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Abstract 

 

Title of Thesis:  Keratins in Skeletal Muscle: Effects of Altering Expression of  
Type I/Type II Keratin Pairs 
 
Emily Welte, Master of Science, 2014 

Thesis Directed by:  Dr. Robert Bloch, Professor, Department of Physiology 

Intermediate filaments, a family of fibrillar proteins, are responsible for cell 

scaffolding and stabilizing the cell against physical stressors, as well as linking organelles 

within the cell.  Their role in skeletal muscle is thought to be critical for maintaining the 

integrity and function of the cell.  Recently, our laboratory identified keratin 8 and 19 in 

adult skeletal muscle, belonging to the keratin sub-group of intermediate filament 

proteins.  Here, we have identified four additional keratins in skeletal muscle: 7, 18, 23 

and 26.  These keratin subunits are classified as either type I (K18, K19, K23 and K26) or 

type II (K7, K8). We examined the effect on muscle of altering expression of either a 

type I or type II keratin on keratins of the same or opposite type.  Our results indicate that 

some keratins appear to have a preferential binding partner but are capable of forming 

heterodimers with multiple partners.  Furthermore, decreased or increased expression of 

certain keratins has the ability to not only influence the formation of keratin filaments, 

but also to cause disruption to the entire intermediate filament cytoskeleton, primarily 

through formation of aggregates or vacuoles.  These findings suggest that keratins play a 

wider role in skeletal muscle than previously hypothesized, and that abnormal keratin 

expression may be myopathic.  

 

 



 

 

 

 

 

 

 

 

Keratins in Skeletal Muscle: Effects of Altering Expression of  
Type I/Type II Keratin Pairs 

 

 

 

 

By  
Emily Welte 

 

 

 

 

 

 

 

Thesis submitted to the faculty of the Graduate School of the  
University of Maryland, Baltimore in partial fulfillment  

of the requirements for the degree of  
Master of Science 

2014



 

iii 

 

Table of Contents 

I.  INTRODUCTION…………………………………………………………..1 
1. Skeletal muscle background………………………………………………1 
2. Intermediate filaments roles in muscle………………………...…...……..4 
3. The keratins……………………………………………………….....…....8 
4. Keratins in skeletal muscle………………………………………….…...12 
5. Diseases of intermediate filaments and keratins………………....…...….16 

II.  AIM OF THE STUDY………………………………………………… .…..22 
III.  MATERIALS AND METHODS……………………………………… .….23 

1. Fusion proteins…………………………………………………………...23 
2. Cell culture and transfection……………………………………………..23 
3. Western blot………………………………………………………….......24 
4. Transfection by electroporation of the tibialis anterior and flexor 

digitorum brevis muscles………………………………………………...24 
5. Immunolabeling cryosections and confocal microscopy………………...25 
6. Isolation of single FDB muscle fibers…………………………………...26 
7. Immunolabeling single FDB muscle fibers……………………………...26 

IV.  RESULTS…………………………………………………………………...28 
1. Expression of keratin 7, 18, 23, and 26 in vitro.........................................28 
2. Expression and localization of keratins in mouse skeletal  

muscle in vivo……………………………………………………………29 
3. Effects on expression and localization patterns of specific type I and  

type II keratins in K18KO and K19KO mouse skeletal muscle…………35 
4. Role of type I/type II keratin heterodimers in keratin localization  

in mouse skeletal muscle………………………………………………...41 
V. DISCUSSION………………………………………………………………51 
VI.  REFERENCES…………………………………………………………….58 

 

 

 

 

 

 

 

 



 

iv 

 

List of Tables 

Table 1.  The new human keratin nomenclature………………………………………….9 

Table 2.  Summary of intermediate filament-related diseases…………………………..17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

v 

 

List of Figures 

Figure 1.  Structure of a muscle fiber……………………………………………………..1 

Figure 2.  Schematic of a relaxed and contracted sarcomere……………………………..2 

Figure 3.  Diagram of costameres overlying Z and M-lines……………………………...7 

Figure 4.  RTPCR showing the presence of keratin 7, 18, 23 and 26  

                  in skeletal muscle…………………………………………………………….15 

Figure 5.  QPCR showing K23 expression in K19KO and DKO skeletal muscle……...16 

Figure 6.  Western blot of extract from COS-7 cells…………………………………....29 

Figure 7.  Keratin 7 in wild-type mouse muscle………………………………………...31 

Figure 8.  Keratin 18 in wild-type mouse muscle……………………………………….32 

Figure 9.  Keratin 23 in wild-type mouse muscle……………………………………….33 

Figure 10.  Keratin 26 in wild-type mouse muscle……………………………………...34 

Figure 11.  Keratin 7 in mouse muscle lacking K18 or K19……………………………37 

Figure 12.  Keratin 8 in mouse muscle lacking K18 or K19……………………………38 

Figure 13.  Keratin 23 in mouse muscle lacking K18 or K19…………………………..39 

Figure 14.  Keratin 26 in mouse muscle lacking K18 or K19…………………………..40 

Figure 15.  Keratin 7 and 18 in COS-7 cells…………………………………………….44 

Figure 16.  Keratin 7 and 18 in wild-type mouse muscle……………………………….45 

Figure 17.  Keratin 7 and 19 in wild-type mouse muscle……………………………….46 

Figure 18.  Keratin 8 and 18 in wild-type mouse muscle……………………………….47 

Figure 19.  Keratin 8 and 19 in wild-type mouse muscle……………………………….48 

Figure 20.  Keratin 7 and 23 in wild-type mouse muscle……………………………….49 

Figure 21.  Keratin 7 and 26 in wild-type mouse muscle……………………………….50 

 

 



 

1 

 

I.  Introduction 

1.  Skeletal Muscle Background 

 The importance of skeletal muscle to vertebrate biology has led to its being 

extensively studied, but the complex mechanisms responsible for its structure and 

function are still poorly understood.  The mechanisms by which a muscle fiber is able to 

contract, repair and regenerate, and withstand varying levels of stress, still remain a 

mystery.  There are a number of muscle myopathies and muscular dystrophies for which 

the cause or genetic defect has yet to be identified.  It is because of this that skeletal 

muscle continues to be the focus of many scientific and clinical studies 

 Skeletal muscle is a type of striated muscle. A muscle cell, or fiber, consists of 

many bundles of myosin and actin filaments packed tightly together in an anti-parallel 

fashion within each contractile unit, or sarcomere.1  Many myofibrils, which are formed 

from multiple sarcomeres stacked serially, form a muscle fiber (Fig. 1).1, 2 

 

Figure 1.  Structure of a muscle fiber.2 
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A sarcomere is the structure between Z-lines, which is where the actin filaments are 

attached by a number of Z-line proteins.3  I-bands are regions within each sarcomere in 

which actin filaments do not overlap with myosin filaments.  The A-band, in the center of 

the sarcomere, consists of myosin thick filaments, which overlap partially with actin 

filaments. The M-line, directly in the center of the A-band, anchors the anti-parallel 

myosin filaments.3 and typically contains no actin.3  A muscle fiber contracts when 

calcium ions are released into the cytoplasm from the sarcoplasmic reticulum, triggering 

changes that cause the thick and thin filaments to slide past each other, shortening each 

sarcomere in a myofibril (Fig. 2).1, 3  Relaxation is initiated by the removal of calcium 

ions from the myoplasm and the return of the actin and myosin filaments to their initial 

positions. 

 

Figure 2.  Schematic showing a relaxed and contracted sarcomere.3 

The sarcolemma, or plasma membrane, which features invaginations called 

transverse tubules (T-tubules) that run perpendicular to the cell surface and deep into the 

cell, surrounds each muscle fiber and is attached to each peripheral myofibril at regions 

termed costameres.1, 4  The costameric region is enriched with proteins and filaments that 
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anchor the membrane to each peripheral myofibril at the Z and M-lines.5  Costamere 

domains run transversely along the fiber in a rib-like pattern at the Z and M-lines, as well 

as in longitudinal structures, forming a lattice-like structure.5 

Costameres help to mediate the adhesion of the muscle fiber to the extracellular 

matrix (ECM) structures, or from those structures to the myoplasm.  There are two main 

protein complexes present within a costamere: the integrin complex and the dystrophin-

glycoprotein complex (DGC).6, 7  The core component of the dystrophin-glycoprotein 

complex is the protein, dystrophin, which acts to link the sarcolemma to the sarcomere to 

the ECM, stabilizing it during contraction or stretch.6, 7  There are various other 

transmembrane, cytoplasmic and extracellular proteins that comprise the DGC, including 

sarcoglycans, dystroglycan, dystrobrevins, syntrophins, and sarcospan.6  The components 

that make up the costamere domains are often studied because many of them have been 

linked to muscular dystrophies.5 

Any disease affecting the skeletal muscle is termed a myopathy, regardless of 

cause, while dystrophy refers to only inherited forms of muscle disease.  The prevalence 

of myopathies is 1 in 1,000 people, and includes acute, chronic and genetic disorders.8  

All myopathies present with necrosis and regeneration of fibers, and dystrophies always 

result in progressive muscle loss throughout the lifespan.9  Duchenne muscular dystrophy 

and Becker muscular dystrophy are the most common forms of muscular dystrophy; both 

are linked to defects in the dystrophin gene.9-11  Not only can myopathies be debilitating 

and painful, but there is often cardiac involvement as well as involvement of other 

organs, which can result in premature death.8 
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2.  Intermediate Filaments Roles in Muscle 

 The cytoskeleton of a cell is comprised of fibrillar proteins from three different 

groups: microfilaments, microtubules and intermediate filaments.12  Intermediate 

filaments are named as such because their size, 10nm in diameter, is intermediate 

between that of actin microfilaments and microtubules.13  There are at least 70 genes in 

the human genome that encode intermediate filaments, and they are largely known for 

their roles in cell scaffolding and maintaining tissue integrity.14 

This family of proteins is broken down further into six different classes.  Type I 

and type II keratins represent the first two classes. They form filaments only heterodimers 

and so keratin filaments are heteropolymers of equal numbers of type I and type II 

subunits.  Type III filaments are homopolymericand can be comprised of vimentin, 

desmin, glial fibrillary acidic protein, or peripherin.13  Along with the muscle protein, 

