratified epithelia. The transcriptional regulatory signals that 
orchestrate the switch from proliferation to differentiation also regulate the human K4 promoter."^ 
A critical cis-regulatory element contains an inverted CACACCT motif that binds 
esophageal-specific zinc-dependent transcriptional factors. Importandy, the interaction between 
Sp 1 and cell cycle regulatory proteins is important in regulating K4 expression. Sp 1 activation of 
the K4 promoter was reduced in cyclin D1 -overexpressing cells, which is possibly mediated 
through direct interaction between Spl and cyclin Dl ; the reduction is opposed by a complex 
between Spl and pRB. 

AP-2 also transactivates K4 transcription. The promoter region of K4 contains a functional 
AP-2 binding site in the vicinity of the transcriptional start. Various constructs, which did or 
did not contain the K4 promoter AP-2 site, were ballistically transfected into differentiating 
HaCaT keratinocytes. The results revealed that the AP-2 site is functional, although additional 
regulatory elements were found to be necessary for the full transcription of K4. These include 
the Kruppel-like transcriptional factors KLF6 and KLF4, which physically interact and coactivate 
the K4 promoter.^^ KLF6 is a widely expressed member of the Kruppel-like family found in 
the esophagus. Using transient transfection, KLF6 was found to transactivate the human gene 
K4 promoter; cotransfeaion of KLF6 and KLF4, another member of the Kruppel-like factors 
and expressed in the esophageal squamous epithelium, leads to additive activation. The promoter 
contains a CACCC-like motif previously shown to bind KLF4. In a transient transfection 
system, KLF4 increased the activity of K4 promoter >25-fold, which depended on the 
CACCC-like element.^^ 

The ets transcription factors contribute to diverse cellular functions and include a novel 
epithelial-specific member of the ets family ELF3 (a.k.a. ESE-1, ERT, jen, ESX). Interestingly, 
ELF3 suppressed the basal expression of K4 promoter in both esophageal and cervical 
epithelial cancer cell lines, while simultaneously activating the SPRR2A promoter, linked to 
late-differentiation. ELF3 may have dual functions in the transcriptional regulation of 
squamous epithelial differentiation, including transcriptional suppression of the K4 promoter. 

K13, together with K4, its basic partner, is expressed in the suprabasal layers of noncornified 
stratified epithelia. Sequence analysis has revealed that two transcription-start sites were 
utilized, the major being at 61 and the minor at 63 nucleotides upstream of ATG.^^ The 
promoter contains a TATA box and several other putative transcription factor binding sites. 
K13 is aberrantly expressed in murine epidermal tumors and constitutes an early marker of 
malignant progression. ̂ "̂  In vitro, expression of K13 in transformed epidermal cell lines can be 
induced either by Ca ^ or, indirectly, by retinoic acid. 
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Regulation of K3 and K12 
Corneal epithelial cells initially express K5 and K14 keratins, characteristic of basal 

keratinocytes, and then undergo biochemical differentiation, as evidenced by the subse­
quent expression of K3 and K12 keratin markers of corneal epithelial differentiation. Using 
rabbit corneal epithelial cells, the promoter region of the rabbit K3 promoter was analyzed 
in transfection experiments. Serial deletion experiments narrowed this keratinocyte-specific 
promoter to within -300 bp upstream of the transcription initiation site. Its activity was not 
regulated by the coding or 3'-noncoding sequences. This 300 bp sequence can function in 
vitro as a keratinocyte-specific promoter and contains two clusters of partially overlapping 
motifs, one with an N F K B consensus sequence and another with a GC box. The combina­
torial effects of these multiple motifs and their cognate binding proteins may play an im­
portant role in regulating the expression of this tissue-restricted and differentiation-dependent 
keratin gene. Electrophoretic mobility shift assays established that corneal keratinocyte 
nuclear proteins bind in vitro to the two sites. Immunosupershift and UV cross-linking 
show that N F K B , consisting of the p65 and p50 subunits, bind to the sequence 
GGGGCTTTCC, -262 to -253 bp. The second site contain unusual overlapping Spl and 
AP-2 GC-rich motif, CCGCCCCCTG, at -203 to -194 bp. This site bound an Spl-related 
keratinocyte nuclear protein. Mutagenesis of the N F K B site, GC motif, and both abolished 
20, 50, and 75% of the promoter activity, respectively, in transfected keratinocytes. These 
results indicate that N F K B is present in significant quantities in keratinocyte nuclei and 
that the tissue restriction of the N F K B - and Spl-related proteins, in combination with 
other factors, may contribute to the keratinocyte specificity of rabbit K3 promoter. Fur­
thermore, Spl activates, while AP-2 represses the K3 promoter.^ Although corneal basal 
cells express approximately equal amounts of Spl and AP-2 DNA-binding activities, the 
differentiated cells drastically down-regulate their AP-2 activity, which results in a six to 
sevenfold increase of the Spl/AP-2 ratio. This change coincides with the activation of the 
differentiation-related K3 gene and suppression of the K14 keratin gene. In addition, 
polyamines, which are present in a high concentration in proliferating basal keratinocytes, 
inhibit the binding of Spl to its binding motif, but do not inhibit the binding of AP-2. 
These results suggest that the low Spl/AP-2 ratio and the polyamine-mediated inhibition 
of Spl may account for the suppression of the K3 gene expression in the corneal basal cells, 
while the elevated Spl/AP-2 ratio may be activating the K3 gene in the differentiated cor­
neal epithelial cells. The switch of the Spl/AP-2 ratio during corneal epithelial differentia­
tion apparently plays a role in the reciprocal expression of the K3 and K14 genes during 
corneal differentiation. 

K12 is the acidic type pair of K3 in differentiated corneal epithelial cells. The 2.5-kb 
DNA fragment 5'-flanking K12 contains corneal epithelial cell-specific regulatory cis-DNA 
elements. Pax-6 is a positive transcription factor essential for K12 expression. Three 5' trun­
cated fragments of the keratin K12 promoter (1.03, 0.71 and 0.25 Kb) showed higher func­
tional and tissue-specific promoter activity in a human corneal epithelial cell line than other 
cell lines.^5 The 250 bpK12 promoter fragment was active in cultured rabbit corneal epithe­
lial cells, suggesting that the tissue-specific expression in corneal epithelial cells extends across 
species lines. The paired box homeotic gene 6 (PAX-6), which plays a role in controlling eye 
development, stimulates the activity of keratin K12 promoter. The cis-regulatory elements 
located 600 bp upstream of the murine K12 gene were analyzed in rabbit corneas using 
particle-mediated gene transfer "Gene Gun" technology, while DNA foot-printing and elec­
trophoresis mobility shift assay were performed to identify the cis-regulatory elements using 
bovine corneal epithelial cell nuclear extracts. The sequences between -181 to -111 and -256 
to -193 bound to nuclear proteins; these two regions were potential binding sites for many 
transcription factors, such as API, c/EBP, and KLF6.^^ 



Transcriptional Regulation of Keratin Gene Expression 99 

Regulation of Hair Keratins 
During hair growth, cortical cells diflPerentiate and synthesize large amounts of hair keratin 

proteins. Hair keratin gene regulation has been studied in mouse and humans, as well as in 
sheep, where wool production has major economic consequences. The organogenesis of hair 
follicles is a very complex process, regulated both positively and negatively by several members 
of the Delta/Notch signaling system.^ ' 

HOXC13 when mutated or overexpressed in mice produces a fragile hair phenotype. 
HOXCl 3, but not a homeobox-deleted HOXCl 3 mutant, strongly activated the promoters of 
coexpressed human hair keratin genes. The hair keratin promoters contained numerous 
putative Hox binding core motifs TAAT, TTAT, and TTAC. Electrophoretic mobility shift 
assays identified the core motifs concentrated in the proximal promoter regions and allowed 
the deduction of an HOXCl 3 consensus binding sequence TT(A/T)ATNPuPu. Thus, there 
seems to be a direct involvement of HOXCl 3 in the control of hair keratin expression during 
early trichocyte differentiation. 

Minimal promoter of the wool keratin gene K2.10 spanning nucleotides -350 to +53 was 
sufficient to direct expression of the lacZ gene to the hair follicle cortex of transgenic mice. 
Mutation introduced into the binding site for lymphoid enhancer factor 1 (LEF-1) decreased 
promoter activity, without affecting specificity. The constituent proteins of the LEF/ 
TCP transcription complexes change during hair follicle differentiation; the LEF/TCF com­
plexes seem to regulate direcdy the expression of hair keratin genes. DNase I footprinting 
analyses and electrophoretic mobility shift assays identified LEF-1, Spl, AP2-like and NFl -like 
proteins bound to the promoter. The LEF-1 binding site is an enhancer element of the K2.10 
promoter in the hair follicle cortex and additional factors may regulate the tissue- and 
differentiation-specificity of the promoter. 

Regulation of Keratin Gene Expression by Hormones and Yitamins 
Nuclear receptors for retinoic acid and thyroid hormone regulate transcription of keratin 

genes. ^ By cotransfecting the vectors expressing nuclear receptors for retinoic acid, RAR, and 
thyroid hormone, T3R, along with the constructs that contain K5, K6, KIO and K14 gene 
promoters into epithelial cells, we have demonstrated that the receptors can suppress the 
promoters of keratin genes. The suppression is ligand dependent. The regulation of keratin 
gene expression by RAR and T3R occurs through direct binding of these receptors to the 
receptor response elements of the keratin gene promoters. The DNA binding domains of the 
receptors are essential for regulation, but the NH2-terminal "A/B" domains are not required. 
These findings indicate that the mechanism of regulation of keratin genes by RAR and T3R 
differs significandy from the mechanisms described for other genes modulated by these receptors. 
The RAR and T3R binding sites in the K5 promoter are adjacent to each other whereas in the 
K15 and K17 promoters they overlap.'̂ ^ 

Similar and confirming results were obtained with squamous carcinoma cells of head and 
neck, where receptor-specific ligands implicated RARp in inhibition of keratinization 
and suppression of Kl keratin expression. Curiously, although vitamin D3 acts through a 
nuclear receptor, VDR, a member of the RAR/T3R family, and regulates keratinocyte 
differentiation, VDR does not direcdy interaa with the keratin genes. The keratin promoters 
shown not to be regulated by vitamin D3 include K3, K5, KIO, K14, and K16. 

We identified the RAR- and T3R-responsive site in the K14 gene using site-specific mu­
tagenesis and found that the site consists of a cluster of consensus palindrome half-sites in 
various orientations, relatively close to the TATA box. ^ Similar clusters of half-sites that 
share structural organization with the K14 regidatory site were found in the K5, K6, KIO, 
K15, K16, and K17 keratin gene promoters and are responsible for retinoic acid-mediated 
transcription regulation of keratin synthesis in the epidermis. This means that the clustered 
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structure of the RAR/T3R responsive elements is a common characteristic for keratin genes. 
Furthermore, in the absence of the ligand, T3R activates keratin gene expression, and the 
heterodimerization with the retinoid X receptor is not essential for activation by the unliganded 
T3R. Unlike other nuclear receptor binding sites, the response elements in keratin genes 
bind RAR, T3R and the glucocorticoid receptor, GR, as monomers or homodimers. Inter­
estingly, addition of ligand to the receptor changes the binding pattern of the T3R from 
homodimer to monomer, reflecting the change in regulation from induction to inhibition. 
Such specific DNA-receptor interactions are crucial for the repression signal of transcription. 
Thus, they not only provide a docking platform for the receptors, but also directing the 
receptors to bind in a particular configuration and coordinate the interactions among differ­
ent receptors. Furthermore, the response elements allow simultaneous binding of multiple 
receptors, thus providing fine-tuning of transcriptional regulation. 

Glucocorticoids are important regulators of epidermal growth, differentiation, and ho­
meostasis, and are used extensively in the treatment of skin diseases. GC action is mediated 
via GR. Transgenic mice overexpressing GR in epidermis have altered skin development 
and impaired proliferative and inflammatory responses.^^ The developmental and prolifera­
tive phenotype includes lesions that range from epidermal hypoplasia to a complete absence 
of epidermis. Additional abnormalities resemble the clinical findings in patients with ecto­
dermal dysplasia, including aplasia cutis congenitalis. The anti-inflammatory role of gluco­
corticoids is also evident in the transgenic animals, and is partly due to interference with 
other transcription factors, such as N F K B . We have described a novel mechanism of kera­
tin gene regulation in skin through glucocorticoid receptor monomers.^^ Glucocorticoids 
repress the expression of a subset of keratin genes, the basal-cell-specific keratins K5 and 
K14 and disease-associated keratins K6, K16, and K17, but not the differentiation-specific 
keratins K3 and KIO or the simple epithelium-specific keratins K8, K18, and K19. The 
regulated keratins are all associated with diseases, and in this way glucocorticoids differ 
from retinoic acid and thyroid hormone, which regulate all keratin genes tested. Detailed 
footprinting analysis revealed that the GR binds as four monomers to adjacent sites in 
keratin gene promoters. Using cotransfection and antisense technology we have found 
that coregulators SRC-1 and GRIP-1 are not involved in the suppression of keratin genes, 
while histone acetyltransferase and GBP are, which is another unusual and keratin 
gene-specific aspect of regulation by GR. In addition, GR blocks the induction of keratin 
gene expression by API independently from direct binding of API proteins to their respon­
sive elements. Therefore GR suppresses keratin gene expression through two independent 
mechanisms: directly, through interactions of four GR monomers with responsive elements 
in keratin genes, as well as indirectly, by blocking the API-mediated induction of keratin 
gene expression. 

