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ABSTRACT
Desmin is a chief intermediate filament of skeletal and cardiac muscle. Its main
function is to provide structural and functional integrity to the cell and to transmit tension
along the myofibrils, protecting them from mechanical stress during contractionrelaxation process. Desmin filaments encircle the Z-bands, link them to each other, to the
nuclear membrane and to the cytoplasmic organelles, which make desmin filaments
important for intracellular organelle positioning. Desmin has also been implicated in
organisation and assembly of sarcomeres during myocyte development and in the process
of signal transduction and apoptosis.
Aberrations of cytoskeletal proteins and desmin in particular, have been
implicated in the development of cardiomyopathies and myopathies. Desmin-related
myopathies and cardiomyopathies constitute a heterogeneous group of severe, inherited
disorders, which to various extent involve skeletal, cardiac and smooth muscles. The
cardiac phenotype may include dilated, hypertrophic and restrictive cardiomyopathies,
bundle branch block and A-V conduction block that result in severe heart failure,
syncopal episodes and sudden death. Some of these patients need a permanent pacemaker
implantation in early childhood.
To identify the frequency of desmin mutation in patients with cardiomyopathies
a direct sequencing of the desmin gene was performed. Two desmin mutations were
identified in patients with dilated cardiomyopathy indicating that desmin gene
derangements are not a common cause of cardiomyopathies. One of the described
mutations was later proposed to be a rare polymorphism, raising a the question about the
possible impact of structural gene polymorphism in the development of cardiac disorders.
To elucidate pathophysiologial events underlying desmin cardiomyopathy and
myopathy a transgenic mouse model carrying L345P desmin mutations was established
using natural a desmin promoter. The desmin transgenic mice (DM) were characterized
by moderate morphological alterations of cardiac muscle and cardiac hypertrophy as well
as decrease of relative skeletal muscle force. The most striking feature of desmin
transgenic mice were ultrastructural mitochondrial changes, namely severe swelling,
vacuolization and crysta disruption. The mitochondrial Ca2+ level was significantly
increased in cardiac and skeletal myocytes from DM mice compared to wild type,
underlining the importance of desmin-mitochondrial interactions in the development of
desmin cardiomyopathy\ myopathy.
To assess the effects of various desmin mutations on the structural and
functional properties of desmin filaments the desmin polymerization process was studied
in vitro and in vivo. The study showed that different mutations of the desmin rod domain
can compromise desmin polymerization at various stages and different amino acids are
critically involved in distinct subunit interactions. However, some mutations do allow
assembly to the filament state and still cause phenotype with aggregate formation in
humans, suggesting that these mutations could affect interactions not relevant in in vitro
conditions and in cultured cells but relevant for tissue homeostasis.

4

LIST OF ORIGINAL PUBLICATIONS
I.

Anna Kostareva, Alexandra Gudkova, Gunnar Sjoberg, Ivan Kiselev, Olga
Moiseeva, Elena Karelkina, Lev Goldfarb, Eugeniy Shlyakhto and Thomas
Sejersen. Desmin mutations in a St. Petersburg cohort of cardiomyopathies.
Acta Myologica, 2006, 12:109-118.

II.

Goudeau B, Rodrigues-Lima F, Fischer D, Casteras-Simon M, Sambuughin N,
de Visser M, Laforet P, Ferrer X, Chapon F, Sjoberg G, Kostareva A, Sejersen
T, Dalakas MC, Goldfarb LG, Vicart P. Variable pathogenic potentials of
mutations located in the desmin alpha-helical domain.
Hum Mutat. 2006 Sep; 27(9):906-13.

III.

Bar H, Mucke N, Kostareva A, Sjoberg G, Aebi U, Herrmann H. Severe
muscle disease-causing desmin mutations interfere with in vitro filament
assembly at distinct stages.
Proc Natl Acad Sci U S A. 2005 Oct 18;102(42):15099-104. Epub 2005 Oct 10.

IV.

Bar H, Kostareva A, Sjoberg G, Sejersen T, Katus HA, Herrmann H.
Forced expression of desmin and desmin mutants in cultured cells: impact of
myopathic missense mutations in the central coiled-coil domain on network
formation.
Exp Cell Res. 2006 May 15;312(9):1554-65. Epub 2006 Mar 7.

V.