Synemin, neurofilaments, found only in the nervous system, comprise the fourth class of 

intermediate filaments.  Nuclear lamins make up the fifth class, and beaded filament 

structural proteins compose the sixth class.13, 15  These subunits can vary in size from 40 

kD to 240 kD.16  Despite this diversity, each intermediate filament protein consists of a 

coiled-coil α-helix rod with both an N-terminal and C-terminal domain.13  The simplest 

unit is a tetramer, made from two anti-parallel dimers.  And despite the differences 

among the various types of  subunits, all of them eventually assemble into mature 

intermediate filaments that are ~ 10 nm in diameter and that (with the exception of the 

lamins, which are limited to the inner surface of the nuclear envelope) extend throughout 

the cell.13  Regulation of intermediate filaments is achieved by several different types of 

post-translational modifications, which are often reversible.  These modifications, such as 
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phosphorylation, O-glycosylation, ubiquitination, sumoylation and acetylation, regulate 

all aspects of these proteins, from assembly and organization to function.16 

Different intermediate filament proteins are expressed in cell-, tissue- and 

differentiation-specific fashions.  The composition and function of these filaments can 

therefore vary between cell types and in the same cell type between distinct stages of 

development.  The function that seems to be central regardless of cell or tissue type is the 

ability of these filamentous structures to help the cell withstand mechanical and non-

mechanical stresses.  There is also recent evidence of intermediate filaments having roles 

in mitochondrial location and function, organelle positioning, and subcellular and 

membrane targeting of proteins.17  Studying these proteins in vitro has been hampered 

due to their poor solubility, lack of specific inhibitory agents, and their absence in model 

systems such as yeast.12  Progress in understanding their biochemistry and their detailed 

roles in cells has therefore been slow. 

There are several types of intermediate filament proteins found in mature striated 

muscle, with desmin, a type III protein, being the only known muscle-specific 

intermediate filament.18  Synemin and paranemin are also found in muscle cells, but they 

are not specific to muscle and can form copolymers with desmin.18  Although different 

intermediate filaments are present in muscle at varying points of differentiation and 

maturation, desmin is present from the very early stages of myogenesis.19  Desmin plays 

an integral part in linking myofibrils laterally at the Z-lines, aligning myofibrils, linking 

sarcomeres to the overlying membrane, and also inter-linking other structures such as 

mitochondria, microtubules and nuclei throughout the cell in skeletal muscle.19, 20  

Syncoilin, another type III protein, is also found at the Z-lines along with desmin.21  All 
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of these intermediate filament proteins are present at the costamere regions of skeletal 

muscle, with the possible exception of paranemin.18 

Multinucleated skeletal muscle arises from the fusion of mononucleated 

myoblasts, while cardiac muscle, another type of striated muscle, is composed of 

individual oligonucleated cardiomyocytes.  Intermediate filaments are present at the 

costamere regions in cardiac as well as skeletal muscle and are also found at cell-to-cell 

junctions in the heart, called intercalated disks.22 

Our laboratory and others have reported on the presence of several type I and type 

II intermediate filament proteins -- keratins -- in developing and adult striated muscle.  

Keratin 8 (K8) and keratin 18 (K18) are both present in developing muscle, but K18 is 

thought to be down-regulated and replaced with keratin 19 (K19) in mature muscle.23  

These proteins are primarily localized to filaments surrounding Z-disks and at the Z-disk 

domains of costameres, but keratins are also present at lower levels at the M-line and at 

both the M-line domains and longitudinal domains of costameres as well.23, 24 

There have been many studies investigating how the intermediate filament 

cytoskeleton network may be attached to the sarcolemmal membrane at costameres, but 

this mechanism remains unclear.  Synemin and syncoilin are likely to link the desmin 

filaments through dystrobrevin and dystrophin, and keratin filaments are thought to 

interact with dystrophin (Fig. 3).21, 23, 25-27 
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Figure 3.  Diagram of costameres, overlying the Z and M-lines.24   

Because costamere domains help to stabilize the surface of the muscle cell against 

mechanical and non-mechanical stress, as well as participating in force transmission, the 

role of intermediate filaments and their associated proteins at costameres is likely to must 

be vital for maintaining the integrity and function of the muscle cell.   

 Along with its potential anchoring role at costameres, the intermediate filament 

network runs throughout the cell, linking together other organelles within the 

cytoskeleton.  The nucleus is just one organelle that is associated with the intermediate 

filament network.  The filaments are linked to the cytoplasmic surface of the nuclear 

envelope (as well as forming the cytoskeleton on the inner surface of the nuclear 

envelope, via the lamins), and desmin extends filaments from its location at the Z-line to 

nearby nuclear pores.18  Mitochondria are also linked to the cytoskeleton through 

intermediate filaments, which can influence the distribution, shape and function of these 

organelles.28  Research has also indicated that the Golgi apparatus and lysosome-related 

organelles are included in the far-reaching intermediate filament network.18 
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3.  The Keratins 

 The largest sub-group of the intermediate filament family of proteins consists of 

the keratin proteins, with 54 distinct functional genes in man.  As noted above, this group 

is further divided into two types, type I and type II, based on sequence homology.29  They 

are the most abundant type of structural protein in epithelial cells, where they provide a 

dynamic and adaptable scaffold for the cell to withstand stresses.30   Keratins, much like 

the entire intermediate filament family, are regulated by tissue and differentiation-

specific effectors, many of which are not well understood.  They have been 

predominately studied in epithelial cells until recently, when their presence in skeletal 

muscle was discovered.24  In recent years, the nomenclature for this group of proteins has 

changed and been updated, in compliance with the nomenclature of the Human Genome 

Organization (Table 1).31 
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Table 1.  The new human keratin nomenclature.31  

The two groups of keratins, type I and type II, are designated acidic and basic, 

respectively.32  Each group of genes is clustered together on the same chromosome, type I 

(K9-K40) on chromosome 17q12-q21, and type II (K1-K86) on chromosome 12q11q-14, 

with K18 being the exception and mapping to chromosome 12.32  All keratins have 

molecular weights ranging from 40 kD to 70 kD.  A functional keratin is a heterodimer, 

formed by one of each type of molecule, aligned in parallel.  Two heterodimers then pair 

together in an anti-parallel manner to form a tetramer, and these tetramers are then the 

building blocks for filament formation.33  The tetramers align laterally and longitudinally 

to form a 2-3nm protofilament.32  When two protofilaments align, a 4-5nm protofibril is 
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formed.  The complete intermediate filament is formed when these protofibrils 

intertwine, creating a 32 structure that is monomers thick in cross-section.32 

At each end of the rod domain of the keratins are two helix boundary motifs: the 

initiation motif at the amino end, and the termination motif at the carboxyl end.32  The 

sequences in these regions are very well conserved in all intermediate filament proteins, 

and are thought to be vital for filament formation.32  How these structures can dictate the 

formation of particular keratin filaments when several different keratins are expressed in 

the same cell is not understood.  Similarly, how the heterodimer units align to form a 

protofilament is still uncertain, as the molecules could assemble in a half-staggered mode, 

largely overlapping, or almost completely overlapping.29 

Two well-studied keratins, K8 and K18, are present in all embryonic and simple 

epithelial cells.  They are also the only keratin partners that have been found in 

hepatocyte cells in the liver, acinar cells in the pancreas, proximal tubular epithelial cells 

of the kidney, and certain endocrine cells.29  K8 may not only have one binding partner 

however, as K8 and K19 were the first keratin pair to be found in adult striated muscle, 

with evidence of type I/type II polymerization.23  Along with the K8/K18 pair, K7, K19, 

K20, K23 and K80 are other simple-epithelial keratins that are present in other one-

layered epithelia, including duct-lining cells, intestinal cells and mesothelial cells.34  

Keratins such as these are loosely distributed throughout the cell with minimal 

bundling.29  In cells where K7 may be lacking, like certain intestinal cells, K19 has been 

known to polymerize with K8.29  Little is known about the functionality or importance of 

K7, other than it is expressed similarly to K19 in some simple epithelia.  K7, K8, K18, 
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K19 and K20 are expressed in various types of carcinomas, though not always 

concomitantly, and are often used as diagnostic markers.34 

Another simple epithelial keratin, K20, has a limited expression pattern compared 

to its counterparts, and is seen mainly in gastrointestinal epithelium, urothelium and 

Merkel cells.34  K8 is the binding partner for K20 in these cells.  In cells such as the 

cornified stratified epithelial, lining the outer body surface, more keratin isotypes 

comprise the intermediate filament cytoskeleton, and form dense bundles of filaments 

called tonofilaments.29   The keratins that are expressed in these “complex” epithelia are 

predominately the K5/K14 copolymer, in the basal layer, K1/K10 in the suprabasal layer 

and K2/K10 in the uppermost layers.29  In cell types where more keratin isotypes are 

expressed and more tonofilaments are formed, such as in keratinocytes, the cell is better 

equipped to handle certain stressors and maintain tissue integrity.29 

There are a number of keratins specific to hair follicles and hair fibers.  K25-K28, 

K71, and K73-K75 are all expressed in hair follicles, while K31-K33, K34-K40, and 

K81-K86 are expressed in hair fibers.29  A few of these keratins, that were once thought 

to be specific to hair cells, have since been discovered in certain carcinomas as well.  

K23, for example, was found to be strongly upregulated in colon adenocarcinomas, and 

has also been associated with pancreatic cancer cells.35 

Not surprisingly, as for other intermediate filament proteins, new roles for 

keratins have emerged in recent years.  They may not only play an important role in the 

structural framework of cells, but they may also be involved with cell growth, apoptosis, 

and organelle transport.  Different cells and tissues express different keratin isotypes at 

varying levels.  Whether or not specific isotypes may be regulators for certain cellular 
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functions, or only expressed at distinct stages of differentiation, has been the focus of 

many studies. 

4.  Keratins in Skeletal Muscle 

 A number of transgenic mouse models have been created to study the effects of 

keratin isotype-specific deficiencies, although most have focused on epidermal 

phenotypes.  In particular, the first keratin-null mouse model, which was deficient for 

keratin 8 (K8KO), was found to be embryonic lethal in the C57Bl/6 background.  