A large variety of signals modulates epidermal keratin gene expression. Hormones and 
vitamins, which act via nuclear receptors, affect the differentiation process, whereas growth 
factors and cytokines, which act via cell surface receptors (see below), affect keratinocyte 
activation and related events. We examined the interaction between the nuclear receptor and 
cell surface receptor pathways in regulating the expression of keratin genes. Expecting to 
find dominance of one of the pathways, we were surprised to find that the two pathways are 
codominant. While EGF induces and retinoic acid suppresses expression of K6 and K16 
keratin genes, when both EGF and retinoic acid are present simultaneously, the level of 
expression is intermediate. Similar codominant effects were found on other keratin genes 
with IFNy, TGFp, and thyroid hormone signaling. A judicious combination of hormones, 
vitamins, growth factors, and cytokines may be used to target specific expression of appro­
priate genes in the treatment of human epidermal diseases. 
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Regulation of Keratin Gene Expression by Growth Factors 
and Cytokines 

Keratin K17, the myoepithelial keratin, while not present in healthy skin, is expressed 
under various pathological conditions. Psoriasis is associated with production of IFNy. The 
primary molecular effect of IFNy is activation of specific transcription factors, such as STATl, 
which regulate gene expression in target cells. Induction of cutaneous delayed-type hyper­
sensitivity reactions resulted in activation and nuclear translocation of STATl in keratinocytes 
in vivo and subsequent induction of transcription of keratin K17. Within the promoter of 
the K17 keratin gene, we have identified the site that confers the responsiveness to IFNy and 
that binds the transcription factor STATl, and thus characterized at the molecular level the 
signaling pathway produced by the infiltration of lymphocytes in skin and resulting in the 
specific induction of K17 keratin gene expression in keratinocytes.^^ The induction of K17 
is specific for the inflammatory reactions associated with high levels of IFNy and activation 
of STATl, such as psoriasis and dermatitis caused by delayed type hypersensitivity, but not 
in samples of atopic dermatitis, which is not. Two cytokines, interleukin-6 and leukemia 
inhibitory factor, which can induce phosphorylation of STATl, can also induce K17 expres­
sion, whereas interleukin-3, interleukin-4, interleukin-10, and granulocyte macrophage colony 
stimulating factor have no effect on K17 expression. Therefore, in inflammatory skin dis­
eases, lymphocytes, through the cytokines they produce, differently regulate not only each 
other, but also keratin gene expression in epidermis one of their target tissues. 

In the promoter region of the K17 gene we identified eight protein binding sites. Five 
of them bind the known transcription factors NFl , AP2, and Spl and three bind still uni­
dentified proteins. Using site-directed mutagenesis, we have demonstrated the importance 
of the protein binding sites for the promoter function involved in both constitutive and 
IFNy-induced expression of the K17 keratin gene. Interestingly, UVA irradiation (320-400 
nm), but not UVB (290-320 nm), induced an increase in K17, showing a differential gene 
regulation between these two ultraviolet ranges. Importantly, UVB, a common damaging 
agent in the epidermis, increased the transcription of K19 gene and to a lesser extent the K6, 
K5, and K14 genes.^^ 

In contrast, TGFp causes transcriptional induction of K5 and Kl4 keratin genes. No 
other keratin gene promoters were induced. TGFp is an important regulator of epidermal 
keratinocyte function because it suppresses cell proliferation. The effect of TGFp is 
concentration-dependent, can be demonstrated in HeLa cells, does not depend on keratinocyte 
growth conditions and can be elicited by both TGFpi and TGFp2. These results suggest 
that TGFp promotes the basal cell phenotype in stratified epithelia such as the epidermis, 
and that the effects of TGFp are not anti-proliferative, but merely anti-hyperproliferative. 

We will not go into details of the analysis of the activation-specific keratin genes K6 and 
Kl6, which have been studied by many investigators,^^ and which are described elsewhere 
in this issue (see chapter by Navarro et al). We will briefly focus on the effects of proliferative 
and proinflammatory cytokines on K6 and K16 expression. For example, Interleukin-1 (IL-1) 
and tumor necrosis factor-a (TNFa) induce K6b keratin synthesis through a transcriptional 
complex containing N F K B and C/EBPp,^^'^^ while the epidermal growth factor (EGF) and 
transforming growth factor-a (TGFa) specifically induce K6 and K16, apparently through 
API transcription elements. 

Regulation of Small Keratins, K7, K8, K18 and K19 
So far, very litde is known about the transcriptional regulation of K7, although a systematic 

exploration of its expression in several organisms has begun and, hopefully, will soon yield 
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much more data. K7 is expressed observed in lung, bladder, mesothelium, hair follicle, 
filiform papillae of die tongue and in a range of "hard" epithelial tissues. 

The human keratins K8 and Kl 8 genes are expressed in diverse simple epithelial tissues and 
in various carcinomas. Relatively little is known about the regulation of the basic type simple 
epithelial keratin KB, originally known as EndoA. ' Its expression is regulated by p53 through 
a binding site in the 5' untranslated region of the gene.'̂ ^ In addition, an enhancer at the 3'-
end of the gene contains seven Ets binding sites that bind ETSl, ETS2 and ERGB/FLI-1 
transcription factors and regulate transcription in combination with the K8 promoter.'̂ '̂̂ "^ 

In contrast, the regulation of expression of the K18 gene has received much attention be­
cause of several very exciting features unique to this gene. In transgenic mice, a 10-kilobase 
DNA segment of the human K18 gene contains all the necessary information for proper 
tissue-specific expression. Furthermore, this expression is copy number-dependent and inte­
gration site-independent. The 10 Kb sequence contains several interdependent regulatory sites, 
including a promoter, an intronic enhancer, a regulatory site in the exon, and the locus control­
ling regions, LCRs, bracketing the gene. 

The promoter of the K18 gene is regidated in a cell-type specific manner. The "minimal 
promoter" contains the TATA box and an initiation site, and the TATA box is the only essential 
element of the minimal promoter. The K18 expression is different in tumorigenic and 
nontumorigenic cell lines. The differential expression depends on an Spl site close upstream 
from the TATA box. Three different proteins bind to the Spl site, one of them is Spl itself 
Importandy, the acetylation state of the proteins bound to DNA in the K18 promoter greatly 
affect the promoter activity: histone deacetylase inhibitors stimulate the activity of the K18 
promoter. CBP/p300 coactivator protein seems involved in the regulation of K18 promoter 
activity, at least in nontumorigenic cell lines."̂ ^ 

The promoter activity is increased by an enhancer element in intron 1 (see below). The 
intronic enhancer can also stimulate transcription from a cryptic promoter, apparent in the 
absence of the minimal promoter. Furthermore, this cryptic promoter sequence is 
AP-1-dependent. Apparendy, the minimal promoter, the cryptic promoter/enhancer, and 
the intron-1 enhancer interact in a very complex way, involving API, Spl, CBP/p300 and 
protein acetylation to regulate the levels of activity of the K18 promoter. 

This complexity, however, can be exploited to deliver transgenes to the airway epithelia, 
which is potentially very useful for development of gene therapy approaches."^^ A 
helper-dependent adenoviral vectors utilizing the K18 sequence as a tissue-specific promoter, 
directed expression of linked genes in airway epithelial and submucosal cells, apparently cir­
cumventing the side effects such as acute toxicity and inflammation, and could be important in 
the development of gene therapy for cystic fibrosis 

The induction of K18 in embryonal carcinoma (EC) and embryonic stem (ES) cells can be 
triggered in culture by exposure to retinoic acid. The indiction depends, in part, on the com­
plex enhancer element located within the first intron of KIS.'^^ ETS-2 and AP-1 transcription 
factor c-Jun, and JunB also mediate the induction of K18. These transcription factors act by 
opposing three silencer elements also located within the first intron of the K18 gene. There­
fore, the induction of K18 is due to a combination of relief from negative regulation and direct 
positive activation by the ETS and AP-1 transcription factors. The methylation of the ETS 
binding site causes a repression of the K18 gene expression, because ETS proteins do not bind 
to methylated sites in DNA. Such methylation adds another layer of complexity to the regula­
tion of K18 keratin gene expression.'''^ 

DNase-hypersensitive sites often correlate with regulatory regions of genes. Four such sites 
are found in the promoter region and the first intron of K18. Two DNase-hypersensitive sites 
were found in an Alu repetitive sequence immediately upstream of the promoter.^^ The final 
hypersensitive site was mapped to exon 6 of K18. This novel regulatory element in exon 6 
modulates Kl 8 gene expression in transgenic mice. While the exon 6 site can bind c-Jun and 
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c-Fos, it can stimulate transcription independent of AP-1 proteins. Therefore, the 
protein-coding sequences of the K18 gene have a regulatory function as well. 

Arguably the most unusual and least understood DNA regulatory sites are the locus con­
trol regions, LCRs.^2 These sequences, first described bracketing the hemoglobin genes, con­
fer integration site-independent transcription in transgenic mice. LCR serves to insulate the 
region from transcriptional influences of surrounding DNA. Neither read-through, nor en­
hancers nor silencers have any effect in the segments protected by LCRs. This means that the 
level of expression of a transgene depends only on the copy number, and not on the site of 
integration. 

The group of Robert Oshima identified and characterized the LCR elements of the human 
K18 keratin gene. Transgenic animals express the human K18 gene at levels proportional to the 
copy number and independendy of the integration sites.^^' Integration site-independent ex­
pression of K18 depends on a 323 bp sequence from the 5' flanking sequence and 3.5 kb of the 
3' flanking sequence. The LCR activity is orientation-dependent. Interestingly, the integration 
site-independent expression and copy number-dependent expression can be separated. The 
323 bp sequence can confer LCR function even on heterologous transgenes. This sequence 
comprises an Alu repetitive element and its LCR activity correlates with its RNA polymerase 
III promoter activity. 

Keratin Kl 9 is expressed in simple and nonkeratinizing stratified epithelia. Its expression 
seems associated with malignant transformation in esophageal and pancreatic cancers. This 
expression depends on a sequence containing binding sites for KLF4 and Spl. Furthermore, 
overexpression of KLF4 and Spl induces Kl 9 production. An enhancer sequence containing 
an API site has been identified in the K19 3'-flanking region.^^ K19 is specifically and direcdy 
induced by retinoic acid^^ and by estrogen.^^ The estrogen regulation depends on a complex 
enhancer region in the first intron, which contains several estrogen receptor binding sites and 
API sites. 

The K19 upstream sequences contain transcription regulatory elements in -2249 to -2050 
bp and -732 bp to the first ATG. Six protein-binding sites, including an Spl site, a CCAAT 
box and a TATA box were detected in the segment from -732 bp to the first ATG by the DNA 
footprinting technique.^^ The K19 promoter has been used for targeting and identification of 
K19-producing cells in transgenic mice. Expression was found in ductal epithelia of the pan­
creas, small intestinal villi, in surface colonocytes, and gastric isthmus cells. The expression of 
Kl 9 correlated with and overlapped that of KLF4 protein expression. 

Specific Transcription Factors Implicated in Regulation 
of Transcription of Keratin Genes 

The transcription factors AP-2 comprise three isoforms, AP-2-a, -p and -Y> similar in struc­
ture. AP-2a is present in basal keratinocytes, but is significantly induced in proliferating dis­
eases; AP-2P is present only in sweat glands, whereas AP-2Y is present throughout the epider­
mis in normal and psoriatic skin as well as in the SCC lesions. The K14 promoter binds to 
AP-2a and AP-2Y, whereas the Kl promoter predominandy binds to AP-2Y. In contrast, AP-2P 
does not bind to either keratin DNA.^^ The AP2 proteins may be general regidators of keratin 
gene expression, ̂ '̂̂ ^ but their precise role remains to be elucidated. 