Anna Kostareva, Gunnar Sjöberg, Joseph Bruton, Shi-Jin Zhang, Johanna
Balogh, Alexandra Gudkova, Peter Thorén, Lars Edstrom, Anders Arner, Håkan
Westerblad, and Thomas Sejersen. L345P desmin transgenic mice exhibit
morphological and functional changes of cardiac and skeletal muscles.
Submitted.

5

TABLE OF CONTENS
INTRODUCTION ............................................................................... 9
Cardiomyopathies ............................................................................................................. 9
General overview .......................................................................................................... 9
Familial DCMP........................................................................................................... 10
Genetic causes of DCMP ............................................................................................ 12
Desmin ............................................................................................................................ 15
Desmin is a representative of intermediate filaments – a class of cytoskeletal proteins.
.................................................................................................................................... 15
IF of muscle tissue....................................................................................................... 17
Desmin structure ............................................................................................................. 18
Rod domain ................................................................................................................. 18
Non-helical domains ................................................................................................... 19
Desmin polymerization................................................................................................ 19
Desmin functions......................................................................................................... 21
Desmin and apoptosis ................................................................................................. 22
Desmin as a cause of myopathies and cardiomyopathies ................................................ 22
Desmin mutations, leading to DCMP.......................................................................... 22
Clinical features of desmin cardiomyopathy ............................................................... 24
Frequency of desmin mutation in patients with DCMP ............................................... 26
Experimental models of desmin cardiomyopathy ............................................................ 27
Main types of experiments animal models ................................................................... 27
Alterations of cardio-vascular system in desmin knock-out mice. ............................... 28
Mitochondrial changes in desmin-knockout mice........................................................ 28
Role of cytoskeletal proteins in structural and functional regulation of mitochondrias.
.................................................................................................................................... 29
Development of new models of desmin cardiomyopathies/myopathies. ....................... 30

AIMS OF THE STUDY ...................................................................... 31
MATERIAL AND METHODS ............................................................ 32
Paper I and II.................................................................................................................. 32
Patient material........................................................................................................... 32
Sequencing of desmin gene.......................................................................................... 32
Plasmid construction and site-directed mutagenesis ................................................... 32
Cell transfection experiments ...................................................................................... 32
Immunocytochemistry.................................................................................................. 33

6

Paper III.......................................................................................................................... 33
DNA constructs and generation of transgenic mice .................................................... 33
Genotyping analysis .................................................................................................... 33
Southern blot analysis ................................................................................................. 34
Western blot analysis .................................................................................................. 34
Tissue preparation and morphological examination ................................................... 34
Immunohistochemistry ................................................................................................ 35
Echocardiography and electrocardiography............................................................... 35
Langendorff isolated heart preparation ...................................................................... 36
Skeletal muscle contractile function ............................................................................ 36
Measurement of mitochondrial Ca2+ ........................................................................... 37
Behavioural and functional analysis ........................................................................... 37
Papers IV and V .............................................................................................................. 37
Desmin assembly and viscosity assays ........................................................................ 38
Cell culture and microscopic procedures .................................................................... 38
Analytical ultracentrifugation ..................................................................................... 39

RESULTS AND DISCUSSION ............................................................ 40
Desmin mutations in patients with cardiomyopathies ..................................................... 40
Functional and morphological study of L345P desmin transgenic mice ......................... 42
Impact of various desmin mutations on filament formation in vitro and in vivo .............. 48

CONCLUDING REMARKS AND FUTURE PERSPECTIVES ................... 54
ACKNOWLEDGMENTS ................................................................... 56
REFERENCES ................................................................................. 59