Conversely, in the FVB background, K8KO mice survived embryogenesis but developed 

colorectal hyperplasia and liver injury.36  In the mouse deficient for K18 (K18KO), there 

was no apparent phenotype, and it was reported that K19 replaced K18 in internal 

epithelia, suggesting that keratins may be able to replace and/or compensate for each 

other. 37  Despite all prior studies focused on keratins, O’Neill et al. were the first to 

publish evidence supporting the presence of this intermediate filament sub-group in adult 

mouse skeletal muscle.  The discovery came while examining the costameric structures in 

desmin-null mice (DesKO), where varying degrees of disorganization was observed in 

different muscle types.24  This led to the investigation of other possible intermediate 

filaments that might present at the same location in costamere domains as desmin and 

help to stabilize those structures in desmin’s absence.24 

 Two specific keratins were later identified in rat cardiac muscle, K8 and K19, 

through the use of RT-PCR with degenerate primers for intermediate filaments.23  In the 

same study, Northern blots with various tissues revealed a transcript for K8 in heart, 

skeletal muscle and skin of ~2.2kb, and a transcript for K19 in the same tissues of 

1.9kb.23  No evidence for the presence of K18 in adult muscle was found, however. 
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Isotype-specific antibody labeling for K8 and K19 in mouse cardiocytes was seen at the 

sarcolemma, Z-lines and faintly at M-lines.23  These results supported earlier findings in 

which pan-specific keratin antibodies labeled the three domains of costameres at the 

sarcolemma and at the Z and M-lines in mouse skeletal muscle.   

The evidence that keratins were present at costameres raised the possibility that 

they may associate with dystrophin, or proteins of the dystrophin-associated protein 

complex, which are also enriched at costameres.22  Immunoprecipitation experiments 

using gastrocnemius muscle from rat showed that antibody to K19 immunoprecipitated 

K19 and dystrophin, and antibody to dystrophin immunoprecipitated dystrophin and 

K19.23  Similarly, K8 and K19 both co-purified with the dystrophin-associated 

glycoprotein complex.  These studies of keratins in rat striated muscle helped to identify 

one specific heterodimer pair that was present at costameric domains, as well as suggest 

their association with dystrophin, the protein linked to the most common forms of 

muscular dystrophy in man.  

 A subsequent study showed that the K8 and K19 heterodimer pair preferentially 

associated with the actin-binding domain (ABD) of dystrophin when co-expressed in-

vitro.  No other intermediate filaments tested associated with dystrophin in this manner.  

Although K19 associated specifically with dystrophin’s ABD, K8 did not.25  Similarly, 

K19 did not associate with ABDs from other proteins, including β-spectrin and α-actinin, 

which are present at costameres and Z-disks, respectively.  Both in vivo and in vitro 

studies revealed that over-expression of K19 resulted in intracellular aggregates and 

disruption of dystrophin at the costameres.25  Some fibers showed the accumulation of 

K19 at vesicle-like structures, sometimes containing dystrophin and β-spectrin, a 
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membrane cytoskeletal protein that is structurally related to dystrophin.  Conversely, 

over-expression of K8 in-vitro resulted in its inability to incorporate into endogenous 

keratin structures at the Z-line; instead, it concentrated mostly around the M-line.25   

These results indicated that K19 may compete with dystrophin for binding sites at the 

sarcolemma.25  The ability of K19 to displace membrane cytoskeletal proteins when over-

expressed, and the vesicle-like structures observed, suggested a possible role for keratins 

in other types of myopathies.25 

 Consistent with the effects observed when K19 was over-expressed in muscle, the 

absence of K19 in mouse muscle (K19KO) disrupted costameric structures.  The space 

between the sarcolemma and peripheral myofibers became abnormally large, and 

mitochondria appeared to accumulate in this area.38  Along with these morphological 

changes, tibialis anterior (TA) muscles in this mouse strain also produced less contractile 

force than in WT mice and serum had elevated levels of creatine kinase.  Muscle mass 

was also decreased in the K19KO mouse, but not enough to account for the reduced 

contractile force.38  This mild myopathy was the first reported phenotype associated with 

the loss of K19.  Likewise, in a mouse model that was deficient for both K19 and desmin 

(double knock-out, DKO), there was an even greater reduction in contractile force, a 

more drastic disruption of costameres, and a greater misalignment of myofibrils.39  

However, the creatine kinase levels were much higher in the K19KO and DKO strains 

than in the desmin knock-out (DesKO), suggesting that K19 may be more important for 

membrane stability than other intermediate filaments such as desmin, which may play a 

bigger role in transmission of contractile force.39, 40 



 

 

 Recently, several more keratin transcripts have been identified in mouse skeletal 

mouse, specifically K7, K18, K23 and K26 (Fig. 4, unpublished results from the 

laboratory of Dr. Robert Bloch at the University of Maryland School of Medicine, in 

Baltimore, MD). 

Figure 4.  RT-PCR performed with mRNA from TA muscles from WT, K19KO and 
DesKO mice.  Results show the presence of mRNA encoding keratins 

These transcripts were found in the TA muscle from WT, K19KO and DesKO mice.  

This is the first evidence that there could be other specific keratin isotypes present in 

skeletal muscle along with K8 and K19.  More unpublished data from the same 

laboratory showed a two-fold increase in expression of K23 in K19KO mouse muscle

(not evident in Fig. 4), but surprisingly little change in expression in DKO muscle (Fig. 

5). 
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Figure 5.  Real-time PCR results showing fold changes in expression levels of keratin 23 
in K19KO and K19/Desmin DKO mouse muscle, as compared to wild-type muscle.  

 

The reasonable explanation of a compensatory change in K23 taking place in the absence 

of K19 does not appear to apply to the double knockout mouse.   

 The role that the recently identified keratins may have in skeletal muscle, 

particularly at the Z and M-lines and overlying costameres, remains unclear.  However, 

as noted above, the K19KO mouse has mild myopathy, and over-expression of K19 

resulted in the formation of vesicle-like structures, suggesting that keratins in muscle may 

be more important than once thought.  With the discovery of additional keratin transcripts 

found in skeletal muscle, there are now more potential cytoskeleton proteins that may be 

involved with aligning the myofibrils and stabilizing the membrane at costameres. 

5.  Diseases of Intermediate Filaments and Keratins 

 Clinical manifestations of mutations or abnormal expression of intermediate 

filaments present in many different ways.  Due to their selective expression in a cell-

specific and differentiation-specific manner, a wide-range of tissue-specific diseases 
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linked to intermediate filaments has become apparent in the science and medical world.  

Abnormal expression can lead to diseases that range from certain skin, corneal, and 

muscle disorders, or a genetic predisposition for some diseases, such as liver disease and 

amyotrophic lateral sclerosis.12  In Table 2, there is a summary of the individual 

intermediate filament proteins, with any known disorders listed.15 

 

 

Table 2.  Summary of intermediate filament protein-related diseases, and those not yet 
linked to any disorder.  Note that the mild myopathy associated with the absence of K19 

is not listed on this table.15   
 

 Desmin is one of the most commonly studied intermediate filament proteins and 

is only found in skeletal, cardiac and smooth muscle.  Because desmin is critical for the 

correct cytoskeletal architecture of a muscle cell, as well as other possible regulatory 

functions, it is not surprising that abnormal expression of this protein leads to certain 
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myopathies.  These desmin-related myopathies (DRM) occur when either there is a 

disruption or loss of the desmin filament network or when desmin aggregates form.41  

These myopathies can present with skeletal and/or cardiac symptoms, as well as 

symptoms involving respiratory deficiency, neuropathy, and smooth muscle 

dysfunction.41  Typically DRM begins with lower limb weakness, followed by upper limb 

weakness and sometimes progressing to the trunk, neck, and facial muscles.42 

In patients that have this type of disorder, the abnormal expression can be due to a 

number of possible causes, including 16 missense mutations, 3 in-frame deletions, a 

single nucleotide insertion, and another mutation resulting in a larger deletion.41  In order 

to obtain a better understanding of what could be happening in muscle cells that have a 

mutated form of desmin, a desmin knockout mouse was created.  Results from studies on 

this mouse demonstrated that they were fertile and developed normally during 

embryogenesis, but that they exhibit defects in skeletal, cardiac and smooth muscle 

starting shortly after birth.43  The muscles most often affected were those that were 

continually used, such as the soleus, diaphragm and heart.44  It was discovered that 

although desmin was not needed for myogenesis or regeneration, the lack of this protein 

made the muscle fibers more susceptible to injury.19  Some disorganization of fibers was 

seen, with disruption of costameres in certain muscles and mitochondria accumulating 

under the sarcolemma.19, 45 

Myopathies related to the desmin intermediate filaments are just one type of 

disease caused by this family of structural proteins.  Vimentin and peripherin are two 

other type III intermediate filament proteins, like desmin, to cause disease.  Vimentin has 

been linked to cataracts, while abnormal peripherin expression has been associated with 
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amyotrophic lateral sclerosis, a type of motor neuron disease.15  There are at least 12 

different diseases related to the type V lamin group of proteins, with over 100 different 

mutations of the Lamin A gene known.15 

The diseases that the aforementioned intermediate filament proteins are associated 

with are somewhat rare. By contrast, keratin-associated diseases involving skin, nail, hair, 

eye and liver are more common.  The first intermediate filament that was linked to a 

human disease was K14, and soon after, K5.46, 47  Abnormal expression of these keratins 

cause a skin blistering disease known as epidermolysis bullosa simplex, which results 

from the keratin pair being unable to bind to form filaments, thus causing aggregates in 

the cytoplasm.46  The characteristic blistering of this disease is undoubtedly due to their 

critical role in providing a stable structural framework to protect against stressors.  