Ectopic expression of c-Myc,^^ KLF4,^ Gli2^^ or Ras and Raf̂ ^ in the epidermis alters cell 
phenotype and keratin expression. However, the effects of these transcription factors on kera­
tin gene expression may be indirect. Particularly interesting are the roles of the Kruppel-like 
transcription factors.^^ KLF4, besides affecting epidermal barrier function in development, 
direcdy regulates K4 and K19 (see above).^^'^ On the other hand, K12, the corneal keratin 
gene is regulated by KLF6, presumably through the KLF6 binding site identified in the human 
K12 promoter. ̂ ^ 
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Conclusions and Future Directions 
The common characteristic of all keratin gene promoters analyzed so far indicates that each 

individual gene is regulated by numerous transcription factors that bind nearby DNA elements 
and assemble into multi-protein complexes. These transcription factors respond to extracellular 
influences, such as hormones, vitamins and growth factors. Therefore, the level of expression of 
each keratin gene seems to be affected by the signals from the cellular milieu. 

Conspicuously absent is the "epithelia-specific master regulator", a transcription factor 
common to all epithelial cells and specific only for epithelial cells, necessary for expression of 
all keratin genes. Hope for finding such a protein derives from the axiomatic association of 
keratins and epithelia. Its absence means that every epithelial cell type has elaborated a set of 
transcription factors that, in combinations, are responsible for expression of keratins. Further­
more, we did not find "epidermal", "simple epithelial" or even "differentiation-specific" master 
regulators that are either permissive or necessary for expression of a subclass of keratins. 

Similarly, while keratin proteins tend to be expressed in specific pairs that consist of a basic 
and an acidic keratin, the pair-wise coexpression regulators have not been identified. Again, we 
are left with the notion that each keratin gene is regulated by its own regulatory circuits and 
expressed independendy from other keratins. The pair-wise coexpression, then, is a fortuitous 
result of multiple independent regulatory mechanisms. 

On the other hand, the frequent encounter of a small number of transcription factors in the 
regulation of many keratin genes indicates that same regulatory motifs play a role in the expres­
sion of keratin genes. The recendy elucidated sequences of several mammalian species will soon 
lead to new genomics breakthroughs. Before long, algorithms for large throughput sequence 
analysis of promoters will be available. Hopefully, many more discoveries and surprises are in 
store for keratinologists in the near future. 
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CHAPTER 8 

Simple Epithelial Keratins; 
Expression, Function and Disease 

M. Llanos Casanova,'*' Ana Bravo and Jos^ L. Jorcano 

Abstract 

Keratins K8 and K18 are the major components of the intermediate-filament q^oske-
leton of simple epithelia. They are mosdy expressed in internal one-layered epithelia. 
K8 and K18 are considered the ancestral precursor genes for the multiple specialized 

type II and type I keratin classes, respectively, and constitute the first keratin genes to be 
expressed in the embryo. Herein we focused on the current knowledge of the functions 
ascribed to simple epithelial keratins and the diseases associated with them. Because K8/K18 
expression is naturally associated with cells with a great proliferation potential, such as cells 
of embryonic structures and cells in the later stages of cancer, we centered on the relationship 
between altered expression of K8/K18 and development and progression of tumors. 

Introduction 
Cytoskeleton refers to the major fibrillar elements that are found in cells and comprise 

three major protein families: microfilaments, microtubules and intermediate filaments (IF), 
which in turn interact with a growing list of associated proteins. Keratins are the most di­
verse subfamily of IF proteins, and are encoded by over 20 genes. ̂ '"̂  They are subdivided into 
type I (K9-K22) and type II (K1-K8), which are coordinately expressed in specific type 
I-type II pairs in epithelia. ' The pattern and quantity of keratin expression is strictly regu­
lated in epithelial cells. 

Simple epithelial keratins are mostly expressed in internal one-layered epithelia. K8 and 
K18 constitute a hallmark for all simple epithelial cells ' ' although some of them express two 
to three additional keratins (K7, K19, K20) as their differentiation progresses. Therefore, K7 is 
expressed in many gland ducts and internal epithelia;^ K19 is an unusual keratin, lacking a 
proper tail domain expressed in the intestine, kidney collecting ducts, g3llbladder, mesothelium, and 
secretory glands; and K20 is expressed in gastrointestinal epithelia, urothelium and neuroen­
docrine cells. An additional potential simple epithelial keratin ("K23") was recendy reported 
in pancreatic epithelial cells. 

In humans, type I keratin genes are, all but one, located on chromosome 17, and type II 
keratin genes on chromosome 12. The coding K18 gene is the only keratin type I gene located 
on chromosome 12, close to the K8 gene. This observed juxtaposition supports the notion that 
K8 and Kl 8 may have an ancient and common origin and may be the ancestral precursor genes 
for the multiple specialized type II and type I keratin classes, respectively.^ The gene cluster on 
chromosome 17 probable arose by a duplication and transposition of an ancestral K18 gene. 
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followed by concerted duplication of keratin genes in both locations. The driving force for the 
diversification to the obligate heteropolymeric keratin groups is not clear. 

K8/K18 constitute the first keratin genes to be expressed in the embryo^'^^' starting at the 
eight-cell stage of the mouse embryo, followed by K19 and K7. Probably, this very early 
expression was the reason for their high fidelity conservation across a wide range of species 
through evolution and for the apparent absence of K8/K18 mutations in the positions associ­
ated with severe disease in stratified epithelial keratins -the end domains of the a-helical rod 
domains-, suggesting a lethal phenotype of such mutations^"^ in simple epithelial keratins. 

Suggested Functions of Simple Epithelial Keratins 
The study of several transgenic mouse lines targeting simple epithelial keratins has been 

very useful to elucidate the requirement of keratins for the formation and function of simple 
epithelia. They include the targeted null mutations of K8, K18 and K19. Because of their early 
expression it has been assumed that these keratins have an important function during embryo-
genesis. The first reported IF knockout were the K8-null mice that have variable phenotypes 
depending on their genetic background. In one strain (C57B1/6), the targeted null mutation of 
K8 causes mid-gestational lethality with placental bleeding due to TNF-sensitive failure of 
trophoblast giant cell barrier function. ' Approximately half of the homozygous null 
embryos escape lethality in mice with the FVB/n genetic background. These K8 deficient mice 
have colorectal hyperplasia and inflammation, rectal prolapse, female sterility, and, in some 
cases, mild hepatic coagulative necrosis. In contrast, Kl 8 null mice, which also lack hepatocyte 
keratin filaments, are viable and fertile and their liver morphology appears relatively normal, 
apart from accumulation of K8-containing Mallory bodies and formation of enlarged hepatocytes 
in aging mice. More recendy, additional detailed abnormal liver and pancreas phenotype 
were observed in both K8 and K18 null mice. They consisted, mainly of large polynuclear areas 
that lacked cell membranes, desmosomal structures, and filamentous actin.^'^The finding that 
K8- and Kl 8- null mice were viable was unexpected and it was hypothesized that Kl 9 and K7, 
which begin to be expressed shordy after K8/K18, could compensate for the loss of K18 and 
K8 respectively. K19 null mice were generated and proved to be normal.^ In contrast, the 
generation of doubly deficient K18/K19 mice in which all embryonic type I keratins have 
been abolished causes the death of fetuses at embryonic day 9.5 due to severe cytolysis in 
trophoblast giant cells. And doubly deficient K8/K19 mice result in mice that suffer early 
embryonic lethality around embryonic day 10 due to anomalies in the trophoblast layer along 
with major placental defects, with 100% penetrance. These doubly knockout mice have served 
to demonstrate a primary cytoskeletal function of these keratins, indicating that they have an 
essential function during embryonic development, at least in the extraembryonic compart­
ments of the conceptus. Conceivably, an approach that includes the aggregation of null 
embryos with tetraploid wild-type embryos would help to distinguish between the function of 
simple epithelial keratin in embryos as such from their role in extraembryonic tissues. 

The Structural Function of Simple Epithelial Keratins 
Important information regarding keratin function was also obtained by overexpression of 

wild type keratins or the expression of mutant or ectopic keratins. While the role of epidermal 
keratins in the maintenance of the structural integrity of the epidermis is widely accepted,"̂ '̂"̂ ^ 
the structural function of simple epithelial keratins is less clear. A mouse model of transgenic 
mice with disrupted K8/K18 filament assembly originated by expression of a K18 containing a 
mutated arg89^cys (a highly conserved site among keratins and a frequendy mutated amino 
acid in several human skin diseases^), develop mild chronic hepatitis and markedly fragile 
hepatocytes in association with K8/18 filament disruption."^^ In addition, these mice as well as 
K8 null mice were more susceptible to hepatotoxic damage. ' These results indicate that one 
function of keratins in hepatocytes is to maintain cellular integrity and resistance and that an 
intact keratin fdament network is important for protection from drug-induced liver injury (the 
roles of keratins in hepatic function is further disccussed in the chapter by Zadoukal et al). 
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However, the cell-protective role that K8/K18 filaments impart in the liver was not observed in 
the pancreas. '̂ '̂  Therefore, differences in hepatocyte and acinar cell susceptibility to injury, 
despite their similarity in terms of cytoplasmic filament disruption, raise the possibility that 
identical keratins may function differendy in different cells. 

Involvement ofK8/K18 in the Maintenance of the Cell Polarity and Tissue 
Architecture of Simple Epithelial Cells 

Another role proposed for simple epithelial keratins is their involvement in the maintenance 
of cell polarity. It is known that several cell types develop a polarized structure that is essential for 
their biological function; typically polarized cells are neurons and epithelial cells. Cell polariza­
tion is especially important in simple epithelium due to its secretory and absorptive functions. 
Keratin distribution is often asymmetric in simple epithelial cells, with filaments concentrated 
toward the apical surface (Fig. 1). There is growing evidence that keratins are involved in the 
maintenance of the cell polarity and tissue architecture of simple epithelial cells. Therefore, 
enterocytes lose the polarity of different components when the K19 (usually concentrated in the 
apical cortical region of the cell) is depleted. Villus enterocytes of K8 null mice lose keratins 
and apical membrane markers and undergo disorganization of microtubules.^^ We have re­
ported that acinar cells of the exocrine pancreas of transgenic mice expressing the wild type 
human K8 (TGHK8 mice) and with just a three-fold increase in the amount of K8/K18, lost 
K8/K18 keratin filaments polarization. These appear distributed throughout the whole cyto­
plasm instead of concentrated at the apical region of the cell, where they are localized in 
nontransgenic acinar cells^^ (Fig. I). Histologically, TGHK8 mice show a marked disorganiza­
tion of the exocrine pancreadc tissue structure with loss of the typical organization of the secre­
tory units arranged in acini, with the apical region of acinar cells oriented toward the central 
lumen (Fig. 1). Recent studies revealed an additional abnormal liver phenotype (also affecting, 
to a lesser extent, the exocrine pancreas) in K8- and K18 null mice, and in K18 arg-^cys mice, 
related to a complete lack of organization in some parts of hepatic ussue and a disturbed cellular 
organization and mrnover in the rest of the tissue. These results strengthen the role of simple 
epithelial keratins in maintaining the architecture of the tissues that normally express them. 

Figure 1. Immunodetection of K8 in pancreas sections. ParafEn-embedded section from wild type (A) 
and transgenic TGHK8 (B) mice. Staining was performed with TROMA 1 antibody which recognizes 
both, the endogenous mouse K8 and the human K8. In wild type pancreas the signal is restricted to the 
apical region of acinar cells (arrows) and to ductal cells (arrowhead). In transgenic pancreas sections the 
staining appears throughout the cytoplasm of acinar cells (arrows). Note the disorganization of the 
pancreatic tissue structure in transgenic mice. 
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Figure 2. Ultrastructural analysis of pancreatic acinar cells. A) Electron micrograph showing the apical 
localization of zymogen granules in wild type cells. B) Note the accumulation and loss of the apical 
localization of zymogen granules in transgenic TGHK8 cells. N, nucleus; asterisks, zymogen granides. 
1500X. 

Finally, associated with the role of K8/K18 in maintaining cell polarity there is growing 
evidence for a role of simple epithelial keratins in vesicular trafficking. For instance TGFiK8 
mice present striking exocrine enzymatic pancreatic deficiencies,^^ possibly as a consequence of 
impaired transport of zymogen granules to the apical region of acinar cells (Fig. 2). Also, ab­
normalities in the distribution of apical surface markers in both the small intestine and liver of 
K8 null animals were identified. Regional differences were found in the expression of syntaxin-3, 
a protein involved in vesicular transport. The mechanism by which keratin filaments might 
influence vesicular trafficking remains to be elucidated. 