7

LIST OF ABBREVIATIONS
CMP

cardiomyopathy

DCMP

dilated cardiomyopathy

HCMP

hypertrophic cardiomyopathy

RCMP

restrictive cardiomyopathy

WHO

world health organization

SA

sino-atrial

AV

atrio-ventricular

CK

creatine kinase

CK MM

creatine kinase muscle fraction

IVS

interventricular septum

WPW

Wolf-Parkinson-White syndrome

IF

intermediate filaments

ULF

unit length formation

CAD

coronary artery disease

SSCP

single strand conformation polymorphism

TGFȕ1

tissue grow factor ȕ1

PCR

polymerase chain reaction

cDNA

cloned DNA

HA

hemagglutinine sequence

ECG

electrocardiogram

SHIRPA

mouse phenotyping protocol

WT

wild type

DM

desmin transgenic mice

MHC

myosin heavy chain

BMGE+H

bovine mammary gland epithelial cells

SW13

human adrenocortical carcinoma cells

MCF

human breast cancer cells

3T3-L1

murine fibroblast-derived cells

8

INTRODUCTION
Cardiomyopathies
General overview
Cardiomyopathies are severe cardiac disorders, leading to myocardial
dysfunction, heart failure, arrhythmias and sudden death. According to WHO
classification (1995) cardiomyopathies can be divided into two major groups, namely
primary (or idiopathic) and secondary (specific) (Richardson, et al., 1996). Secondary
cardiomyopathies include cardiac dysfunction due to myocarditis, specific cardiac
disorders and connective tissue disorders, while primary cardiomyopathies include
cardiac dysfunction due to disease of the cardiac muscle itself. According to the
pathophysiology of the heart, cardiomyopathies can be divided into five groups:
hypertrophic, dilated, restrictive, arrhythmogenic right ventricular dysplasia, and
unclassified cardiomyopathy.
Primary (idiopathic) dilated cardiomyopathy is a myocardial disorder,
characterized by dilation of cardiac chambers accompanied by decreased function of left
or both ventricles, in the absence of other causes which might increase the load on
cardiac chambers (arterial hypertension, valve diseases) or ischemic heart disease severe
enough to decrease cardiac contractility.
DCMP is the most common cause of heart failure after ischemic heart disease and
arterial hypertension, and the primary cause of heart failure in young age (Osterziel, et
al., 2005; Richardson, et al., 1996). This condition is also associated with high frequency
of ventricular arrhythmias and is a common cause of heart transplantation. Five year
survival in DCMP varies from 15% to 50% (Komajda, et al., 1990). The prevalence of
DCMP is about 35 in 100000, but, this may differ between various geographic regions
(Kamisago, et al., 2000; Matsumori, et al., 2002). Thus, the prevalence of DCMP in
Japan is 14 in 100 000, which is different compared to the USA data (Matsumori, et al.,
2002). Among various causes of specific DCMP the most important are viral, toxic
(alcohol, cytostatic drugs) and immune mediated cardiac injury.

In the absence of

obvious cause the disease is classified as primary (idiopathic) DCMP. It is now well
known that the most frequent cause of idiopathic DCMP is the presence of some genetic
9

defect, leading to dysfunction of cardiomyocytes and the myocardium in general.
Idiopathic DCMP can occur sporadically or run in families. The familial cases are
supposed to constitute about 25%-30% of total primary DCMP cases (Hughes, 2005;
Kamisago, et al., 2000; Seidman, et al., 2001). However, according to some authors this
proportion can increase up to 48% and even 65%, depending on diagnostic algorithms
(Baig, et al., 1998; Mestroni, et al., 1999).
Familial DCMP.
In spite of the availability of many instrumental and laboratory methods there are
some difficulties in diagnosing of familial CMP. This is primarily due to lack of
specificity of clinical signs of the disorder. In spite of defined diagnostic criteria, the
disease in some cases is manifested only with ventricular arrhythmias, conduction defects
or sudden death (Mestroni, et al., 1999). In such cases the clinical interpretation might be
difficult, especially in elderly people. Another cause of diagnostic difficulty might be a
small pedigree size. The most common situation is that two to four pedigree members
present with clinical symptoms (Keeling, et al., 1995; Mestroni, et al., 1990). The
medical documentation for the diseased family members might not be informative
enough, and genetic material often unavailable. The situation might be further
complicated by incomplete penetrance; with in autosomal-dominant inheritance it is
usually about 80% and depends on age (Mestroni, et al., 1994). It has been shown that for
pedigree members younger than 20 years the penetrance is 10%, 20-30 years - 34%, 3040 years - 60% and older 40 years - 90% (Mestroni, et al., 1994).
Familial DCMP has autosomal-dominant, autosomal-recessive, X-linked or
mitochondrial type of inheritance. Each type has its own clinical features. The most
common is autosomal-dominant type - 71,5% (Mestroni, et al., 1999). Within this group
there are several typical phenotypes:
- isolated autosomal-dominant DCMP (56% of familial DCMP). It is commonly
characterized by moderate chamber dilation, wall motion abnormalities, and high
frequency of auto-antibodies (Gavazzi, et al., 1993; Keren, et al., 1990).
- autosomal-dominant DCMP with AV defects. (2,6% of familial DCMP) (Mestroni,
et al., 1999). This form is characterized by disease manifestation from SA or AV blocks