Similarly, mutations in K1 and its binding partner K10, which are expressed in the 

suprabasal epidermis, cause a disease known as epidermolytic hyperkeratosis.12  It also 

presents with skin blistering early on, but then progresses to skin thickening 

(hyperkeratotic), which is caused by the clumping of keratins in the cytoplasm.48 

Unlike these epidermal keratins, abnormal expression of keratins in simple 

epithelia can also cause problems, some of which are tissue-specific.  As mentioned 

previously, the mouse with the K8 gene knocked out (K8KO), showed different 

phenotypes in different genetic backgrounds, one displaying mid-gestational lethality, 

and the other having colorectal inflammation and hyperplasia.49, 50  Aged K18KO mice 

only had accumulation of K8 aggregates in liver hepatocytes.37  It is also interesting to 

note that there was secondary loss of K7 in this knock-out mouse, resulting in K8 and 

K19 expression taking over in some tissues.37  However, mutations in K8 and K18 have 
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been linked to predisposition to various liver diseases, such as non-cryptogenic cirrhosis, 

primary biliary cirrhosis, and viral hepatitis.51, 52  When the K7KO mouse was studied, 

the only phenotype observed was increased proliferation of bladder urothelium, with 

reduced expression of K18 in the bladder and kidney.53 

Although keratins have not been associated with inducing any type of epithelial 

cancer, certain isotypes are often expressed in adenocarcinomas and are useful as 

diagnostic markers.  In order to determine the best treatment option for these cancers, the 

tissue of origin must be identified, and thus keratin expression is used for this purpose.   

Most express K8, K18, and K19, with K5, K7 and K20 being highly variable depending 

on the tissue of origin.54 

The severity of keratin-associated disease depends on where in the protein 

backbone the mutation or addition/deletion occurs, or if under or over-expression occurs.  

Any alteration that affects the polymerization of two keratin partners into larger filaments 

has the potential to interfere with correct cellular structure and function, possibly causing 

disease or a predisposition for future disease.  Mutations found on the main rod domain 

of the protein may not have a dramatic affect on keratin polymerization, whereas 

mutations found in the helix boundary motifs cause more severe diseases.12  Interestingly, 

there has been evidence that in some cell types that express more than one type I or type 

II protein, a compensatory action may be taken whereby an atypical keratin pair may 

polymerize.29, 37 

It is well known that intermediate filaments have a vital role in the stability of the 

cytoskeletal framework in cells, and so it is not surprising that there is emerging evidence 

that keratins may be important as well.  On-going research on keratins in the epithelia has 
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revealed some remarkable findings about their tissue-specific roles.  Currently, only a 

few mouse models for isotype-specific keratin deficiencies have been studied for effects 

on skeletal muscle.  The heterodimer pair, K8 and K19, has been the focus of the 

majority of studies thus far, since this was the first keratin pair identified in striated 

muscle.  There is much about the structures connecting the contractile apparatus to the 

costameres at the sarcolemma that is unknown.  Muscle diseases can be caused by a 

number of different mutations or deletions of muscle fiber components, many of which 

have not been well studied or even identified yet.   Several studies have now shown that 

the lack of K19 affects the morphology of a muscle fiber, and causes a mild myopathy.  

Over-expression of K19 also causes a change in morphology and other intracellular 

aggregates and accumulations that are suggestive of some other types of muscular 

dystrophies or myopathies.  It is therefore important to pursue the question of whether or 

not there are other keratins present in striated muscle, and what roles they may have in 

the structure or function of a muscle cell.   
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II. Aim of the Study 

  Hypothesis: 

Prior studies have shown evidence that keratins 8 and 19 are associated with the 

contractile apparatus and are present at all three costameric domains in muscle fibers.  In 

my preliminary studies, I have identified other keratins in skeletal muscle, including the 

type II keratin, K7, and several additional type I keratins, K18, K23 and K26.  I predict 

that some or all of these keratins will be seen at these same structures.  Since keratins can 

only function when in a type I/type II heterodimer pair, I also predict that the deletion or 

over-expression of either one partner will affect localization and possibly cause changes 

in the morphology and contractile properties of the muscle fiber.  

 

  The objectives for this study were to:   

1.  Determine the localization patterns of K7, K18, K23, and K26 in mouse skeletal 

muscle fibers and examine the impact that over-expression of keratins could have 

on muscle morphology. 

2. Investigate the impact that the absence of certain type I keratins could have on the 

expression and localization of other type I and type II keratins in skeletal muscle. 

3. Test whether specific combinations of type I and type II keratin pairs are 

necessary for correct expression and localization within skeletal muscle cells. 
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III.  Materials and Methods 

1. Fusion Proteins 

cDNA for Human Keratin 7, 8, 18, 19, 23 and 26 was purchased from        

Origene (Rockville, MD).  After PCR amplification of the keratins, the DNA fragments 

were inserted into either the p3XFLAG-myc vector or pZac vector by ligation.  For 

constructs in the pZac vector, the myc tag was added during PCR amplification.  The 

removal of the myc tag for certain constructs in the p3XFLAG-myc vector was 

achieved through the use restriction enzymes or the insertion of a stop codon to prevent 

transcription of the myc tag.   

 

2. Cell Culture and Transfection 

 In-vitro expression of the FLAG-tagged keratin constructs was performed by 

transfecting COS-7 cells in 60mm dishes with 8µg of each plasmid, using Lipofectamine 

reagent (#11668-019 from Invitrogen, Carlsbad, CA) and following sterile tissue culture 

techniques.  COS-7 cells were grown in DMEM media with 10% Fetal Bovine Serum at 

37°C in an atmosphere of 10% CO2, 90% air.  The cells were transfected when at 60-70% 

confluency.  The soluble protein extract from the COS cells was collected approximately 

24 hours after transfection, with Mammalian Protein Extraction Reagent (cat #78501 

from Thermoscientific, Waltham, MA) and centrifuged at 13,000RPM for 5 minutes.  

The supernatant was then collected in a fresh tube and used for western blotting.  For 

whole cell lysate, the cells were collected in 1x PBS by scraping the plates and then were 

centrifuged at 10,000 for 5 minutes.  The cell pellet was resuspended in Laemmli Sample 

Buffer (#1610737, Bio-rad, Hercules, CA) and used for western blotting 
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3. Western Blot 

 The soluble protein or whole cell lysates collected from COS-7 cells were run on 

a 4-12% Bis-Tris protein gel with 15µl of each, in Laemmli Sample Buffer, to detect 

keratin proteins of the expected sizes. Proteins were transferred to nitrocellulose 

membrane with a dry iBlot machine.  This was followed by staining with Ponceau Red 

reagent and blocking with 3% milk in PBS with 0.1% Tween for 2 hours. The membrane 

was incubated overnight at 4°C with mouse anti-FLAG antibody (#F1804 from Sigma, 

St. Louis, MO) at a dilution of 1:100.  After three washes, the membrane was incubated 

with sheep anti-mouse secondary antibody coupled to horseradish peroxidase (#NA931V 

from GE Healthcare, Buckinghamshire, UK) at a dilution of 1:20,000.  

Chemiluminescent Hyglo Quick Spray (#E2400 from Denville Scientific, South 

Plainfield, NJ) was used to visualize bound antibody and was visualized on X-ray film.  

The in-vitro expression of each keratin construct was verified and compared by 

identifying the correctly sized band on the film after developing.  

4. Transfection by electroporation of the Tibialis anterior and Flexor 
digitorumbrevis Muscles 

 In-vivo expression and localization of each keratin construct was examined by 

injection of plasmid cDNAs into either the tibialis anterior (TA) muscle or the flexor 

digitorum brevis (FDB) muscle on the hind limbs of  wild-type (WT), K18 deficient 

(K18KO) and K19 deficient (K19KO) mice, all in the FVB background, at 3-5 months of 

age. This was followed by followed by electroporation. The following provides details 

essential for these methods to succeed. Mice were anesthetized with isofluorane (2-4%).  

The fur on each hind limb was removed and a small incision over the TA was made with 
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a scalpel.  After cutting away the fascia, the TA received a 50 µl injection of 1µg 

cDNA/µl with a sterile syringe.  After injection, the muscle underwent electroporation 

using conductive electrode paddles positioned on either side of the muscle connected to 

an Electro Square Porator (ECM 830 from Btx Harvard Apparatus) set at the following 

conditions:  150Volts/cm, 20ms pulses, 980ms intervals, 5 pulses, unipolarity.  The 

incision was then sutured using nylon thread.  After approximately one month, the mouse 

was sacrificed by cervical dislocation while under anesthesia.  The TA muscle was 

removed and snap frozen in liquid nitrogen and stored at -80°C.  Similarly, an injection 

of 10 µl of hyaluronidase in PBS was made into the bottom of each foot, in the area 

between the heel and the toe pads.  Two hours after this injection, another injection of 10 

µl of 1 µg cDNA/µl (in PBS) was given in the same area on the bottom of each foot. This 

was followed by electroporation with a Grass S48 Stimulator (from Astro-Med Inc, W. 

Warwick, RI) set at the following conditions:  150Volts/cm, 20ms pulses, 200ms 

intervals, 20 pulses, unipolarity.  The FDB electroporation was done utilizing 27G 

needles inserted just under the skin approximately 1 cm apart on the bottom surface of 

the foot, with electrode clamps placed on both needles.  After a minimum of 7 days, the 

mouse was euthanized by cervical dislocation while under anesthesia and the FDB 

muscle was removed.   

5. Immunolabeling Cryosections and Confocal Microscopy 

 TA muscles were snap frozen in a slush of liquid nitrogen and stored at -80oC. 

Frozen cross-sections 14µm in thickness were cut using a Leica cryocut 1800 cryostat 

and placed on glass sides.  The tissue was incubated with Superblock in PBS (#37515 

from Thermoscientific) for 1 hour at room temperature.  The tissue was then incubated 
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with mouse anti-FLAG antibody at a dilution of 1:100 and with rabbit anti-desmin 

antibody (#PAS-16705 from Thermoscientific, Carlsbad, CA) at a dilution of 1:100 

overnight at 4ºC. After extensive washing, the tissue was incubated with species-specific 

Alexa fluor secondary antibodies at a dilution of 1:200 for 2 hours.  Cover slips were 

mounted with Vectashield mounting medium plus DAPI (#H-1200 from Vector 

Laboratories, Burlingame, CA).  The FLAG-tagged keratin constructs were visualized 

using the appropriate lasers on a Zeiss Meta 510 confocal laser scanning microscope to 

examine their expression and localization. 