Possible Implication ofK8/K18 in Signaling 
The phenotype of the TGHK8 mouse that displays loss of cellular architecture, 

acino-ductular metaplasia, fibrosis and adipose replacement of wide regions of the exocrine 
pancreas^^ is very similar to that of the transgenic mice expressing a dominant negative 
mutant TGF-p type II receptor.^^ Accordingly, the latter also show increased levels of K8 
and K18 in their pancreatic acinar cells, suggesting the involvement of these keratins in 
TGF-P signaling. Other experimental findings have also suggested the involvement of 
simple epithelial keratins in signaling, as shown by their interaction with different cytoplas­
mic proteins. In particular, the interaction of K18 with 14-3-3 proteins in a 
phosphorylation-dependent manner ' appear to partially modulate hepatocyte mitotic 
progression in association with alterations in the nuclear distribution of 14-3-3 proteins 
during mitosis. In agreement, the distribution of the 14-3-3^ protein in the liver of K8 
null mice (lacking keratin K8/K18 filaments in hepatocytes) is different to that seen in 
wild-type animals. Keratins have also been reported to associate with kinases, including a 
fragment of the PKC-epsilon and JNK, yielding in this case, the keratin 8 as a cytoplas­
mic target for JNK in Fas receptor-mediating signaling (see implication of K8/K18 in 
apoptotic signaling). More recently, the defective formation of desmosomes by assembly 
deficiency in K8/K18 filaments^ "̂  has been described. Because desmosomes contain both 
plakoglobin—a protein involved in developmental signaling—and cadherin family mem­
bers, their function may be more than a strictly mechanical adhesion between cells. They 
could also participate in mediating cell-cell signaling transduction, suggesting an important 
role for simple epithelial keratins in signal transduction. 
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Keratins K8/K18 May Be Involved in Apoptotic Signaling 
The association of keratins to apoptosis occurs at several levels. On one hand the type I 

simple epithelial keratins are early targets of caspase activity in apoptosis. Cleavage of one 
keratin will destabilize the filament network due to the heteropolymeric nature of these pro­
teins. The fragmentation of keratins by caspases may facilitate apoptotic cell clearing by allow­
ing the keratin network to be dismanded. On the other hand, several studies have revealed a 
protective role for keratin 8 during TNF and Fas mediated apoptosis. Therefore, it has been 
described that the K8/K18 pair can desensitize cells to pro-apoptotic signaling mediated by 
tumor necrosis-alpha (TNF-a) or by Fas ligand,^^ by binding to their receptors. K18 also 
binds a downstream TNF receptor, TRADD. ^ 

TNF-a is an inflammatory cytokine that is elevated in inflammatory bowel disorders and is 
also involved in liver apoptosis. Therefore, the inhibition of pro-apoptotic signaling by simple 
epithelial keratins woidd help to explain some observations performed in K8- and K18- null 
mice (lacking all keratin IF in their hepatocytes). These mice are very sensitive to Fas-mediated 
apoptosis or to concanavalin A-induced apoptosis, which is mediated by Fas and TNF.^^' 
This could also explain the sensitivity of K8 and K18 null hepatocytes to some toxins. In 
addition, the association of K8/K18 with death receptor family function may be related to an 
earlier association of K8/K18 with drug resistance in several cell lines. '̂ Some K8/K18 defi­
cient cell lines were shown to be more sensitive to DNA damaging agents than the controls that 
expressed both keratins. These findings also support the involvement of K8/K18 mutations in 
gastrointestinal diseases. It has been reported that stimulation of the Fas receptor of intestinal 
epithelial cells induces activation of the stress kinase JNK and phosphorylation of K8 in 
serine-73. This coincides with the association of some JNK with K8 and a decreased ability 
of JNK to phosphorylate c-jun. Thus, the presence or absence of K8/K18 could modulate 
signaling from Fas at this stage in the pathway, as well as by interfering with receptor targeting. 

Finally, very recendy, the lethality of K8 null embryos has been reported to be due to a 
TNF-sensitive failure of trophoblast giant cell barrier function.^ This will present the 
keratin-dependent protection of trophoblast giant cells from a maternal TNF-dependent 
apoptotic challenge as a key role of simple epithelial keratins. 

The Tissue-Specific Expression of Keratins Implies Unique Functions 
Finally, the tissue- and cell type-specific distribution of keratins in epithelial cells suggests a 

unique functional role of these proteins in these cell types. Keratin replacement experiments in 
transgenic mice reveal that keratins are not completely redundant. For example, introduction 
of K18 into transgenic mice lacking Kl4, by using the K14 promoter, only partially rescues the 
lethal and blistering phenotype typically displayed by Kl4-null mice. This suggests that dif­
ferent keratins are likely to serve tissue-specific roles that reflect their unique expression. 

Simple Epithelial Keratin Proteins and Disease 
It is difficult to associate mutations with disorders of simple epithelia. They may be ex­

pressed in vital organs and at early stages of development that would cause embryonic lethality. 
Futhermore, the structural role of keratins may be less central to the function of keratins in 
simple epithelia than in the epidermis, because internal tissues are normally not subjected to 
stresses and therefore the structural diseases caused by mutations of epidermal keratins might 
not occur in simple epithelia. Within this context, the study of animal models carrying null or 
dominant negative mutations or overexpression of simple epithelial keratins suggest that in 
addition to carrying a mutation in a keratin, the simple epithelial tissue might have to be 
abnormally stressed (e.g., chemical toxicity, infection or inflammation) for a phenotype to 
manifest itself '̂ ^ Authors seems to agree that K8 or K18 mutations predispose, rather than 
cause, their carriers to develop a disease. ' 

The K8/K18 transgenic animal models suggested that the liver, the intestine and the pan­
creas are the likely target of K8/K18 mutations if they are to occur in humans. The most likely 
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population of K8/K18 mutations is patients with acute or chronic cryptogenic liver disease. ̂ '̂ '̂ ̂  
In addition, an intestinal target, as in inflammatory bowel disease, may be associated with KB 
mutations, based on the intestinal phenotype of the K8-null mice and on the increased sensi­
tivity to TNF-a liver mediated apoptosis observed in these mice.^ Very recendy it has been 
found that the glycine to cysteine mutation at position 61 of the keratin 8 gene, together with 
other enviromental factors and/or genetic factors, could predispose to chronic pancreatitis, by 
interfering with the normal organization of keratin filaments. ^ Simple epithelial keratin dis­
eases would be rare. However, if the predisposition model were correct, it could potentially 
explain a greater incidence of association between simple keratin disorders and epithelial disease. 

Altered Simple Epithelial Keratin Expression and Cancer 
The detection of K8/K18 is used for the diagnosis and prognosis of tumors of epithelial and 

nonepithelial ' origin. Proteolytic fragments of K8 and K18 (most likely through apoptotic 
cleavage) are components of the tissue polypeptide antigen, found in large amounts in the 
serum of patients with a wide range of carcinomas, and their concentration correlates with 
survival of these patients. However, beyond the diagnostic use of K8 and K18, the fimc-
tional significance of this correlation remains unclear and no role for K8/K18 in tumorigenesis 
has yet been found. 

It has been observed that some tumors derived from simple epithelia retain and augment 
K8 and K18 expression. This is the case of different grade and stage of transitional cell carcino­
mas (TCC) of the urinary tract. An increase in K8/K18 expression has also been detected 
concomitant with an increase in the degree of malignancy of the tumor as in the case of the 
increased expression of K8/K18 in the most malignant infiltrating TCCs. A possible role for 
K8 and K18 in increasing invasiveness and migration properties of tumor cells has also been 
suggested by transfection experiments in different tumor cells. 

On the other hand, albeit in adults, K8 and K18 constitute the major intermediate fila­
ments in simple epithelial tissues such as liver, intestine and pancreas, but are not normally 
present in the stratified epithelia such as epidermis. A well-known but unexplained clinical 
phenomenon is the aberrant expression of simple epithelial keratins by different types of hu­
man carcinomas of stratified epithelial origin, e.g., oral and skin cancers. A positive correlation 
has been established between the presence of these keratins and tumor malignancy both in 
vitro^^ and in vivo.^^ Even more intriguing is the aberrant expression of K8 and K18 in 
human tumor cells of different nonepithelial origins, such as malignant melanoma and lym­
phoma, which normally only express type-Ill IF vimentin. ' 

It has been reported that K8 expression is induced by w-ras in transformed epidermal 
keratinocytes. ' Also, the K8 gene is induced bv EGFR activation,^ EGFR being overexpressed 
in both human and mouse epidermal tumors. ' Conversely, abrogation of EGFR function 
inhibits tumor development. '̂ ^ The important role of ras and EGFR in the induction of 
epidermal tumors and their progression would suggest that transcription factors activated by 
the ras and EGFR signaling transduction pathway may mediate the aberrant expression of K8 
and K18. To determine whether a causal relationship exists between the abnormal expression 
of simple epithelium keratins and the development of neoplastic characteristics and, given the 
increasing incidence of epidermal cancer in humans (40% of all tumors diagnosed'^^), we have 
generated a transgenic mouse model (TGHK8 mice) to examine the role of simple epithelium 
keratins in the establishment and progression of human skin cancer (Casanova et al submitted 
results). Skin carcinogenesis assays performed in our TGHK8 mice expressing the human K8 
in the epidermis showed a dramatic increase in the progression of papillomas towards malig­
nancy in transgenic animals. Thus, our results would support the notion that K8/K18 expres­
sion is not maintained in carcinomas because the regulation of K8/K18 genes uses oncogene 
activated transcription factors. Further, our findings demonstrate that K8 expression contrib­
utes direcdy to the malignant skin phenotype, and that this keratin may function as a promoter 
of malignancy. 
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The identification of the possible alterations in signaling molecules and pathways that lead 
to the malignization of these tumors—that in turn exhibit an aberrant expression of K8, will 
contribute to the understanding of pathogenic states of the skin associated with epidermal 
hyperplasia and dysplastic changes and, may ultimately lead to the development of new 
therapies for skin tumors. 

Concluding Remarks 
The different studies of keratin functions and disorders allow authors to conclude that a 

function common to all keratins is the structural function. It also appears that this is not the 
main function of keratins in simple epithelia. For this reason, the structural diseases caused by 
mutations of epidermal keratins might not occur in simple epithelia. Another interesting finding 
is that in simple epithelial cells the same keratins may display different functions in different 
cell types. The recent suggestions of the involvement of simple epithelial keratins in signal 
transduction pathways indicate the relevance of maintaining the tissue-specific and amount of 
keratin expression in a cell for the appropriate development of its physiological functions. In 
addition, the role of simple epithelial keratins as inhibitors of pro-apoptotic signaling may be 
essential in those stages where a fine regulation of proliferation/death is necessary as in the case 
of embryogenesis and cancer. A very important issue is the increasing evidence that points to 
the aberrant increased expression levels of simple epithelial keratins in a transformed cell as a 
promoter of an invasive behavior of tumors of different origin. This makes the study of the 
expression of these proteins in cancer a valuable indicator of tumor evolution. 

Note Added in Proof 
The data referred to as "Casanova et al, submitted results" have been published (Epidermal 

abnormalities and increased malignancy of skin tumors in human epidermal keratin 8-expressing 
transgenic mice. FASEB J 2004, Aug. 19). In addition, during the revision of the manuscript it 
has been published in a work by Vaidya's group reinforcing the induction of transformed 
phenotype and invasiveness by forced K8 expression in stratified epithelial cells (Implications 
of cytokeratin 8/18 filament formation in stratified epithelial cells: Induction of cytokeratin 
phenotype. Raul et al. Int J Cancer 2004; 111:662-658). 
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CHAPTER 9 

Keratins as Targets in and Modulators 
of Liver Diseases 
Kurt Zatloukal,* Conny Stumptner, Andrea Fuchsbichler 
and Helmut Denk 

Abstract 

The keratin cytoskeleton of hepatocytes is affected in a variety of chronic liver diseases, 
such as alcoholic and nonalcoholic steatohepatitis (ASH, NASH), copper toxicosis, 
cholestasis and hepatocellular carcinoma. In these diseases hepatocytes reveal a derange­

ment or even loss of the cytoplasmic keratin intermediate filament cytoskeleton and formation 
of cytoplasmic inclusions (Mallory bodies) consisting of misfolded and aggregated keratin as 
well as a variety of stress proteins. Keratin gene knock-out mice demonstrated that keratins 
fulfil besides a structural role providing mechanical stability to hepatocytes a role as target and 
modulator of toxic stress responses in that keratins interact with a variety of stress-related 
signaling pathways, are preferred targets of stress-induced protein misfolding and are 
substrates for caspases. Furthermore, the identification of mutations in keratin genes in 
patients with liver cirrhosis suggests that keratins act as genetic modifiers in liver diseases. 