10

and ventricular conduction defects as well as supraventriclular and ventricular
arrhythmias. In early stages the chamber dilation is moderate but has a tendency for rapid
progression leading to heart transplantation (Burkett, et al., 2005). This form is
characterized by high risk of sudden death and highest risk of event is during the first
year after disease manifestation (Grunig, et al., 1998).
- autosomal-dominant DCMP and myopathy (7,7% of familial DCMP) (Mestroni,
et al., 1999). This form is characterized by skeletal muscle involvement and elevation of
CK-MM fraction (frequent but not obligatory). It is often characterized by restrictive
pattern of left ventricular hemodynamics (Mestroni, et al., 1999).
- autosomal-dominant DCMP with unclassified clinical features (5,2% of familial
DCMP) (Mestroni, et al., 1999). This group includes disease with rare clinical
phenotypes, such as apical hypertrophy of left or both ventricles, IVS aneurysm, WPW
syndrome and congenital heart disorders.
Autosomal-recessive familial DCMP

occurs in 18,6% of familial DCMP,

manifests early, often before 10 years of age and progresses quickly to lethal outcome or
heart transplantation (50% of cases within the first year after diagnosis) (Mestroni, et al.,
1999). According to some authors, this form is more frequent in certain ethnic groups and
can be combined with sensoneural hearing loss (Schonberger, et al., 2005; Seliem, et al.,
2000).
X-linked type of inheritance contributes to approximately 10% of familial DCMP
and is most often linked to dystrophin or taffazin mutations (Barth, et al., 1983; Bione, et
al., 1996; D'Adamo, et al., 1997; Muntoni, et al., 1995; Neuwald, 1997; Valianpour, et
al., 2002). In the former case DCMP is often combined with skeletal muscle weakness
and elevated CK- MM level (Duchenne or Becker muscular dystrophy). In the latter case
with taffazin mutations the disease manifests as Barth’s syndrome, isolated neonatal
cardiomyopathy, left ventricular non-compactions or endocardial fibroelastosis.
Mitochondrial type of inheritance among DCMP is generally considered
uncommon, and are then usually linked to mitochondrial gene’s mutations (Silvestri, et
al., 1993; Silvestri, et al., 1994; Suomalainen, et al., 1992). However, the causative role
of these mutations is now under discussion because of the high frequency of these genetic
aberrations also in healthy individuals.
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Genetic causes of DCMP
For very many years cardiomyopathies were classified as heart disorders of
unknown origin. However, in the early nineteen eighties, due to development of
molecular and genetic methods and molecular cardiology, the link between this group of
cardiac disorders and genetic defects of various cardiac proteins was established. It is
well known now that HCMP is mostly caused by mutations of sarcomeric genes. As a
consequence to these mutations the function of the sarcomeres, the major contractile units
of the cardiac muscle, is disturbed (Hughes, 2005). This leads to early, often intrauterine
cardiac hypertrophy due to contractile deficiency. There are more than ten proteins
described as a cause for HCMP when mutated (Figure 1). They include ȕ –myosin heavy
chain, myosin-binding protein C and cardiac troponins I, T and C, tropomyosin, Į-actin
(Burton, et al., 2002; Geisterfer-Lowrance, et al., 1990; Moolman, et al., 1997; Niimura,
et al., 1998; Poetter, et al., 1996; Regitz-Zagrosek, et al., 2000; Satoh, et al., 1999).
Together with sarcomeric protein gene mutations, mutation of K-voltage dependent
channels, protein kinase A and mitochondrial DNA can cause HCMP (Bienengraeber, et
al., 2004).
DCMP can also be caused by sarcomeric gene defects, such as mutations of ȕ –
myosin heavy chain, myosin-binding protein C, cardiac troponins I, T and C, Į tropomyosin and Į-actin (Burkett, et al., 2005). However, mutations of structural and
cytoskeletal genes were the first to be described as a cause for DCMP (Seidman, et al.,
2001; Towbin, et al., 2002). In these latter cases the cardiac phenotype often is not
isolated, but instead accompanied by myopathy symptoms. This explains the fact that
many genes linked to DCMP were first described in connection to neuromuscular
disorders (Fatkin, et al., 1999; Muntoni, et al., 1993; Towbin, et al., 1993). Thus, many
DCMP-causing genes encode structural and cytoskeletal proteins responsible for
maintaining cardiomyocyte integrity during contraction-relaxation bouts, and helping in
force transmission from sarcomere to intercellular space and neighbor cardiomyocytes
(Figure 2). This raised the hypothesis of ‘final common pathways’ (Bowles, et al., 2000).
According to this hypothesis DCMP is a result of structural protein deficiency, and
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Figure 1. Schematic view of
cardiomyocyte sarcomere.
(Adapted from Kamisago M et.al.
N Engl J Med 2000, 343:1688)