6. Isolation of Single FDB Muscle Fibers 

 FDB muscles were incubated in DMEM media with 0.2% bovine serum albumin 

(BSA), 0.1% gentamicin and 4mg/ml collagenase A (#15750-060 from Gibco, Carlsbad, 

CA) for ~3 hours at 37°C 10% CO2 90% air.  Single fibers were isolated by transferring 

the FDB muscle to media (with BSA and gentamicin) without collagenase and triturated 

several times with a 10ml pipet and then several times with a 1ml pipet.  Fibers were 

incubated overnight in this media at 37°C 10% CO2 90% air.  The following day the fibers 

were plated onto circular cover slips coated in Geltrex substrate (#12760-021 from 

Gibco), and allowed to incubate for another 2-3 hours at 37°C for the fibers to adhere to 

the substrate.   

7. Immunolabeling Single FDB Muscle Fibers 

 After the FDB fibers were allowed to adhere to the geltrex substrate on the cover 

slip (see Isolation of single FDB muscle fibers) they were fixed with 4% EM-grade 

formaldehyde (#28906 from Thermoscientific) in PBS for 15 minutes, incubated in 
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0.25% Triton-X in PBS for 8 minutes, and incubated in Superblock in PBS for 1 hour.  

The fibers were incubated in either rabbit anti-FLAG (#F7425,Sigma), mouse anti-FLAG 

or mouse anti-MYC (#M4439, Sigma) and rabbit anti-desmin or goat anti-desmin 

(#SC7559, Santa Cruz) antibodies at a dilution of 1:100 overnight at 4°C.  After 

extensive washing, the cover slips were incubated in species-specific Alexa fluor 

secondary antibodies at a dilution of 1:200.  The cover slips were mounted onto glass 

slides using Vectashield mounting medium plus DAPI and imaged on a Zeiss Meta 510 

confocal laser scanning microscope.  
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IV.  Results  

1.  Expression of keratin 7, 18, 23, and 26 in vitro. 

Confirmation was first needed that the keratin constructs encoding keratins as 

FLAG-tagged proteins were in frame and expressed proteins of the correct size.  A 

western blot analysis was performed on extracts from COS-7 cells that had been 

transfected with plasmids containing the constructs for K7, K8, K 18, K19, K23 and K26.   

The soluble protein extract from cells transfected with K7 did not produce a band when 

probed with an anti-FLAG antibody, but when the whole cell extract was tested, a band at 

the appropriate size, 51.4 kD, was seen (Fig. 6A). The western blot, shown in Figure 6B, 

was labeled with an anti-FLAG antibody, and has bands at 55 kD for K8, 48 kD for K18, 

40 kD for K19, 46.4 kD for K23 and 51.5 kD for K26.  The seven bands are at the 

molecular weight of each keratin protein, allowing for the additional weight of the FLAG 

tag, which is approximately 3 kD for the 3xFLAG vector system used.  The internal 

control was the housekeeping protein, GAPDH, with a band at approximately 37 kD.  

The relative expression level of the GAPDH protein was constant in the extracts of all 

transfected cells indicating that similar levels of cellular proteins were assayed in each 

lane of the gel.  The varying intensities of the bands representing the different keratin 

isotypes indicate that they were expressed at different levels.  
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Figure 6:  Western blot of extract from transfected COS-7 cells.  Expression of  
K7, present in whole cell extracts (A), and K8, K18, K19, K23 and K26 from soluble 

protein extracts (B), probed with antibodies for FLAG and GAPDH. 
 

 

2.  Expression and localization of keratins in mouse skeletal muscle in vivo. 

Once it was confirmed that the FLAG-tagged keratin constructs were expressed 

and were of the appropriate sizes, the localization patterns were examined in vivo, in 

FDB and TA muscle from wild-type mice.  Because there are very few keratin isotype-

specific antibodies that label endogenous keratins in skeletal muscle, the same plasmids 

encoding FLAG-tagged keratins were used, as they are best suited to visualize where the 

protein localizes in muscle fibers.  This method can also demonstrate any changes in 

muscle morphology when this protein is over-expressed.    

In Figure 7A, the transgenic FLAG-tagged K7 protein forms circular aggregates, 

in no apparent pattern, in an isolated fiber from an FDB muscle.  These aggregates can be 

seen along the Z and M-lines, in the space between these areas, and along the 

sarcolemmal membrane.  Immunolabeling with desmin, a common marker used to label 

around the Z-line and at costameres in skeletal muscle, shows that the reticular desmin 
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network is disrupted where the aggregates reside.   TA muscle fibers transfected to over-

express FLAG-K7 gave similar results (Fig. 7B).   

Transgenic FLAG-K18 localizes predominantly with desmin at the level of Z-

lines in the interior of FDB muscle fibers as well as at the sarcolemma (Fig 8A).    

Expression of K18 in the TA fiber cross-section appears to be very similar to desmin, 

showing a somewhat reticular pattern (Fig. 8B).  There is also co-localization of K18 and 

desmin observed in the cross-section image, correlating with both proteins concentrating 

in a reticulum around the Z-lines. 

The expression pattern of transgenic K23 observed in an FDB muscle fiber is 

similar to that seen with K18, with some localization at the Z-line, but also the formation 

of aggregates and some disruption of desmin (Fig. 9A).  Not surprisingly, expression in 

the cross-section of the TA muscle fiber mostly retains the normal reticular pattern of 

desmin staining, but K23 is aggregated in some areas, causing only slight desmin 

disorganization in the area of the larger aggregates (Fig. 9B).  The reticular pattern of 

K23 is faint, perhaps due to a majority of the protein accumulating in the aggregates.  

Expression of K26 in FDB muscle fibers, as shown in Figure 10A, results in the 

localization of the protein at the Z-line, where it co-localizes with desmin. In addition, 

K26 forms large circular aggregates closer to the sarcolemmal membrane.  Desmin is 

significantly reorganized near the aggregates, which it seems to surround.  Similarly, 

expression in the cross-section of the TA muscle fiber shows large aggregates of K26, 

with clear disruption of desmin in these areas (Fig. 10B). 
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Figure 7.  Keratin 7 in wild-type mouse muscle.  Localization of K7 (green) and desmin (red) 
in an isolated fiber from the FDB muscle (A), and cross-section of a fiber from the TA muscle 

(B).  Scale bar represents 2 µm in length. 
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Figure 8.  Keratin 18 in wild-type mouse muscle.  Localization of K18 (green) and desmin 
(red) in an isolated fiber from the FDB muscle (A), and cross-section of a fiber from the TA 

muscle (B). Scale bar represents 2 µm in length.
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Figure 9.  Keratin 23 in wild-type mouse muscle.  Localization of K23 (green) and desmin 
(red) in an isolated fiber from the FDB muscle (A), and cross-section of a fiber from the TA 

muscle (B).  Scale bar represents 2 µm in length. 
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Figure 10.  Keratin 26 in wild-type mouse muscle.  Localization of K26 (green) and desmin 
(red) in an isolated fiber from the FDB muscle (A), and cross-section of a fiber from the TA 

muscle (B). Scale bar represents 2 µm in length.
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3.  Effects on expression and localization patterns of specific type I and type II 

keratins in K18KO and K19KO mouse skeletal muscle. 

 How multiple keratins assemble in the cytoplasm of a single cell is poorly 

understood, but past studies have indicated that keratins may compensate for the lack of 

another, presumably by replacing it to form the heterodimer.  We studied this in mouse 

muscle that was deficient for either K18 or K19, two type I keratins.   

 Expression of transgenic K7 in an FDB muscle fiber from a K18KO or K19KO 

mouse shows the same localization pattern as in the wild-type muscle fiber: circular 

aggregates causing disruption of desmin at the Z-line and the membrane (Fig. 11A, B).  

In some cases, the desmin and FLAG-tagged K7 co-localize in those aggregates, 

especially in the smaller circular structures that seem to form as branches off Z-lines.  

We obtained strikingly different results with K8, another type II keratin present in 

skeletal muscle that can heterodimerize with either K18 or K19.  FLAG-tagged 

K8concentrates primarily at the Z-line in K18KO muscle, with more faintly labeled 

structures extending longitudinally from Z-lines (Fig. 12A).  There is also expression at 

the membrane and the costameres overlying the Z-lines. Desmin is not disrupted and, 

notably, is excluded from the fainter longitudinal structures formed by K8.  In K19KO 

muscle fibers the over-expressed K8 protein is localized at the Z-line and at the 

sarcolemma (Fig. 12B), without forming longitudinal structures.  Desmin organization is 

unaffected.    

 Localization of transgenic K23 in K18KO muscle is very similar to that seen in a 

wild-type muscle fiber (Fig. 13A).  K23 localizes mainly at the Z-lines, along with 

normally expression of desmin, but it can also form a few small circular aggregates 
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located along the Z-line.  Desmin is disrupted where these aggregates are present.  It also 

forms small aggregates at the membrane, where desmin is also disrupted.  Even more 

disorganization of desmin occurs when K23 is over-expressed in K19KO muscle (Fig. 

13B).  Although some of the FLAG-K23 accumulates along Z-lines and, more faintly, 

along M-lines, there is obvious disorganization within the cell wherever K23 

concentrates. Likewise with desmin labeling, very little desmin is present at the Z-line or 

the membrane where FLAG-K23 is concentrated, though structures where it is present at 

lower levels do retain desmin. 

  When K26 is over-expressed in muscle lacking K18, large protein aggregates 

accumulate throughout the cell, with some very weak expression at a few spots along the 

Z-line (Fig. 14A).  Desmin is severely disrupted wherever the aggregates are present, but 

it retains its normal striated pattern where K26 is absent.  Similarly, in K19KO muscle, 

large aggregates accumulate, but seem to reside closer to the membrane, appearing to be 

trapped in the subsarcolemmal space (Fig. 14B).  Desmin is also disrupted where these 

large aggregates form. The results in both K18KO and K19KO muscle differ from K26 

expression in wild-type muscle, where there was faint expression at all the Z-lines, along 

with the larger aggregates.  This suggests that K26 requires either K18 or K19 in order to 

accumulate in a reticulum at the level of Z-lines. 
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Figure 11.  Keratin 7 in mouse FDB muscle lacking K18 or K19.  Localization of K7 (green) 

and desmin (red) in an isolated fiber from the FDB muscle from a K18KO mouse (A), and 
K19KO mouse (B). Co-localization indicated by larger white arrow.   