The Keratin Cytoskeleton of Hepatocytes and Bile Duct 
Epithelial Cells 

The keratin intermediate filament (IF) cytoskeleton of hepatocytes is composed of the type 
I keratin 18 (K18) and type II keratin 8 (K8) in equimolar ratios. '̂  Bile duct epithelia have a 
more complex keratin composition and express in addition to K8 and K18 also K7 and K19. 
Since K7 is present in higher concentrations than K19 the major partner for K7 in bile duct 
epithelia is K18. This preferred partnership of K7 and K18 was demonstrated in K18 knock-out 
mice where in the absence of K18 there was also a loss of K7 in bile duct epithelia. In certain 
liver diseases, such as alcoholic steatohepatitis (ASH) and chronic cholestasis also single 
hepatocytes as well as small groups of hepatocytes express in addition to K8 and K18, K7 and, 
to a lesser extent, K19. This phenomenon was originally regarded as evidence for ductular 
metaplasia (i.e., hepatocytes acquire features of bile duct epithelial). ' A metaplastic transition 
of hepatocytes to bile duct epithelia, however, was so far not observed in mouse models for 
ASH or cholestasis. Another explanation for the occurrence of K7-positive hepatocytes is that 
in certain liver diseases regeneration of hepatocytes involves proliferation and differentiation of 
hepatocytic precursor cells (oval cells), which normally express K8, K18 as well as K7 and 
K19. Therefore, the presence of hepatocytes expressing K7 indicates that these hepatocytes 
originated from precursor cells and not by proliferation of differentiated hepatocytes, the latter 
of which is the classical mode of hepatocyte regeneration. 
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The biological significance of the expression of different keratin pairs in bile duct epithelia 
and the expression of bile duct-type keratins in hepatocytes is unclear. Studies in keratin gene 
knock-out mice demonstrated that a regular liver can be formed in the absence either of K8, 
K18 or K19.̂ '̂ ^-^2 However mice lacking K8 or Kl 8 or expressing a mutated Kl 8 gene were 
more sensitive to a variety of toxins and stress conditions. ^ Furthermore, studies performed 
with epidermal keratins provided evidence that different keratin family members are associated 
with distinct cellular functions. In the epidermis keratinocytes replace the keratin pairs K5 / 
K14 by Kl / KIO during their course of differentiation.^ '̂ ^ In situations of wound healing and 
in neoplasia keratinocytes start expressing different keratins, such as K16, which is associated 
with enhanced cell proliferation and migration. '̂ "̂  A relationship between specific keratin 
proteins and cell function was recently demonstrated in transfected keratinocytes, where 
expression of K16 resulted in higher cell proliferation rates whereas expression of KIO reduced 
proliferation. ̂ '̂̂ ^ 

Alterations of the Keratin Cytoskeleton in Human Liver Diseases 
Alterations of the hepatocytic keratin IFs is a characteristic feature of ASH, which develops 

in approximately 20% of heavy drinkers and rapidly leads to the development of liver cirrhosis 
the major cause of death of alcoholics. In ASH hepatocytes on the one hand accumulate fat in 
the cytoplasm (steatosis), because of a general disturbance of lipid metabolism and, on the 
other hand, there are non steatotic hepatocytes, which are enlarged (ballooned) and may 
contain cytoplasmic protein aggregates termed Mallory bodies (MBs). Further morphologic 
alterations in ASH are a chicken wirelike fibrosis, an inflammatory reaction with predomi-
nandy polymorphonuclear granulocytes, and cholestasis. ' It has been demonstrated more 
than 20 years ago that the major cellar structure that is affected in ballooned hepatocytes is the 
keratin cytoskeleton. Ballooned hepatocytes reveal a derangement or even loss of the cytoplas­
mic keratin IFs and aggregation of keratin proteins as MBs^^ (Fig. 1). These alterations of the 
keratin cytoskeleton are characteristic but not specific of ASH since they are also seen in a 
variety of other liver diseases such as (i) nonalcoholic steatohepatitis (NASH), which occurs in 
patients with type II diabetes and obesity, after intestinal bypass surgery, and can be induce by 
certain drugs, (ii) chronic cholestasis, particularly primary biliary cirrhosis, (iii) copper 
intoxication as it occurs in patients with Wilson disease and Indian childhood cirrhosis, (iv) 
hepatocellular carcinoma ' (Fig. 1). 

The common occurrence of alterations of the hepatocytic keratin cytoskeleton in such a 
variety of diseases poses the question whether there is a unique pathogenetic principle leading 
to this phenotype. Although the above mentioned diseases originate from different aetiologies, 
increased oxidative stress is a constant and common feature. For example, in ASH oxidation of 
ethanol results in the formation acetaldehyde, which depletes glutathione and disturbs 
mitochondrial function, both of which result in increased oxidative stress. Furthermore 
metabolism of alcohol by cytochrome P450 2E1 leads to generation of reactive oxygen species 
(ROS) as by-product."^ In NASH oxidative stress is an indirect consequence of mitochondrial 
overload with free fatty acids, and the increased release of TNF-a from adipose tissue. In 
chronic cholestasis there is accumulation of bile acids in hepatocytes, which also results in 
oxidative stress either direcdy by affecting signaling and mitochondrial function or indirecdy 
by activation of polymorphonuclear granulocytes. In copper toxicosis copper leads to 
oxidative stress by mediating the formation of hydroxyl radicals by the Fenton reaction. The 
biological role of oxidative stress in copper storage-associated liver diseases was recently 
underlined by the common presence of MBs containing the stress-induced, ubiquitin binding 
protein p62 in livers with Wilson disease or Indian childhood cirrhosis. In liver cancer 
ballooned tumor cells containing MBs or cytoplasmic hyaline bodies, which share features 
with MBs and can be considered as precursors of MBs, are found in 10-20% of cancer cases^^ 
(Denk et al, manuscript submitted). Comparative gene expression profiling of HCC with and 
without inclusions demonstrated increased expression of heat shock proteins, p62 and keratin 
in HCC containing inclusions, which supports the hypothesis that formation of cytoplasmic 
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Figure 1. Alterations of the keratin cytoskeleton in human liver diseases. A) Hematoxylin eosin-stained 
human liver section with alcoholic hepatitis. B) Same liver as shown in (A) stained with antibodies to K8 
and 18, C) stained with an antibody to p62, D) stained with an antibody to ubiquitin. Arrows in (A,B) 
indicate ballooned hepatocytes with reduced keratin intermediate filament network and Mallory bodies. E) 
Hematoxylin eosin-stained human liver section with nonalcoholic steatohepatitis. F) Same liver as shown 
in (E) stained with antibodies to KB and 18. G) Hematoxylin eosin-stained human liver with Wilson disease. 
H) Same liver as shown in (G) stained with antibodies to K8 and 18. Scale bar = 30 ^m. 

inclusions is associated with increased stress (Neumann et al, unpublished observations). This 
observation is in line with the emerging general evidence that cancer cells experience increased 
oxidative stress and reveal altered responses to reactive oxygen species. 

Animal Models to Study Hepatocytic Keratin Alterations 
The alterations of the keratin cytoskeleton observed in human liver diseases can be reproduced 

in mice by feeding a diet containing griseofulvin (GF) or 3,5-diethoxycarbonyl-l ,4-dihydrocollidine 
(DDC)2^'^2'^^(Fig.2).Time course studies in GF- or DDC-fed mice, immunohistochemical and 
biochemical analyses of MBs as well as studies in K8 and K18 knock-out mice provided 
insights into the functional relevance of the keratin alterations in liver disease. D D C intoxica­
tion rapidly (within 2 days) leads to phosphorylation of keratin IFs at various phosphorylation 
sites. Some of these phosphorylation sites are targets for protein kinases typically aaivated in 
stress conditions indicating that D D C induces a stress response in hepatocytes.^^ Furthermore 
mice respond to intoxication with marked overexpression of K8 and Kl 8 resulting in a denser 
keratin IF network in enlarged hepatocytes ' (Fig. 3). This overexpression of keratin 
apparendy is an active (defence)response of hepatocytes to toxic injury since mice with one 
deleted K8 allele (K8+/-), which had limited capacities to increase keratin expression, were 
more sensitive to toxic injury than wild-type mice. The concept that keratin overexpression 
confers resistance to drug toxicity is not restricted to D D C intoxication since in a previous 
report marked induction of multidrug resistance in cultured mouse fibroblasts was achieved by 
transfection with K8 and K18 cDNAs.^^ Interestingly, the overexpression of keratin in 
hepatocytes is a specific reaction to certain types of injury, such as ethanol, D D C , GF or 
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Human (ASH) Mouse (DDC) 

Figure 2. Double-label immunofluorescence microscopy of human liver with alcoholic steatohepatitis 
(ASH) (A,C) and mouse liver treated with DDC for 2 months (B,D) using antibodies to K8 and 18 (A,B) 
and to p62 (C,D). Electron microscopy of a Mallory body in human alcoholic steatohepatitis (E) and 
DDC-treated mouse liver (F). Note that alterations of hepatocytes in DDC-treated mice resemble human 
alcoholic steatohepatitis (i.e., loss of keratin intermediate filaments in ballooned hepatocytes and forma­
tion of Mallory bodies consisting of aggregated filamentous proteins). Scale bar = 20 ^m (A-D); Scale 
bar = 250 nm (E,F). 

cholestasis and not seen after intoxication with a series of cytostatic drugs^' ' '̂ ^ (Lackner et 
al, unpublished observation). The mode of transcriptional control, which leads to these rather 
specific alterations in keratin expression in liver diseases, is imknown. Continuation of D D C 
or GF intoxication for up to two mon ths leads to a reduct ion of the density to a loss of 
cytoplasmic keratin IPs in hepatocytes (Fig. 3). The loosening of the keratin network is accom­
panied by the appearance small MBs at intersections of the keratin IF network at around 4-6 
weeks of D D C intoxication. After 8 weeks larger MBs are found typically in the perinuclear 
region without association with keratin IFs (Fig. 3). These alterations are reversible upon 
cessation of intoxication. After 4 weeks of recovery only granular remnants of MBs are 
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Figure 3. Time course of keratin alterations in DDC-treated 
mice. Immunofluorescence microscopy using antibodies 
to K8 and 18 of normal mouse liver (A), after 7 days DDC 
feeding (B), after 2 months DDC feeding (C), after 2 
months DDC feeding and 1 month of recovery from in­
toxication (D), and after 3 days of DDC refeeding of re­
covered mice (E). Note that after 1 month of recovery there 
are several hepatocytes with no detectable keratin filaments 
(empty hepatocytes), which still contain remnants of 
Mallory bodies at the cell periphery (arrow heads in d). 
Scale bar = 20jAm. 

found at the cell periphery preferentially in asso­
ciation with desmosomes of hepatocytes most of 
which are still devoid of a cytoplasmic keratin IF 
network (Fig. 3). At this stage of recovery mice rap­
idly respond with MB formation upon reexposure 
to DDC.^ This enhanced reappearance of MBs is 
also seen in humans with ASH if patients are ex­
posed to alcohol even after prolonged periods of ab­
stinence and is reminiscent of a "toxic memory 
response". Recent comparative studies in naive mice 
and mice recovered from D D C intoxication, which 
were exposed to D D C for 3 days revealed marked 
differences in cytochrome P450 contents in these 
two groups of mice (Stumptner et al, unpublished 
observation). These findings indicate a relationship 
between D D C metabolism and cytoskeletal alter­
ations. D D C is known to be metabolized by cyto­
chrome P450 by N-demethylation, which leads to 
the generation of a methyl radical. This indicates 
that chronic radical injury is a major consequence of 
D D C intoxication and the putative common patho­
genetic principle in hiunan ASH, NASH and other 
diseases associated with MB formation. 