Figure 2
Schematic view of cardiomyocyte structure and cytoskeleton.
(Adapted from Fatkin D et.al., Phys Rev 2002, 82:945)
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failure of these proteins to maintain structural and functional integrity of the muscle cell,
resulting in cardiac dilation. Similarly, HCMP is considered to result from contractile
protein deficiency, and can be called sarcomere disease. According to

‘final common

pathways’ hypothesis contractile defects lead to development of a hypertrophic
phenotype of CMP, while structural defects lead to a dilated phenotype of CMP.
However, in 2000 Kamisago et al. described novel mutations of ȕ –myosin heavy chain
and troponin T genes as a cause of familial DCMP (Kamisago, et al., 2000). This
encouraged a series

of more detailed studies of the role of contractile proteins in

development of DCMP.

Soon, mutation of cardiac actin, Į–tropomyosin, myosin-

binding protein C and cardiac troponins were described as causative in DCMP
(Daehmlow, et al., 2002; Li, et al., 2001; Olson, et al., 2001; Olson, et al., 1998). These
corroborated the hypothesis of ‘final common pathways’ and instead raised another
question: how mutation of the same genes can lead to development of quite different
cardiac phenotypes. The answer to this question is still unclear. However, a presently
widely supported hypothesis underlines the importance not of the total mutant protein
itself, but rather of the functional sub-domain of the protein which is altered due to the
particular gene mutations. It is proposed that the various effects of the mutations in terms
of Ca2++ sensitivity and protein phosphorylation can be responsible for determination of
final cardiac phenotype, i.e. whether the heart will respond to develop a dilated,
hypertrophic, or restricted type of cardiomyopathy. The answer to this question might
need further studies of signal transduction mechanisms, effects of various grow factors
and modifying genes. It is clear, however, that in spite of many genes described to cause
DCMP when mutated (Table 1), the vast majority of mutated genes are still to be
discovered (Osterziel, et al., 2005).
One important aspect in studies of the genetic CMPs is to establish the frequency
of particular gene mutation in various CMP types. According to Eurogene Heart Failure
Project the genetic cause of HCMP can be identified in 60% of all cases (Richard, et al.,
2003). The study included the following genes: ȕ–myosin heavy chain, Į–myosin,
myosin-binding protein C, cardiac troponins I, T and C, Į -tropomyosin and Į-actin. The
most common were mutations of ȕ–myosin heavy chain and myosin-binding protein C
genes, together accounting for 82% of all cases. Several studies have attempted to
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establish the frequency of various gene mutations in DCMP. Tesson et al. showed that
desmin and actin mutation contribute to not more than 1% of all DCMP cases (Tesson, et
al., 2000). Mutations of ȕ- and į-sarcoglycans also account for approximately 1% of all
DCMP cases (Sylvius, et al., 2003). Mutations of lamin A\C gene are more frequent and
contribute to 5% all DCMP cases complicated by conductive defects. Mutations of
sarcomeric genes can also cause DCMP. Thus, mutations of ȕ–myosin heavy chain gene
account for 10% of familial and 5% of sporadic DCMP cases with an average frequency
of approximately 7.5% (Villard, et al., 2005). Mutations of troponin T contribute to 2%
of DCMP while phospholamban mutations were not found to be a cause of DCMP. It is
important to note that the frequency of a particular gene mutations as a cause of CMP is
very dependent on the study population. Thus, all above mentioned studies were
performed as part of EUROGENE Heart Failure Project in the French population. These
data are potentially in conflict with data obtained by Japanses authors, who did not find
among 99 patients with DCMP mutations of ȕ –myosin heavy chain, myosin light chain,
cardiac troponins I, T and C, Į–tropomyosin, Į-actin and lamin A\C genes (Shimizu, et
al., 2005). However, this may also reflect that different genes are important for
development of CMP in different ethnic populations.
Desmin
Desmin is a representative of intermediate filaments – a class of cytoskeletal
proteins.
Desmin is a cytoskeletal protein with molecular weight 53 kDa and is a
representative of muscle intermediate filaments (IF). IFs can be found in all eukaryotic
cells and constitute one of three classes of cytoskeletal proteins. They are named for their
thickness (10 nm), which is intermediate between thick tubulin (20 nm) and thin actin (8
nm) filaments. IFs are expressed in all cell types in the human body and account for
approximately 1% of all cell mass. The main function of all types of IF is maintenance of
integrity of the call (Chang, et al., 2004). They form the intracellular network, connecting
various organelles with nuclear and cellular membranes, and take part in the intercellular
contacts.
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Table 1
Genes, linked
to DCMP
Table
1
Gene
ACTC
DES