Scale bar represents 2 µm in length.
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Figure 12.  Keratin 8 in mouse FDB muscle lacking K18 or K19.  Localization of K8 (green) 
and desmin (red) in an isolated fiber from the FDB muscle from a K18KO mouse (A), and 

K19KO mouse (B). Scale bar represents 2 µm in length. 
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Figure 13.  Keratin 23 in mouse FDB muscle lacking K18 or K19.  Localization of K23 

(green) and desmin (red) in an isolated fiber from the FDB muscle from a K18KO mouse (A), 
and K19KO mouse (B). Scale bar represents 2 µm in length. 
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Figure 14.  Keratin 26 in mouse FDB muscle lacking K18 or K19.  Localization of K26 

(green) and desmin (red) in an isolated fiber from the FDB muscle from a K18KO mouse (A), 
and K19KO mouse (B). Scale bar represents 2 µm in length.  
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4.  Role of type I/type II keratin heterodimers in keratin localization in mouse 

skeletal muscle. 

 It has been well-established that keratin filaments are formed from heterodimers 

of type I and type II keratin subunits, and that certain heterodimers, such as those 

consisting of K8 and K18, form readily.  However, since prior studies have also shown 

that the presence of one keratin can compensate for the absence of another, probably 

forming a functional heterodimer, it is important to learn which type I/type II keratin 

pairs can form and localize normally in skeletal muscle.  The only pair studied thus far in 

skeletal muscle was that formed by K8/K19.  To answer this question, different type 

I/type II pairs of K7, K8, K18, K19, K23 and K26 were co-transfected into COS cells and 

into the skeletal muscle of wild-type mice.  By utilizing either the FLAG or MYC tags, 

one on each of the keratin subunits, their localization, co-localization and effects on 

morphology could be studied. 

 When transgenic K7 is expressed in COS-7cells, the same small circular 

aggregates are seen, as in the wild-type muscle fiber (Fig. 15A).  Conversely, when 

transgenic K18 is expressed in COS-7 cells, branching filamentous structures are seen 

(Fig. 15B).  When K7 and K18 are co-expressed in COS-7cells together, aggregates of 

K7 are no longer formed, and both proteins form the filamentous structures (Fig. 15C). 

Co-expression of transgenic K7 and K18 in an FDB muscle fiber gave consistent results, 

with localization of both K7 and K18 along the Z-line and the membrane (Fig. 16).  

There is very little disruption of desmin, with only some spotty accumulation along the 

Z-line in some areas, along with K7 and K18.    These results suggest that K7 and K18 
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can heterodimerize to form filaments, and that the formation of these filaments prevents 

the disruptive effect of K7 observed when it is expressed alone at high levels.  

 When K7 is co-expressed with K19 in a muscle fiber, small aggregates of both 

proteins accumulate along the Z-lines, with minimal expression along the membrane 

(Fig. 17).  There is also no disruption of desmin expression seen due to the expression of 

this keratin pair.  From these results, it seems that K7 and K18 are more likely to form 

heterodimers and intermediate filaments in skeletal muscle than K7 and K19.  

 When K8 and K18 are co-expressed in FDB muscle fibers, they both localize to 

the Z-line, but there is clear disruption of the sarcomeres in some areas (Fig. 18).  This 

keratin pair is not uniformly distributed at the Z-line, with some accumulation of small 

aggregates, and very little present along the membrane.  Desmin appears only to be 

disrupted in the areas where the keratins are highly over-expressed and abnormally 

organized, but it largely retains its striated appearance.   

 Where K8 and K18 seem to cause some disorganization within the muscle cell, 

transgenic K8 and K19 co-express along the Z-line with very minimal disruption (Fig. 

19).  However, small aggregates of these proteins extending longitudinally can be seen 

along the Z-line, similar to the expression patterns of K7/K19 and K8/K18. 

 The co-expression of transgenic K7 and K23 in a muscle fiber results in the same 

small circular aggregates observed when K7 was expressed alone (Fig. 20).  K7 appears 

to bind with K23, causing this type I keratin to form the same aggregates.  Interestingly, 

the aggregates align at the Z-line, when moving away from the membrane, whereas K7 

expressed alone resulted in aggregates all throughout the cell.  Desmin is also disrupted 

wherever the aggregates are expressed.  A similar result is seen when K7 is co-expressed 
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with K26 (Fig. 21), but the aggregates that form are smaller and tend to align with Z-

lines, causing disruption of desmin organization.  Thus, K7 appears to interact with both 

K23or K26, but the heterodimers of K7/K23 or K7/K26 do not behave like other 

intermediate filament proteins in skeletal muscle. 
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Figure 15.  K7 and K18 in COS-7 cells.  Organization of K7 (green) (A), K18 (green) (B), and 
both proteins together (K7, green; K18 red) (C) in COS-7 cells.  Nuclei were stained with DAPI 

(blue).  Scale bar represents 2 µm in length. 
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Figure 16.  K7 and K18 in WT mouse muscle.  Organization of K18 (green), K7 (red), desmin 

(white), and both proteins together (K18, green; K7, red) in an isolated fiber from the FDB 
muscle.  Scale bar represents 2 µm in length. 
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Figure 17.  K7 and K19 in WT mouse muscle.  Organization of K19 (green), K7 (red), desmin 
(white), and both proteins together (K19, green; K7, red) in an isolated fiber from the FDB 

muscle.  Scale bar represents 2 µm in length. 



 

47 

 

 

Figure 18.  K8 and K18 in WT mouse muscle.  Organization of K18 (green), K8 (red), desmin 
(white), and both proteins together (K18, green; K8, red) in an isolated fiber from the FDB 

muscle.  Scale bar represents 2 µm in length.
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Figure 19.  K8 and K19 in WT mouse muscle.  Organization of K19 (green), K8 (red), desmin 
(white), and both proteins together (K19, green; K8, red) in an isolated fiber from the FDB 

muscle.  Scale bar represents 2 µm in length.
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Figure 20.  K7 and K23 in WT mouse muscle.  Organization of K23 (green), K7 (red), desmin 
(white), and both proteins together (K23, green; K7, red) in an isolated fiber from the FDB 

muscle.  Scale bar represents 2 µm in length.
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Figure 21.  K7 and K26 in WT mouse muscle.  Organization of K26 (green), K7 (red), desmin 
(white), and both proteins together (K26, green; K7, red) in an isolated fiber from the FDB 

muscle.  Scale bar represents 2 µm in length.
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V.  Discussion 

 The keratin group of intermediate filaments has perplexing roles in a wide variety 

of tissues.  Until recently, this 54 member group was predominantly studied in epithelial 

cells, where it is simple in composition and most readily examined.  Keratins are not only 

known for providing structural scaffolding, as the component of the cytoskeleton that is 

most resistant to mechanical damage, but also for roles in cell growth, apoptosis, and 

organelle transport.30, 34, 55, 56  With the discovery of two keratin subunits in adult skeletal 

muscle, new questions have arisen as to how these proteins may contribute to the 

architecture and function of a skeletal muscle fiber, and whether other keratins might be 

present in muscle that serve distinct functions.23  There is still much about skeletal 

muscle that is not well understood. Mutations in a single protein can cause myopathy, but 

many myopathies and muscular dystrophies have not yet been characterized at the 

molecular level.   

While studying the role of desmin in skeletal muscle, our laboratory was the first 

to discover the presence of keratins in adult muscle.24  Their potential role in helping to 

stabilize structures at the 3 different domains of costameres in desmin deficient mice was 

suggested by the observation that some costameres remained stable in fibers that lacked 

desmin, and that keratins were present at costameres even when desmin was absent.24  

The specific isotypes were later identified in adult rats as K8 and K19.23  Subsequent 

studies in K19KO mice revealed that the absence of K19 in skeletal muscle affected 

morphology and caused a mild myopathy.38  Over-expression of K19 also caused unusual 

changes in skeletal muscle, forming vesicle-like structures and disrupting costameres at 

the sarcolemma.25  There has also been evidence that K19 may interact with dystrophin at 
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costameres.25  Interestingly, expression of its putative binding partner, K8, showed it to 

be incorporated into endogenous structures, mainly at the M-lines, where K19 is normally 

present.25 

Our laboratory recently identified mRNA transcripts for four new keratin isotypes 

in skeletal muscle: K7, K18, K23 and K26.  This thesis describes the results of 

experiments in which plasmids encoding each of the newly identified keratin constructs, 

as well as the two previously identified keratins, K8 and K19, were transfected into COS 

cells to ensure expression of the correct protein.  Each keratin construct carried a FLAG 

tag and was easily visualized by western blot. Each of the constructs generated protein of 

the appropriate molecular weight.  However, expression of the K7 protein was only seen 

in whole cell protein lysate, whereas the other five keratins were visible in the soluble 

protein lysate.  This suggests that K7 is largely insoluble when it is expressed alone, 

consistent with its formation of circular aggregates in both COS cells and muscle fibers. 

 When K7 was over-expressed in FDB muscle fibers from wild-type mice, small 

vesicle-like, circular structures formed throughout the muscle cell, causing disruption of 

desmin at the Z-lines and sarcolemma wherever one of these aggregates resided.  Similar 

results were seen in TA muscles transfected to over-express K7.  It seems likely that, at 

such high levels of expression, this type II keratin does not have sufficient amounts of a 

type I keratin to dimerize with, and therefore accumulates in aggregates.  