Mallory Bodies as a Product 
of the Cellular Response 
to Misfolded Keratin 

Occurrence of misfolded proteins is a major 
consequence of radical injury. Oxidation of amino 
acid residues results in conformational changes and 
exposure of hydrophobic residues at the protein 
surface. Such misfolded proteins are inactive, can 
disturb cellidar functions and have the tendency to 
aggregate via hydrophobic interactions. Several cel­
lular defence mechanisms against misfolded pro­
teins exist. Misfolded proteins can either be re­
folded imder consumption of ATP by heat shock 
protein 70 (HSP), preserved in a folding compe­
tent state by HSP 25/27, tagged by ubiquitin for 
degradation by the proteasome or aggregate in 
association with ubiquitin binding protein p62 as 
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Table 1. Summary of major Mallory body components 

Mallory Body Component Reference 

res-
55 

Keratin Denk et al, 1 9 7 9 " 
Frankeetal , 1979^^ 

Ubiquit in Lowe et al , 1 9 8 8 " 
O h t a e t a l , 1988^^ 

Ubiquit in Lowe et al, 1 9 8 8 " 
O h t a e t a l , 1988^^ 

p62 Zatloukal et al , 2002^° 
HSP70 Zatloukal et al, 2002^° 
HSP25 Zatloukal et al, 2002^° 
aB-crystallin Lowe et al, 1992^^ 

cytoplasmic inclusions recently designated in cultured cells as a^resomes or sequestosomes. '̂̂  
Analysis of the protein composition of MBs by mass spectrometry revealed that MBs consist 
predominandy of keratin, ubiquitinated keratin, HSP 70, HSP 25 and p62. Immunohis-
tochemical studies which confirmed the mass spectrometry data revealed in addition the pn 
ence a-B crystallin, another member of the small HSP family, and proteasomal subunits^^'^ ' 
(Table 1). The protein composition of MBs indicates hat in these diseases all major cellular 
defence mechanism against misfolded proteins (i.e., misfolded keratin) are involved. Ab­
normal conformation of keratins in human ASH and experimentally induced MBs has been 
demonstrated by monoclonal antibodies recognizing conformation-dependent epitopes, the 
excess of keratin 8 over keratin 18 in MBs, which is not compatible with proper assembly of 
IFs, and the reduction in a-helically structured domains. These data imply that keratin 
is the primary target for modification by radicals and misfolding, whereas all other MB compo­
nents reflect the cellular response to misfolded proteins. The central role of keratins in MB 
formation has been demonstrated with keratin 8 and keratin 18 null mice. Keratin 18 null 
mice responded to DDC-intoxication with enhanced MB formation and formed MBs sponta­
neously at high age (Stumptner et al, manuscript submitted). In contrast no MBs were formed 
in the absence of keratin 8 (Fig. 4). Surprisingly, keratin 8 null mice, which did not form 
MBs revealed markedly increased toxicity, whereas keratin 18 null mice tolerated DDC intoxi­
cation like wild type mice. This discrepancy in the phenotypes of DDC-treated keratin 8 null 
and keratin 18 null mice allows drawing several important conclusions: (i) Keratin 8 is the core 
component of MBs and all other MB components bind to or coassemble with keratin, (ii) MBs 
by themselves are not toxic to cells but MB occurrence is associated with better tolerance to 
toxic stress, (iii) since in both types of knock-out mice hepatocytes are devoid of a keratin IF 
cytoskeleton, the increased sensitivity of keratin 8 null mice cannot by related to the loss of 
keratin IFs but indicates that keratins fulfil in addition nonstructural roles in toxic stress 

. 37,59 
Situations. 

How Can Keratins Influence Toxic Cell Injury? 
Keratins were shown to undergo extensive modifications in various cell culture and in vivo 

conditions. They include phosphorylation, ubiquitination, proteolytic cleavage, and cross linking, 
which modulate the status of the keratin IF cytoskeleton and the interaction of keratins with 
several cellular proteins, particularly signaling molecules.^ ' ' ' K8 and 18 are substrates of 
a variety of protein kinases involved in mitosis, apoptosis and stress.^^ Antibodies directed 
against specific phosphoepitopes on keratin revealed that K8 and 18 become phosphorylated 
at many sites in human ASH as well as in DDC-fed mice. Some of these phosphorylation 
sites were targets of stress-induced protein kinases and were phosphorylated already within one 
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Figure 4. Requirement of K8 for Mallory body formation. Immunofluorescence microscopy of mouse 
livers stained with antibodies to K8 and K18. A) KB null mouse liver treated for 2 months with DDC. 
B) Kl 8 null mouse liver at 18 month of age. Note that in the absence of K8 no Mallory bodies are formed 
after DDC treatment. In contrast K18 null mice spontaneously formed numerous Mallory bodies at high 
age. Scale bar = 10 .̂m. 

day of intoxication. This indicates that phosphorylation of keratin might be one of the initial 
mechanisms of involving keratins in toxic stress responses. A direct role of keratin phosphory­
lation as modulator of cell toxicity was demonstrated in transgenic mice expressing a K18 with 
a mutated phosphorylation site. These mice were more sensitive to treatment with griseofulvin 
or microcystin than wild-type mice or transgenic mice expressing nonmutated K18. The 
functional relationship between keratin phosphorylation and toxicity could be based on the 
fact that phosphorylation status of keratins regulates IF assembly/disassembly as well as 
interaction of keratin with various signaling proteins. For example, a phosphorylation-dependent 
interaction of Kl 8 with 14-3-3 was demonstrated recendy. 14-3-3 occurs in various isoforms 
and is an important integrator of major signaling pathways regulating cell proliferation and 
apoptosis. The biological significance of the interaction of keratin with 14-3-3 was show in 
mice with an impaired keratin cytoskeleton, in which an association between alterations of 
keratin, 14-3-3 and cell proliferation was observed. Furthermore, keratin is able to modulate 
T N F - a signaling. Association of keratin to tumor necrosis factor receptor 2 (TNFR2) 
influences TNF-a-induced activation of Jun NH2-terminal kinase QNK) as well as N F K B . 
The interaction of keratin with TNF-a signaling could play a central role in ASH and NASH 
where enhanced production of TNF-a and activation of JNK and N F K B are constant fmd-
ings.̂ '̂ ' "̂'̂ ^ Furthermore keratins were shown to modulate induction and execution of apoptosis 
by interfering at various levels with the apoptotic program. In K8-deficient mice there is en­
hanced targeting of Fas to the plasma membrane, which results in three- to four-fold increased 
sensitivity to Fas-mediated apoptosis. A similar observation of increased Fas-mediated apoptosis 
was made in mice expressing mutated KIS.'̂ "̂  Furthermore K8- as well as in K18- deficient 
mice were up to 100-fold more sensitive to TNF-a-induced cell death, which was explained by 
the interaction of K8 and K18 with TNFR2.^^ Other studies, however, did only demon­
strate a relationship between K8 or K18 and Fas but not T N F - a - induced apoptosis.'^^' A 
further mechanism by which keratin modulates Fas or T N F - a mediated apoptosis was 
recently demonstrated in keratin 8 null mice. These mice showed marked reduction of 
c-Flip and did not respond with Erkl/2 activation upon stimulation of Fas, T N F - a receptor 
or TNF-a-related apoptosis-inducing ligand receptor.'^^ A direct role of keratin in this path­
way was suggested by the fact that keratin was found in association with a complex consist­
ing of c-Flip, Raf, and Erkl/2. 
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Keratins are also targets in and modulators of the execution of apoptosis since keratins are 
cleaved by and associate with caspases. Cleavage of keratins by caspases leads to a disruption of 
the keratin IF network and the formation of small globular cytoplasmic inclusions containing 
cleaved and hyperphosphorylated keratins as well as activated caspases. The association of 
activated caspases with keratin inclusions is a characteristic feature of epithelial cell apoptosis 
and is expected to influence the activity of caspases in the execution of the apoptotic program. 

Mutations of Keratin Genes and liver Diseases 
Heterozygous mutations in the K8 and K18 genes were found in 17 out of 467 (3.6%) 

explanted livers from patients with end-stages of various acute and chronic liver diseases. 
75% of all mutations identified were at K8 Y53H, K8 G6IC and K18 H127L, suggesting 
existence of mutation hot spots. The keratin mutations were shown to lead to reorganization 
and partial collapse of the keratin IF network in patient livers.̂ ''̂  Furthermore the mutations 
afl̂ ected keratin assembly in transfected cells if they were exposed to oxidative stress. "̂  The 
preference of keratin mutations in patients with cryptogenic liver cirrhosis indicates that the 
presence of a keratin mutation might predispose to the development of liver cirrhosis, in 
particular in patients with NASH since NASH is regarded as the major cause of cryptogenic 
liver cirrhosis. 

Since keratin mutations were found also in a healthy cohort in a frequency of 0.6%, 
heterozygous keratin mutations per se do not lead to liver disease but could rather act as a 
genetic modifier. Interestingly, keratin mutations were not found in patients with earlier stages 
of liver diseases.'̂ ^ This discrepancy to the studies performed by B. Omary in end-stage liver 
disease^ "̂  underlines that heterozygous mutations of K8 and K18 are not the cause of liver 
disease in humans but could characterize patients with risk for enhanced progression of liver 
disease to cirrhosis requiring liver transplantation. 
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The Search for Specific Keratin Functions: 
The Case of Keratin KIO 
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Abstract 

The main function of the epidermis is to provide an essential barrier between the 
individual and the environment. This primarily stems from a finely regulated process 
of differentiation occurring in this stratified epithelium. Keratins are the most abun­

dant proteins in this tissue and provide resistance against mechanical stress to the epidermal 
cells. Moreover, characteristic changes in the pattern of expression of this family of proteins 
takes place during the process of differentiation in epidermis. The K5/K14 pair, characteristic 
of basal proliferative cells, is switched off at the differentiation onset, and the expression of 
keratin pair Kl/KlO concomitandy starts. In addition, under several pathological or physi­
ological hyperproliferative situations Kl/KlO pair expression is down-regulated. These facts 
have led to the assumption that specific functions can be exerted by each specific keratin polypep­
tide. Here we will summarize the recent and past effort to elucidate these particular roles. 
Collectively, the data have indicated particular roles for keratin KIO, as a possible modulator of 
epidermal homeostasis contributing to the modulation of several signaling pathways in 
keratinocytes. The possibility that these functions are probably not unique among the large 
family of keratins will open new exciting and interesting scientific fields. 

Introduction 

Why Focusing on Keratin KIO? 
Most mammals live in an adverse environment: the terrestrial medium. As a consequence, 

they have developed an specialized organ to preserve their bodies and isolate from physical 
trauma: the skin. The protective functions of this structure, one of the biggest organs of the 
body, mosdy reside in its epithelial component, the epidermis, and stems from a finely regu­
lated program of differentiation. Cell differentiation, in general, is a fundamental process that 
provides selective identity through the specific gene expression programs in each tissue. The 
ample variety of different tissues in the organism represents the necessity of maintaining dis­
tinct structures to carry out specific functions. 

The epidermis is a stratified epithelium whose major cell type is the keratinocyte. The 
program of differentiation in epidermis takes place when keratinocytes located in the inner­
most basal cell layer move to the upper strata until the formation of anucleated squames, which 
exert the protective function and are periodically shed and replaced. ' This process requires 
and is characterized by changes in the biochemical properties of the cells that affect several 
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functions and that are finely tuned. Among these changes, one of the earliest events is the 
change in keratin expression pattern. ̂ '̂ ' The keratinocytes in the basal layer mainly express 
keratins K5 and K14, however when these keratinocytes are committed into the differentiation 
program, down-regulate the expression of certain integrins and move upwards, they cease the 
expression of K5 and K14 genes, and switch on the expression of keratin Kl and KIO genes.^ 
On the other hand, under situations associated with increased proliferation such as wound 
healing or in certain pathologies such as psoriasis or cancer, the expression of keratins Kl and 
KIO is decreased, and other keratins, which are not normally expressed in the interfoUicular 
epidermis, such as K6 or K16, are then induced. The functional reasons and the molecular 
events that might justify these changes remain obscure, however they imply that the properties 
of the cells change as they vary their characteristic keratin expression pattern, and would sug­
gest that different keratin pairs may exert different functions in epidermal keratinocytes. This 
question is still a matter of debate, but clearly have allowed many research groups to investigate 
this problem using a variety of different approaches. 

Beginning in the early nineties the analysis of certain transgenic mice and the genetic analy­
sis of human hereditary syndromes unequivocally demonstrated that epidermal keratins pro­
vide cells with mechanical resilience against physical stress (reviewed in refs. 10-15). Nonethe­
less, if this is the single function, why nature have generated so many different proteins? And, 
why is their expression regulated in such a finely modulated and complex pattern?. The answer 
to these questions might be simply: different keratin polypeptides may have subde structural 
differences so they can fulfill cell type-specific protective roles (for a detailed discussion see refs. 
16,17) As a nonexclusive explanation, they might also have other cell type-specific functions. If 
so, what can be these specific roles? During the recent past years, our group, among others, has 
been studying this possibility with different methodological approaches focusing on the func­
tional reasons for KIO expression. 