Genes, linked to DCMP
Protein
Protein function
Reference
Cardiac actin
Sarcomeric protein
(Olson, et al., 1998)
Gene
Protein
Protein function
Reference
Desmin
CytoskeletalSarcomeric
Z-line-associated
ACTC
Cardiac actin
protein protein (Li, et al., 1999)
(Olson, et al., 1998)

SGCD

ǻ-sarcoglycan
DES
Desmin

MYH7

ȕ-myosin
Sarcomeric Dystrophin-associated
protein
(Kamisago,(Tsubata,
et al., 2000)
SGCD
ǻ-sarcoglycan
protein
et al., 2000)

TNNT2

ɋardiac
Ɍ
Sarcomeric Sarcomeric
protein
MYH7 troponin
ȕ-myosin
protein

(Kamisago,(Kamisago,
et al., 2000)et al., 2000)

TPM1

Į-tropomyosin
Sarcomeric
protein
TNNT2 ɋardiac troponin
Ɍ
Sarcomeric
protein

(Olson, et al.,
2001)
(Kamisago,
et al., 2000)

TTN

Titin
TPM1

Sarcomeric Sarcomeric
protein
Į-tropomyosin
protein

(Gerull, et al.,
2002)et al., 2001)
(Olson,

VCL

Vinculin
TTN

Titin

Sarcomeric Sarcomeric
and intercalated
disc
protein

VCL

Vinculin

protein

MYBPC Ɇyosi-binding

Dystrophin-associated
(Tsubata,
al., et
2000)
Cytoskeletalprotein
Z-line-associated
protein et(Li,
al., 1999)

(Olson, et al.,
2002)et al., 2002)
(Gerull,

Sarcomeric and intercalated disc

Sarcomeric protein

protein ɋ Ɇyosi-binding
MYBPC

(Olson, et al., 2002)

(Daehmlow, et al., 2002)

Sarcomeric protein

(Daehmlow, et al., 2002)

MLP

LIM-proteinprotein ɋ Z-line-associated protein

(Knoll, et al., 2002)

ACTN2

Į-actinin-2
protein
MLP
LIM-proteinSarcomeric Z-line-associated
protein

(Mohapatra,(Knoll,
et al., 2003)
et al., 2002)

PLN

Phospholamban
reticulumprotein
ACTN2 Į-actinin-2 Sarcoplasmic
Sarcomeric

(Schmitt, et(Mohapatra,
al., 2003) et al., 2003)

ZASP

Cypher
PLN

(Vatta, et al.,
2003) et al., 2003)
(Schmitt,

MYH6

Į-myosin
ZASP
Cypher

ABCC

SUR2A
MYH6

proteins
Į-myosin Potassium ATP-dependent
Sarcomeric protein

ABCC

SUR2A

LMNA

Lamin Ⱥ/ɋ
LMNA

DMD

Z-line-associated
protein reticulum
Phospholamban
Sarcoplasmic

(Carniel, et (Vatta,
al., 2005)
et al., 2003)
(Bienengraeber,
et etal.,
(Carniel,
al., 2005)

2004)
Potassium ATP-dependent proteins
Cytoskeletal

Lamin Ⱥ/ɋlamina

Dystrophin
DMD

Sarcomeric Z-line-associated
protein
protein

protein

of

Cytoskeletal

(Bienengraeber, et al.,

nuclear (Fatkin, et al.,
1999)
2004)

protein

of

Main protein
of dystrophin
lamina
complex
Dystrophin membrane Main
protein of dystrophin

nuclear (Fatkin, et al., 1999)
(Muntoni, et al., 1993)
(Muntoni, et al., 1993)