This idea is supported by the fact that other type I keratin proteins, when co-

expressed with K7, not only co-localized with K7 but also caused the aggregates to 

concentrate mostly along the Z-lines.  With the exception of K23, expression of K18, 

K19 and K26 along with K7 produced aggregates of smaller size, and not only in the 
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circular form, as seen with K7 expressed alone.   It appears that K7 is able to dimerize 

with these four type I keratins.  Correct formation of mature intermediate filaments does 

not occur normally under these conditions, however.   This is not surprising as over-

expression may lead to inappropriate levels of the individual subunits for proper 

assembly.  Furthermore, other studies have shown that certain keratins have both 

preferential and specific partners for heterodimer formation.29, 37, 53, 56   

Other studies on K7 have suggested that K18 may be its ideal partner, and our 

results support this idea.37, 53   Only K18 led to the accumulation of both K7 and K18 

along the Z-line without formation of any larger aggregates.  Although this pair does not 

align perfectly with desmin along the Z-line, its distribution most closely resembled that 

of K18 alone: concentrated at the Z-lines and sarcolemma with little if any disruption of 

desmin.  By contrast, co-expression of K7 with K19 produced small aggregates, some 

extending longitudinally, along the Z-line.  This may be the result of a combinatory effect 

of aggregate formation observed with both K7 and K19 when expressed alone.  Thus, it 

appears that K18 preferentially heterodimerizes with K7 and K19 preferentially 

heterodimerizes with K8.  K8 and K19 were previously reported to be preferential 

partners in skeletal muscle.23   

Keratin-containing inclusion bodies, called Mallory-Denk bodies, are commonly 

seen in hepatic cells in chronic liver diseases.57  Although these aggregates mainly consist 

of K8, the underlying mechanisms for their formation include protein misfolding, 

chaperone alterations and disproportional keratin type I/type II expression.57  Although 

K7 has never been identified in Mallory-Denk bodies, because it is able to bind and form 

filaments when co-expressed with K18 both in vitro and in vivo, but forms vesicle-like 
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inclusion bodies when expressed alone, a reasonable explanation for this would be 

disproportional expression of K7 greater than K18.  

Although K7 seems to require the co-expression of another type I keratin in order 

for it to assume a localization in muscle fibers, K8 does not appear to be so particular.  

Neither the absence of K18 or K19 dramatically affected the expression pattern of K8 in 

muscle tissue.  It is likely that K8 binds with K19 when K18 is absent, which would 

account for the few small aggregates observed, and bind with K18 when K19 is absent.  

This is a remarkable discovery, as our previous studies indicated that K8 was only bound 

to K19.  Thus, if K19 is not present, K8 will dimerize and form filaments with K18 as 

well.  This is consistent with the observation that many keratin filaments in simple 

epithelia are composed of K8 and K18.29  

Conversely, over-expression of K8 along with K18 or K19 resulted in the 

formation of aggregates, but still concentrated along the Z-lines.  This is likely due to the 

presence of high levels of either K8/K18 or K8/K19, and the consequent difficulty in 

finding sufficient endogenous structures in which to incorporate.  It is indeed surprising 

that when K8 and K18 are expressed together, there is so much aggregate formation and 

disorganization that occurs, when K18 is presumably an alternate binding partner for K8.   

Our laboratory previously found that K23 expression was two-fold higher in 

K19KO muscle (E. Welte and J. Muriel, unpublished), but it is not clear if this is related 

to the dramatic disruption of desmin filaments when K23 was over-expressed.  If the 

compensatory mechanism in muscle lacking K19 is to increase expression of K23, 

expressing additional exogenous K23 could be even more destabilizing.  Upregulation of 

K23 in the K19KO mouse may contribute to its mild myopathy, the greater distance 
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observed between the sarcolemma and underlying myofibrils and the reduced alignment 

of myofibrils.38  It is interesting to note that disorganization of the myoplasm that occurs 

when K23 is over-expressed in the K19KO was not seen when K23 was over-expressed 

in muscle lacking K18.   

Whereas type II subunits play a key role in the experiments just discussed, the 

localization of one type I keratin in the absence of another type I keratin may also depend 

on the stabilizing role of the missing keratin.  We found that localization of K23 and K26 

in the absence of either K18 or K19 did not differ greatly from the expression in wild-

type muscle.  However, when K19 was absent, K23 accumulated in the space between 

the Z-lines, and in some areas, aggregates formed.  This trend was not observed when 

K26 was over-expressed, as the accumulation of large intracellular aggregates occurred in 

the absence of both K18 and K19.  However, the faint labeling at the Z-line that was seen 

in wild-type muscle was not present when either K18 or K19 was absent.  This again 

indicates that certain keratins may play interdependent roles in the cytoskeleton, and that 

when one is absent, intermediate filament networks may not form properly within the 

cell. 

Desmin is critical for the intermediate filament network, helping to align 

sarcomeres and attach peripheral myofibrils to the membrane at costameres, and aiding in 

overall cytoarchitecture.  Desmin-related myopathies occur when the desmin network is 

disrupted or desmin aggregates form.41  We noted desmin disruption with expression of 

several keratins, most notably K7, K23 and K26.  Wherever an aggregate resided, large 

or small, the desmin network was disrupted.  Most often, desmin was still localized to the 

outside periphery of the aggregate.  This disruption in the intermediate filament network 
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would likely have damaging effects on the muscle cell, perhaps by causing misalignment 

of myofibrils and affecting the contractile properties of the cell.   

Our results are consistent with the idea that there is a delicate balance of keratin 

expression in skeletal muscle, and that when this balance is tipped these proteins form 

aggregates that can be mislocalized and cause disruption of the intermediate filament 

cytoskeleton.  Although not investigated here, certain keratin isotypes may only be 

expressed or up-regulated at certain times, such as during differentiation or myogenesis, 

following injury, or when another keratin of the same type is down-regulated and is no 

longer available to form filaments in the cytoskeleton.   

Finding keratin isotype-specific antibodies that correctly label endogenous protein 

expression in skeletal muscle has been challenging.  This would be an ideal method to 

examine expression of the different keratins under normal conditions, without having the 

muscle undergo electroporation or introducing any transgenic proteins.  Although not the 

case for all keratins (e.g., K18), the over-expression of any protein may cause aggregates 

to form, or induce other abnormal morphological changes. It will therefore be important 

to examine the patterns of localization and expression of the endogenous keratin subunits, 

when the appropriate antibodies become available. 

 Similarly, it will be of interest to examine the keratins and their expression as a 

function of age.   Only one age range (3-5 months) was examined in this study, and 

younger or older mice may produce different results.  Even in the absence of isotype-

specific antibodies, levels of endogenous expression could be compared by quantitative 

PCR.  
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This first look at the expression of the newly discovered keratins in skeletal 

muscle has provided further evidence for the importance of this group of structural 

proteins in maintaining a normal cytoskeleton.  Increased or decreased expression of 

certain isotypes seemed to have a range of effects on the intermediate filament network 

aligning the myofibrils and attaching to the costamere domains at the sarcolemma.  The 

absence of certain keratin isotypes has the potential to affect the expression pattern of 

other keratins, regardless of if they are partners in heterodimer formation, perhaps due to 

some degree of instability of the intermediate filament network.  The accumulation of 

large aggregates and inclusion bodies observed with expression of K7, K23 and K26 are 

suggestive of other myopathies and muscular dystrophies.   

Perhaps the most intriguing discovery described here was the ability of K18 co-

expressed with K7 to prevent the formation of aggregates that occurred when K7 was 

expressed alone, and the incorporation of both K18 and K7 into endogenous structures.  

The basis for the preferential association of these two subunits, and for the preferential 

association of K19 and K8, remains to be investigated. 

This thesis demonstrates that there keratin expression in skeletal muscle is much 

more complex than previously thought, and that disturbances in the levels of these 

proteins can significantly alter the cytoarchitecture of the cell.  It is therefore probable 

that abnormal keratin expression may not just be involved with certain epithelial 

disorders, but also with some forms of myopathies. 

 

 

 



 

 

 

VI.  References 

1. Hopkins PM. Skeletal muscle physiology. Continuing Education in Anaesthesia, Critical Care 
& Pain 2006 February 01;6(1):1-6. 

2. Sport Connect.PL [Internet]; c2013 [cited  2014 January 12]. Available from: 
http://www.sportconnect.pl/Aktualnosci/Adaptacja-a-trening-tlenowy. 

3. Krans LJ. The sliding filament theory of muscle contraction. Nature Education 2010;3(9):66. 

4. Pardo JV, Siliciano JD, Craig SW. A vinculincontaining cortical lattice in skeletal muscle: 
Transverse lattice elements (“costameres”) mark sites of attachment between myofibrils and 
sarcolemma. Proc Natl Acad Sci 1983(80):1008. 

5. Bloch RJ,  Capetanaki Y,  O'Neill A,  Reed P,  Williams MW,  Resneck WG,  Porter NC,  
Ursitti JA.  Costameres: Repeating structures at the sarcolemma of skeletal muscle.  Clinical 
Orthopaedics and Related Research. 2002: S203-10. 

6. Lapidos KA, Kakkar R, McNally EM. The dystrophin glycoprotein complex: Signaling 
strength and integrity for the sarcolemma. Circ Res 2004 Apr 30;94(8):1023-31. 

7. Ervasti JM, Sonnemann KJ. Biology of the striated muscle dystrophin-glycoprotein complex. 
Int Rev Cytol 2008;265:191-225. 

8. Goldman L, Schafer AI. Goldman's cecil medicine. In: 24th ed. Elsevier; 2012. 

9. Kumar V, Abbas AK, Aster JC. Robbins basic pathology. 9th ed. Elsevier; 2012. 

10. Mercuri E, Muntoni F. Muscular dystrophies. Lancet 2013 Mar 9;381(9869):845-60. 

11. Hoffman EP, Brown RH,Jr, Kunkel LM. Dystrophin: The protein product of the duchenne 
muscular dystrophy locus. Cell 1987 Dec 24;51(6):919-28. 

12. Omary MB, Coulombe P, McLean WHI.  Intermediate filament proteins and their associated 
diseases.  N Engl J Med 2004(20):2087. 

13. Oshima RG. Intermediate filaments: A historical perspective. Exp.Cell Res. 
2007;313(10):1981. 

14. Pekny M, Lane EB. Intermediate filaments and stress. Exp Cell Res 2007 6/10;313(10):2244-
54. 

15. Omary MB. “IF-pathies”: A broad spectrum of intermediate filament–associated diseases. 
The Journal of Clinical Investigation 2009;119(7):1756. 

16. Chung BM, Rotty JD, Coulombe PA. Networking galore: Intermediate filaments and cell 
migration. Curr Opin Cell Biol 2013 Oct;25(5):600-12. 



 

 

 

17. Toivola DM, Tao G, Habtezion A, Liao J, Omary MB. Cellular integrity plus: Organelle-
related and protein-targeting functions of intermediate filaments. Trends Cell Biol 2005 
11;15(11):608-17. 