Keratin KIO Assembly and Dynamics 
In vivo, formation of Kl/KlO intermediate filament network occurs in the cytoplasm of 

cells with a preexisting cytoskeleton composed mainly by keratins K5 and Kl4. This fact 
raised the question whether Kl and KIO might have specific requirements to form such 
cytoskeletal network. In pursuing the answer to this problem, Kartasova et al performed a 
series of elegant experiments. They found that upon transfection in fibroblasts, the keratins 
Kl and KIO were unable to form an extensive keratin filament network by themselves, and 
only small isolated dense Kl/KlO filament bundles were observed by electron microscopy. 
This is in contrast with the findings of transfecting K5 and K14, or K8 and K18.^^ Moreover, 
once fibroblasts were expressing K5 and Kl4, the Kl/KlO pair integrated normally without 
disruption of the cytoskeletal architecture. The same authors also monitored if the expres­
sion of K1/K14 and K5/K10 pairs in fibroblasts gives rise to any architectural alteration, and 
found that the simply expression of KIO prevented the formation of a well developed cytoskeletal 
framework. These results, similar to the findings of injecting epidermal mRNA, are in 
contrast with the in vitro findings that led to the qualification of keratins as promiscuous 
proteins, as any type I keratin polypeptide can form intermediate filaments with any type II 
polypeptide. ^ Similar observations were performed upon permanent transfection of bovine 
Kl and KIO genes in bovine mammary gland cells, in which the decreased expression of 
endogenous keratins prevented the formation of well developed IF cytoskeleton, but rather 
short twisted filaments and small aggregates were produced. ^ Later on, we confirmed that 
Kl/KlO expression, in contrast to K8/K18, was unable to form a keratin meshwork in fibro­
blasts (Fig. 1) and that KIO was able to integrate into the endogenous preexisting keratin 
cytoskeleton in transfected epithelial cells. However, when we analyzed Kl 0 expression at 
early times after transfection we found that regularly sized round aggregates were formed, and 
interacted with the endogenous keratin cytoskeleton. However, other cytoskeletal systems 
were also affected. Indeed, KIO aggregates promoted the disorganization and colocalization 
with vimentin, actin and tubulin (Fig. 2). On the other hand, these structures seemed to be 
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Figure 1. Keratins 1 and 10 require a preexisting scaffold to form a well developed keratin cytoskeleton. 
Primary bovine fibroblasts were transfected with keratins K8 and K18 (A) or Kl and KIO. Transfected 
proteins were detected by immunofluorescence using specific antibodies. Note that simple keratins form 
a normal cytoskeleton whereas Kl and KIO (B) form abnormal short, twisted filaments and aggregates. 
Bars =10 pim. 

Figure 2. Keratin KIO aggregates interact with other cytoskeletal elements. Double immunofluorescence 
images of epithelial PtK2 cells transfected with human KIO gene (A, B, C, D) showing also the distri­
bution of endogenous K8 Keratin (A'), vimentin (B'), tubulin (C) and actin (D'). E, E' Confocal images 
of keratin KIO aggregates (E) and actin (E'). Z-reconstruction showed that keratin KIO aggregates form 
hollow barrels (F) whereas actin appeared on top and penetrates inside these barrels (F'). Bars = 5 yim. 
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transitory and, without requiring protein synthesis, evolved toward the integration of KIO 
into the endogenous keratin cytoskeleton through a complex and highly dynamics process 
leading to a situation with all the cytoskeletal systems organized in a manner similar to that 
observed in nontransfected cells. 

The above commented results clearly indicated that keratins Kl and KIO have surprisingly 
dynamic properties different from those reported previously for other keratins such as K8 and 
Kl 8.^ ' However, this assembly dynamics can only be monitored and seems to be exclusive of 
cultured cells, as in K5-deficient mice and in humans suffering from complete absence of 
Kl 4,̂ "̂ ' although basal keratinocytes are devoid of keratin filaments, Kl and Kl 0 were present 
and showed a distribution similar to that in control epidermis in suprabasal layers. In addition, 
these assembly properties can be exclusive to transfection experiments. In this regard, the dy­
namics of keratin assembly may differ between preexisting and newly synthesized keratins. '̂  
To analyze these aspects, a new set of experiments was designed. Two different types of epithe­
lial cells were fused and the behavior of the parental keratin cytoskeletons were followed by 
double immunofluorescence at different times after heterokaryon formation.^^ In addition, 
this system allows using different drugs to monitor the effect of different cell processes in the 
dynamics of keratin copolymerization and assembly. We observed that the process as a whole 
is very rapid, thus demonstrating the highly dynamic nature of the keratin cytoskeleton, and 
the involvement of protein phosphorylation. '̂ ^ However, significant differences were ob­
served among the different polypeptides studied. In this regard K5, KIO, K8 and K18 are 
mobilized and reassemble rapidly into the hybrid cytoskeleton (3-6 hours) even in the absence 
of protein synthesis, whereas K14 requires a substantially longer period (9-24 hours).^^ Inter­
estingly, this effect was observed even when K5, K14 and KIO were initially in the same paren­
tal cytoskeleton (Fig. 3), thus demonstrating that different keratin polypeptides, even belong­
ing to the same subfamily and being highly related, as is the case for KIO and K14, may display 
different dynamic properties in cells. 

Keratin KIO Inhibits Cell Proliferation 
During the above commented experiments, we noted the difficulty in obtaining permanent 

transfectants expressing Kl and/or KIO. This observation could be in the line of severe cell 
perturbation by the formation of keratin aggregates reported previously. '̂̂ ^ However, as com­
mented above, we found that KIO was integrated into the endogenous keratin cytoskeleton, 
and such aggregates were present in the cells only few hours after transfection, thus making 
highly improbable that these structures were responsible for the perturbed cell survival. On the 
other hand, this might indicate that the expression of KIO interferes with cell proliferation. 

To study this possibility, a series of transfection experiments were carried out in human 
keratinocytes. We observed that expression of KIO, but not other keratins such as K13, K14 or 
K16, reduced proliferation of the transfected cells. The case of K16 was also relevant as its 
expression seemed to accelerate proliferation, even under low serum conditions, and specifically 
reversed the KlO-induced cell growth arrest.̂ "̂  If this observation is not an artifact, one might 
expect that the mechanism underlying this growth arrest might be related to any of the known 
mechanisms of physiological inhibition of proliferation. In fact, a number of several experimen­
tal data (Fig. 4). indicated that this seemed to be the actual situation and involved retinoblas­
toma {Rb) gene product as: (I) KIO inhibited entry into S-phase of the cell cycle; (II) the 
KlO-induced inhibition was hampered by cotransfection with viral oncoproteins that interfere 
with pRb, but not with p53; (III) coexpression of specific cyclins, cyclin dependent kinases 
(CDK) or cyclin /CDK complexes abolished the KlO-induced growth arrest; (IV) the expres­
sion of KIO reduced cyclin Dl expression and, concomitandy pRb phosphorylation.^^ In addi­
tion, KIO does not exert antiproliferative effects in Rb-deficient cells, but restored expression of 
Rb in these cells makes them again susceptible to the KIO inhibition of cell cycle progression.^^ 
More recendy, others and we also observed similar situation in vivo. In epidermis lacking Rb, 
obtained through the generation of tissue specific knock out, KlO/expressing cells proliferate. ̂ '̂̂  
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Figure 3. Different keratin polypeptides display distinct dynamic properties in living cells. Triple immu­
nofluorescence against Kl4, K8 and KIO in PtK2-BMGE+HK10 heterokaryons three hours after cell 
ftision. Note that K8 and KlO-containing filaments spread throughout the heterokaryon cytoplasm, 
whereas Kl4 is concentrated around the parental BMGE+HklO cell nucleus. White arrows denote 
K8+,K14+,K10+ filaments. Hollow arrows denote K8+, K10+, K14- filaments. Arrowheads denote the 
Kl4 filaments around parental BMGE+HklO cell nucleus. N denote parental nuclei. Bar =10 ^m. 
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Figure 4. KIO expression inhibits cell proliferation in cultured cells. MCA3D murine keratinocytes were 
transiently transfected with KIO (A) or tagged Kl4 (B) and the expression of transfected keratins and 
bromodeoxyuridine incorporation (A', B') were monitored by double immunofluorescence. Transfected 
cells are denoted by arrowheads. Note the reduced bromodeoxyuridine incorporation in KIO, but not in 
Kl 4 expressing cells. C) Summary offive to ten independent experiments as those shown in A and B using 
the quoted keratin constructs. At least 500 transfected cells were scored in each experiment and BrdU 
was normalized to that scored in the nontransfected cells on each experiment. D) Summary of five 
independent experiments as those shown in C but using Rb-deficient C33A cells upon transfection with 
KIO (black bars) or with KIO plus the quoted pocket protein (white bars). 

These data represent the first evidence of keratin functions other than merely structural. 
However, how can reconcile cell cycle progression with a cytoplasmic protein? There might be 
a missed link. We thus carried out similar rescue experiments using several eflFectors of the ras 
signaling pathway. This pathway was specifically selected because its involvement in mouse 
skin tiunorigenesis^^ and its fiinctional connection with pRb. '̂ '̂  We observed that coexpression 
of P D K l , Akt and PKC^ effectively abolished the KlO-induced cell cycle arrest, whereas raf, 
rhoA, Racl , cdc42 and permanendy active phophoinositide 3 kinase (PI3K) were unsuccessful 
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Figure 5. KIO interacts with Akt. Confocal images of HaCaT keratinoq^es transfected with KIO (A) or 
a mutant KIO (ANAC) lacking amino and carboxy termini (B) showing the distribution of the transfected 
protein and endogenous Akt (A, B'). Note that Akt binds to KIO but not to the ANAC mutant. C) 
Immuno electron microscopy confirming that Akt (small arrows; 5 nm gold particles) binds to KIO 
containing filaments (10 nm gold particles). 

in rescuing the KlO-induced effects.^^ This implicates that KIO was specifically acting some­
how downstream of PI3K, as the elements active in rescuing were effectors of this pathway. 
Indeed the mechanism seemed to involve the physical interaction between KIO and Akt and/or 
PKC^ as the wt KIO but not a mutant KIO, lacking head and tail domains and inactive as cell 
cycle inhibitor,^^ interacted and colocalized with these two kinases (Fig. 5). This lead to the 
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sequestration of the kinases at the IF q^oskeleton, precluding their translocation and subse­
quent activation,^^ and as a consequence, the expression of cyclin Dl and the phosphorylation 
of pRb are prevented.^^ It is worth mentioning that Akt exerts part of its oncogenic effects 
through the modulation of cyclin Dl levels and/or localization.^ ^ 

Collectively, the above described results strongly indicated that keratin KIO is involved in 
the modulation of specific signal transduction pathways leading to the control of cell prolifera­
tion. These data are in agreement with its characteristic expression pattern in nonproliferative 
cells, and are also in accordance with the premature loss of KIO expression found in many 
hyperproliferative diseases, and in particular skin tumors. However, the relevance of the data 
is limited due to the fact of using cultured cells, and it might occur, as in the case of KIO 
assembly, that this system and the in vivo situation are different. Therefore further in vivo 
confirmation should be necessary. 

Transgenic Mice Models to Study KIO Functions 
At present three different classes of transgenic mice involving KIO gene have been gener­

ated, besides those using KIO regulatory elements to direct specific genes to the suprabasal 
layer of epidermis. They are those used to analyze the consequences of KIO mutations and 
their relationship with epithelial fragility syndromes, those in which KIO expression is targeted 
ectopically to other cell types, and knock out models. 

In one of the earliest models Fuchs' group demonstrated that the expression of a mutant 
KIO in transgenic mice caused phenotypic alterations similar to those found in the 
epidermolytic hyperkeratosis (EHK), also known as bullous ichtyosiform erythroderma (BCIE) 
(OMIM #113800). Later on, the same group found mutations in KIO in BCIE patients. 
Other transgenic mice models were also generated recapitulating many of the clinical features 
of this disorder, including both neonatal and adult forms of the disease. In a clear and conclu­
sive fashion it was demonstrated that mutations in KIO, and also in Kl, gene are causal of this 
syndrome and that KIO is required for the maintenance of both cellular and tissue integ­
rity. Therefore a common function between KIO and other epidermal keratins exists. How­
ever, some differences were observed in these models compared to those of mutations in K5 
and/or K14. They included the increase of cell proliferation promoted in the basal layer 
keratinocytes and also that perturbations in the keratin IF network caused changes in the 
nuclear shape and aberrations in cell cytokinesis. 