18. Capetanaki Y, Bloch RJ, Kouloumenta A, Mavroidis M, Psarras S. Muscle intermediate 
filaments and their links to membranes and membranous organelles. Exp Cell Res 2007 
6/10;313(10):2063-76. 

19. Li Z, Mericskay M, Agbulut O, Butler-Browne G, Carlsson L, Thornell LE, Babinet C, Paulin 
D. Desmin is essential for the tensile strength and integrity of myofibrils but not for 
myogenic commitment, differentiation, and fusion of skeletal muscle. J Cell Biol 1997 Oct 
6;139(1):129-44. 

20. Milner DJ, Weitzer G, Tran D, Bradley A, Capetanaki Y. Disruption of muscle architecture 
and myocardial degeneration in mice lacking desmin. J Cell Biol 1996 Sep;134(5):1255-70. 

21. Newey SE, Howman EV, Ponting CP, Benson MA, Nawrotzki R, Loh NY, Davies KE, Blake 
DJ. Syncoilin, a novel member of the intermediate filament superfamily that interacts with 
alpha-dystrobrevin in skeletal muscle. J Biol Chem 2001 Mar 2;276(9):6645-55. 

22. Franke WW, Borrmann CM, Grund C, Pieperhoff S. The area composita of adhering 
junctions connecting heart muscle cells of vertebrates. I. molecular definition in intercalated 
disks of cardiomyocytes by immunoelectron microscopy of desmosomal proteins. Eur J Cell 
Biol 2006 Feb;85(2):69-82. 

23. Ursitti JA, Lee PC, Resneck WG, McNally MM, Bowman AL, O'Neill A, Stone MR, Bloch 
RJ. Cloning and characterization of cytokeratins 8 and 19 in adult rat striated muscle: 
Interaction with the Dystrophin Glycoprotein Complex. Journal of Biological Chemistry 
2004 October 01;279(40):41830-8. 

24. O'Neill A, Williams MW, Resneck WG, Milner DJ, Capetanaki Y, Bloch RJ. Sarcolemmal 
organization in skeletal muscle lacking desmin: Evidence for cytokeratins associated with 
the membrane skeleton at costameres. Molecular Biology of the Cell 2002 July 
01;13(7):2347-59. 

25. Stone MR*, O'Neill A, Catino D, and Bloch RJ. Specific interaction of the actin-binding 
domain of dystrophin with intermediate filaments containing keratin 19. Molecular Biology 
of the Cell 2005;16(9):4280. 

26. Bellin RM, Huiatt TW, Critchley DR, Robson RM. Synemin may function to directly link 
muscle cell intermediate filaments to both myofibrillar Z-lines and costameres. J Biol Chem 
2001 Aug 24;276(34):32330-7. 

27. Sabatelli P, Pellegrini C, Faldini C, Merlini L. Cytoskeletal and extracellular matrix 
alterations in limb girdle muscular dystrophy 2I muscle fibers. Neurol India 2012 Sep-
Oct;60(5):510-1. 

28. Milner DJ, Mavroidis M, Weisleder N, Capetanaki Y. Desmin cytoskeleton linked to muscle 
mitochondrial distribution and respiratory function. J Cell Biol 2000 Sep 18;150(6):1283-98. 



 

 

 

29. Moll R, Divo M, Langbein L. The human keratins: Biology and pathology. Histochem. Cell 
Biol. 2008;129(6):705. 

30. Coulombe PA OM. ‘Hard’ and ‘soft’ principles defining the structure, function and regulation 
of keratin intermediate filaments. Current Opinion in Cell Biology 2002;14(1):110. 

31. Schweizer J, Bowden PE, Coulombe PA, Langbein L, Lane EB, Magin TM, Maltais L, 
Omary MB, Parry DA, Rogers MA, et al. New consensus nomenclature for mammalian 
keratins. J Cell Biol 2006 Jul 17;174(2):169-74. 

32. Smith F. The molecular genetics of keratin disorders. Am J Clin Dermatol 2003;4(5):347-64. 

33. Kirfel J, Magin TM, Reichelt J. Keratins: A structural scaffold with emerging functions. 
Cellular & Molecular Life Sciences January 2003;60(1):56. 

34. Roth W, Hatzfeld M, Friedrich M, Thiering S, Magin TM. Keratin function and regulation in 
tissue homeostasis and pathogenesis. BioMolecular Concepts 2012;3(2):161. 

35. Birkenkamp-Demtroder K, Hahn SA, Mansilla F, Thorsen K, Maghnouj A, Christensen R, 
Oster B, Orntoft TF. Keratin23 (KRT23) knockdown decreases proliferation and affects the 
DNA damage response of colon cancer cells. PLoS One 2013 Sep 9;8(9):e73593. 

36. Baribault H, Penner J, Iozzo RV, Wilson-Heiner M. Colorectal hyperplasia and inflammation 
in keratin 8-deficient FVB/N mice. Genes & Development 1994 December 15;8(24):2964-
73. 

37. Magin TM, Schröder R, Leitgeb S, Wanninger F, Zatloukal K, Grund C, Melton DW. 
Lessons from keratin 18 knockout mice: Formation of novel keratin filaments, secondary 
loss of keratin 7 and accumulation of liver-specific keratin 8-positive aggregates. The 
Journal of Cell Biology 1998 March 23;140(6):1441-51. 

38. Stone MR, O'Neill A, Lovering RM, Strong J, Resneck WG, Reed PW, Toivola DM, Ursitti 
JA, Omary MB, Bloch RJ. Absence of keratin 19 in mice causes skeletal myopathy with 
mitochondrial and sarcolemmal reorganization. Journal of Cell Science 2007 November 
15;120(22):3999-4008. 

39. Lovering RM, O'Neill A, Muriel JM, Prosser BL, Strong J, Bloch RJ. Physiology, structure, 
and susceptibility to injury of skeletal muscle in mice lacking keratin 19-based and desmin-
based intermediate filaments. American Journal of Physiology - Cell Physiology 2011 April 
01;300(4):C803-13. 

40. Haubold KW, Allen DL, Capetanaki Y, Leinwand LA. Loss of desmin leads to impaired 
voluntary wheel running and treadmill exercise performance. Journal of Applied Physiology 
2003 October 01;95(4):1617-22. 

41. Paulin D, Li Z. Desmin: A major intermediate filament protein essential for the structural 
integrity and function of muscle. Exp Cell Res 2004 11/15;301(1):1-7. 



 

 

 

42. van Spaendonck-Zwarts KY, van Hessem L, Jongbloed JD, de Walle HE, Capetanaki Y, van 
der Kooi AJ, van Langen IM, van den Berg MP, van Tintelen JP. Desmin-related myopathy. 
Clin Genet 2011 Oct;80(4):354-66. 

43.  Paulin D,  Huet A,  Khanamyrian L,  Xue Z.  Desminopathies in muscle disease.  The Journal 
of Pathology(4):418. 

44. Li Z, Colucci-Guyon E, Pincon-Raymond M, Mericskay M, Pournin S, Paulin D, Babinet C. 
Cardiovascular lesions and skeletal myopathy in mice lacking desmin. Dev Biol 1996 May 
1;175(2):362-6. 

45. Milner DJ, Weitzer G, Tran D, Bradley A, Capetanaki Y. Disruption of muscle architecture 
and myocardial degeneration in mice lacking desmin. J Cell Biol 1996 Sep;134(5):1255-70. 

46. Lane EB, Rugg EL, Navsaria H, Leigh IM, Heagerty AH, Ishida-Yamamoto A, Eady RA. A 
mutation in the conserved helix termination peptide of keratin 5 in hereditary skin blistering. 
Nature 1992 Mar 19;356(6366):244-6. 

47. Coulombe PA. Point mutations in human keratin 14 genes of epidermolysis bullosa simplex 
patients: Genetic and functional analysis.  Cell 1991;66:1301. 

48. Cheng J, Syder AJ, Yu Q, Letai A, Paller AS, Fuchs E. The genetic basis of epidermolytic 
hyperkeratosis: A disorder of differentiation- specific epidermal keratin genes. Cell 
1992;70:811. 

49. Baribault H, Price J, Miyai K, Oshima RG. Mid-gestational lethality in mice lacking keratin 
8. Genes & Development 1993 July 01;7(7a):1191-202. 

50. Baribault H, Penner J, Iozzo RV, Wilson-Heiner M. Colorectal hyperplasia and inflammation 
in keratin 8-deficient FVB/N mice . Genes and Development 1994;8:2964. 

51. Ku NO, Strnad P, Zhong BH, Tao GZ, Omary MB. Keratins let liver live: Mutations 
predispose to liver disease and crosslinking generates mallory-denk bodies. Hepatology 
2007 Nov;46(5):1639-49. 

52. Ku NO, Darling JM, Krams SM, Esquivel CO, Keeffe EB, Sibley RK, Lee YM, Wright TL, 
Omary MB. Keratin 8 and 18 mutations are risk factors for developing liver disease of 
multiple etiologies. Proc Natl Acad Sci U S A 2003 May 13;100(10):6063-8. 

53. Sandilands A, Smith FJ, Lunny DP, Campbell LE, Davidson KM, MacCallum SF, Corden 
LD, Christie L, Fleming S, Lane EB, et al. Generation and characterisation of keratin 7 (K7) 
knockout mice. PLoS One 2013 May 31;8(5):e64404. 

54. Karantza V. Keratins in health and cancer: More than mere epithelial cell markers. Oncogene 
2011 Jan 13;30(2):127-38. 

55. Gu L, Coulombe P.  Keratin function in skin epithelia: A broadening palette with surprising 
shades.  Current Opinion in Cell Biology 2007( 1): 13. 



 

 

 

56. Pan X, Hobbs RP, Coulombe PA. The expanding significance of keratin intermediate 
filaments in normal and diseased epithelia. Curr Opin Cell Biol 2013 2;25(1):47-56. 

57. Strnad P, Zatloukal K, Stumptner C, Kulaksiz H, Denk H. Mallory-denk-bodies: Lessons 
from keratin-containing hepatic inclusion bodies. Biochim Biophys Acta 2008 
Dec;1782(12):764-74. 

         