The first attempt to ectopically express KIO in transgenic mice was reported by Blessing et 
al,̂ ^ Using the rat insulin promoter sequences they directed Kl and KIO expression to the 
pancreatic islets P cells. They found that the synthesis of KIO was compatible with cell func­
tion. On the contrary, mice expressing Kl alone or in combination with KIO developed a 
special form of diabetes characterized by a drastic reduction of insulin secretory vesicles and 
also in insulin producing cells. These alterations were attributed to the presence of abnormal 
keratin aggregates inside the nuclei of these P cells. Of note, KIO was irrelevant in this sys­
tem. This seems to be in disagreement with our cultured cell experiments, however, it is impor­
tant to remark the proliferative rate of the p cells in vivo is extremely low. On the other hand, 
similar findings were initially obtained when KIO was expressed under the K6p promoter, as 
no phenotypic alterations were produced. However, when these mice were used in skin car­
cinogenesis experiments the picture dramatically changed. The transgenic animals displayed a 
delayed tumor development. This might indicate that KIO expression really intereferes with 
tumor development in vivo. However, the response was only partial probably due to the fact 
that the promoter used in these experiments, bovine K6p, is expressed in vivo only in cells with 
limited proliferative potential,^^'^ or due to the intrinsic susceptibility of the original mouse 
strain used. Finally, the expression level observed can not be sufficient to generate more drastic 
effects. Indeed, we observed in cultured cells using an inducible promoter that a threshold in 
the Kl 0 expression level is necessary to promote the cell cycle arrest. Because of these reasons, 
we generated another transgenic mouse model in which the expression of KIO is targeted to the 
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basal compartment of the epidermis using the bK5 promoter. ̂ ^ The different transgenic mice 
founders obtained fall into two separate classes, those without any obvious phenotype and 
those displaying several abnormalities leading to premature death between days 60 and 90 after 
birth. Interestingly the major difference between these two classes was the number of copies of 
the transgene, which is also related to its expression level. ' The early lethality displayed by 
the phenotypic mice precluded the establishment of lines, however, we observed that in the 
nonphenotypic mice when we brought the transgene to homozigosity the complete phenotype 
appeared, including the lethality in parallel with an increased expression of the KIO.̂ "̂  

These mice provide new important insights into the KIO possible functions. We observed 
a severe epidermal hypoplasia characterized by a reduced number of cells in the interfoUicular 
epidermis. Indeed, the two-three layers of living cells observed in control mice (Fig. 6A). is 
reduced to a single layer, which also adopt a large flattened morphology reminiscent of some 
short of endothelial cells (Fig. GK). In addition, a clear hyperkeratotic phenotype was evident 
(Fig. GK). This phenotype is displayed throughout adult epidermis, but some regions also 
display a normal appearance. Remarkably, the absence of histological phenotype in these areas 
was coincident with ectopic expression of K6.̂ '̂  The electron microscopy analyses showed that 
the epidermal cells displayed abnormally flattened nuclei (Fig. 6B') compared with control 
(Fig. 6B). However, normal bundles of filaments (arrows in Fig. 6B, B', B") and desmosomes 
(hollow arrows in Fig. 6B, B', B") were similarly observed in transgenic and non transgenic 
cells. Another features that characterized the transgenic samples were the presence of degenera­
tive mitochondria and a clear hallo, devoid of most cytoplasmic organelles, around the nuclei 
of the cells (h in Fig. 6B"). These are classic characteristic of cells in the early stages of apoptotic 
processes. The molecular characterization of the phenotype demonstrated reduced prolifera­
tion (Fig. 6C) in parallel with reduced phosphorylation of pRb and reduced activation of Akt 
and PKC^ kinases (Fig. 6D). These results and those performed previously with bK6phK10 
transgenic mice,^^ prompted us to analyze the tumor susceptibility in bK5hK10 transgenic 
mice. However, given the early lethality of the phenotypic mice we were forced to restrict our 
analyses to those mice bearing low copies of the transgene. When we bred these mice to TG.AC 
and applied TPA, we observed a severe reduction in the number of the tumors compared to 
control TG.AC mice (Fig. 6E), moreover the tumors were smaller and displayed a lower capac­
ity to undergo malignant transformation. Collectively the data obtained in this model al­
lowed us to establish that KIO expression can induce, in a dose dependent manner, the prolif­
eration arrest of the cells associated with cell cycle and specific signal transduction pathway 
inhibition in a cell autonomous mode. Interestingly, the reduced tumor susceptibility also 
pointed to the fact that KIO may act as a tumor suppressor in an in vivo context, and highlights 
the relevance of Akt in the two stage mouse skin carcinogenesis.^^ 

The Paradigms of KIO Knock Out Model 
Perhaps the most appropriate approach for elucidating protein functions involves inactiva-

tion of the corresponding gene followed by analysis of the resulting phenotype. So far, two 
different models of KIO knock out mice have been generated. In a first attempt. Porter et al 
targeted the KIO gene and found a different phenotype in the homozygotes and heterozygotes, 
although both of them exhibited similarities to BCIE. Homozygotes suffered from severe skin 
fragility and died shordy after birth. Heterozygotes were apparendy unaffected at birth, but 
developed hyperkeratosis with age. In both genotypes, aggregation of keratin intermediate 
filaments, changes in keratin expression, and alterations in epidermal differentiation were ob­
served. The fact that a severe phenotype also occurred in heterozygosis pointed to a dominant 
effect, which is not a common feature of knock out models. In fact, careful analyses of the 
phenotype at molecular level revealed that hetero- and homozygotes expressed a truncated kera­
tin 10 peptide.^^ This is, besides other different alterations involving the specific interaction 
with restricted subsets of keratins, the most probably cause of the epidermolytic hyperkeratosis 
observed, in close resemblance with other transgenic mice expressing mutant KIO constructs. ' 
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Figure 6. Abnormalities due KIO ectopic expression in transgenic mice. In contrast to control mice (A), 
the bK5hK10 transgenic mice (A) display hypoplasic epidermis with flattened cells (arrows) and hyper-
keratotic appearance (bracket). Dashed line denotes dermal-epidermal junction. Electron microscopy 
showed that these flattened cells of bK5hK10 mice (B') have normal filament bundles (arrows) similar 
to those observed in control mice (B). In addition normal desmosomes are formed (hollow arrows in B"). 
Of note is that mitochondria (denoted by m) display a degenerative appearance in transgenic mouse 
epidermal cells. Also a clear hallo (h) around the nuclei of transgenic mouse epidermal cells is evident in 
some cases (B"). C) Summary of BrdU incorporation in epidermal cells of 30 days old mice. D) Quan­
titative analyses of Akt and PKC^ activities in extracts from control (white bars) and transgenic bK5hKl 0 
mice (black bars) epidermis. E) Tumor multiplicity in Control TG .AC (open squares) and double TG .AC 
bK5hK10 transgenic mice. Note reduction in bK5hK10 background. 
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More recently, the same group generated a "true" KIO knock out mice. They observed 
that a normal epidermis without signs of fragility is formed in KIO null mice. As in many other 
models, the very mild phenotype was associated to functional redundancy mediated by the 
sustained expression of basal keratins in the suprabasal layers. On the other hand, striking 
alterations were observed when knockout mice reached the adult age connecting cell prolifera­
tion and KIO expression. Indeed, adult KlO-null mice epidermis showed hyperproliferation 
of basal keratinocytes accompanied by the induction of c-Myc, cyclin D l , l4-3-3cJ and ectopic 
expression of keratins K6 and K16. Surprisingly, the phosphorylation status of Rb remained 
unaltered, in contrast with the increased proliferation and cycDl expression found, which 
would indicate increased phosphorylation of Rb. While these data suggest that KIO not only 
serves structural functions, they also imply that Kl 0 is able to alter the proliferation state of 
basal cells, thus suggesting that KIO can also act in a non cell autonomous manner. More 
recendy, these authors have also performed two stage carcinogenesis in KlO-null mice (Reichelt 
et al, in press). They found a reduced formation of papilloma due to accelerated epidermal cell 
turnover, although the tumor incidence was similar in control and knock out mice. Moreover, 
increased response to TPA both in basal and suprabasal layers was demonstrated in KlO-null 
epidermis, which in agreement showed increased ERK and p38 activation (Reichelt et al, in 
press). These results are indicative that KIO is not necessary for the expression of suprabasal 
proliferation. However, there are several unanswered questions that would require further analy­
ses. Whereas increased c-myc and cycDl expression was found in null epidermis, in papillomas 
their expression was similar in control and KlO-deficient samples. This indicates that these two 
gene are rapidly induced in controls, whilst in knock out either cannot be induced or they have 
reached their maximum expression. This last seems not very probable, thus indicating that 
carcinogenesis-induced expression is defective in null epidermis. Of note, it has been reported 
that, whereas increased cycDl has no effect in tumor susceptibility, increased c-myc expres­
sion is able to promote the formation of tumors in skin. On the other hand, the observed 
activation of ERK, ectopic expression of integrin a6 and reduced activin expression seem to be 
in contrast with the reduced tumor formation. 

Reconciling Hypotheses 
The fact that in the absence of KIO there is only moderate ectopic proliferation in the 

suprabasal layers of the epidermis (Reichelt et al, in press) seems to be in contrast with our 
findings in vivo and in vitro indicating that KIO caused cell cycle arrest. However, we may 
consider again the possibility of functional redundancy. Indeed, there is ectopic expression 
of other keratins in the suprabasal layers of KlO-null mice. On the other hand, the possi­
bility that keratin KIO might posses cell autonomous and noncell autonomous functions is 
highly attractive. 

We have analyzed how other pathways are affected in the bK5hK10 transgenic mice. Given 
that Akt is somehow upstream the N F K B pathway, and this is highly relevant in epidermis 
we initially focused in this aspect. "̂^ As expected, the inhibition of Akt promoted by KIO led to 
decreased basal N F K B activity, and primary keratinocytes derived from the bK5hK10 mice 
displayed a poor response to interleukin ip andTNFa two well-known activators of the N F K B 
cascade. While biochemical studies revealed that Akt might modulate the levels of the P and 
Y subunits of the IKK complex, thus opening an interesting link, our studies also provided an 
unexpected findings. We observed increased production of interleukin 1 and 6 and TNFa in 
the epidermis of the bK5hK10 mice."̂ ^ This unexpected production of chemoattractant 
chemokines might explain the acute inflammatory response found when Kl 0 is expressed to a 
high levels in the suprabasal layers of the oral mucosa^ through the recruitment of lympho­
cytes. Moreover, this cytokines also have important effects in epidermal cells."̂ '̂"̂  Interestingly, 
TNFa has been shown to promote the inhibition of keratinocyte proliferation. ''̂ '̂ '̂ ^ There­
fore, it is possible to speculate that in KlO-null mice there might be reduced interleukin pro­
duction leading to increased basal cell proliferation. The possibility that altered cytokine pro­
duction might also alter carcinogenesis susceptibility should also be considered. 
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Other aspect to take into account is the absence of increased proliferation in the suprabasal 
layers of the KlO-null mice. In this regard, it should be extremely simplistic to consider that 
KIO is the major modulator of cell proliferation of differentiating keratinocytes. Indeed, the 
coupling between proliferation and differentiation is a highly relevant issue that affect many 
cell circuits lying at the end in the intimate cell cycle control. In agreement, others and we have 
recently shown that the specific ablation of the retinoblastoma gene in epidermis leads to 
aberrant proliferation of differentiating cells.̂ '̂̂  One then have to consider that this mechanism 
should be still active in KIO null keratinocytes, which indeed show no alterations in Rb 
phosphorylation. However, the loop between KIO and Rb requires further analysis as we 
observed reduced expression of KIO in Rb-deficient keratinocytes.^ The generation of 
compound transgenic mice lacking Rb and KIO and/or ectopically expressing KIO might help 
to understand this possible complex issue. 

Finally, we also can consider that the expression or absence of KIO may also affect other 
signaling pathways. In this regard we have recendy found that in bK5hK10 mice the thymus 
shows a dramatic phenotype characterized by premature thymus involution due to KIO expression 
in the epithelial medullary cells (Santos et al, in press). Moreover, we characterized altered T 
cell proliferation, apoptosis and differentiation in close association with altered Notch 
signaling (Santos et al, in press). Interestingly, Notch expression also showed alterations in the 
epidermis of bKhKlO mice (Santos et al, in press). These data provide new evidence of the 
involvement of KIO in paracrine signaling. Given the reported relevance of Notch pathway in 
epidermal differentiation and carcinogenesis,^^'^^ and the fact that KIO is coexpressed with 
Notch members in interfoUicular epidermis,^ '̂ ^ this pathway should be considered as possible 
subject of analysis in KlO-null mice. 

Overall, the work done with KIO along the last years by several groups has revealed new 
exciting aspects of keratin Biology. Regardless the differences observed in several pathways 
between ectopic KIO or null transgenic mice, it is now evident that this protein may affect cell 
signaling in a cell autonomous and non cell autonomous manners, including paracrine and 
merocrine mechanisms. Still many aspects are obscure to get the whole picture of the molecular 
mechanisms acting in KlO-expressing or null cells, but the possibility that these are not only 
associated with keratin KIO, but with other proteins of this family as well, has really opened 
new visions for the future research with this amazing family of polypeptides. 
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