TAZ

Taffazin

Mitochondrial
acyltransferase
membrane
complex

TNNI3

Troponin
I Taffazin
TAZ

Sarcomeric Mitochondrial
protein
al., 2004)
acyltransferase(Murphy, et(Bione,
et al., 1996)

TNNI3

16
16

Troponin I

Sarcomeric protein

(Bione, et al., 1996)
(Murphy, et al., 2004)

Table 2
Types of IF
Class

Protein

Tissue

I

Acid keratins

Epitelium

II

Basic keratins

Epitelium

III

Vimentin

Mesenchima

Desmin

Muscles

AGFP

Astrocytes

Peripherin

Peripheral neurons

Syncoilin

Muscle

Neurofilaments

CNS

Į-internexin

CNS

Nestin

Neuroepitelium

Synemin

Somite stage in heart. In mature muscle

IV

present in smooth and skeletal muscle
V

Nuclear lamins

Nuclear lamina of all cells

Others

Fakinin

Lens

Filensin

Lens

Besides, IFs are of importance because of their tissue-specificity. There are
more then 50 types of IF. Every tissue expresses it’s own IF depending on its function.
There are six main types of IF, listed in Table 2. All IFs have the same structure,
including an Į-helical rod domain and flanked by non-helical head and tail domains.
The amino acid sequence in the rod domain is highly conserved. At the same time the
head and tail domains are very variable. These domains provide the unique functions
for each individual IF protein, and it’s interactions with other organelles.
IF of muscle tissue
In the early embryonic period the main IFs of the muscle cells are nestin and
vimentin. However, their expression decrease with time and they are not detectable in
adult mature myocytes by the birth time (Sejersen, et al., 1993). Their expression in the
adult muscle cells can be determined only upon pathological processes or muscle
regeneration. An example of this is Duchenne muscular dystrophy where the dystrophic
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process causes the activation of satellite cell division and appearance of immature
regenerating fibers. There are also data that nestin can be detected in mature muscle in
the myotendineus junctions (Carlsson, et al., 1999).
The expression of desmin also starts at early embryonic stages. In cardiac tissue
it can be detected already at week 8 of pregnancy in humans (Kim, 1996). Its
expression in muscle cells increases during embryogenesis, and by the time of birth
desmin is the main IF of healthy mature muscle cells in the human body.
The desmin gene is localized on chromosome 2 (2q35). The gene was cloned
and sequenced in 1996. Later it was shown that mutations of the desmin gene is linked
to distal myopathy and cardiomyopathy. The gene consists of 9 exons covering 8,4 kb
and is highly conservative in all vertebrate species. Desmin protein is expressed in all
skeletal and smooth muscles as well as in the heart. Its filaments arrange in a network,
connecting all myofibrils with each other and with nuclear and plasma membrane, and
with other cellular organelles (Fuchs, et al., 1994; Lazarides, 1980). Desmin filaments
are connected to the myofibrils in the area of Z-lines, which explains the most intense
staining of Z-lines with anti-desmin antibody, resulting in the typical cross-striated
pattern. It has been shown that the assembly initiation takes place around the nuclear
membrane by means of interaction via the C-terminal tail domain. In contrast, the
interaction with the outer cellular membrane is carried out by N-terminal head domain
in the desmosomes (Albers, et al., 1992). Desmin filaments do not simply terminate in
the desmosomal plaque matrix but expand further and interact with desmosomal
proteins such as desmoplakin, BPAG1, plectin and envoplakin, providing tight contact
with the desmosome and the outer cellular membrane.
Desmin structure
Rod domain
The rod domain has a highly conserved amino acid sequence with the most
conserved areas in N- and C-ternimal parts. It consists of four Į-helical parts (1A, 1B,
2A, 2B) linked with short non-helical links (Herrmann, et al., 1998; Parry, 2005). There
is a repeated constant amino acid motif covering the entire rod domain. Every third and
seventh amino acid in this repeated motif is hydrophobic (Figure 3). This enables the
hydrophobic interactions between IF molecules, which is thought to be one of the key
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mechanisms in IF polymerization (Fuchs, et al., 1994; Herrmann, et al., 1998;
Herrmann, et al., 1998).
The most important part of the rod domain is the C-terminal part of the 2B part.
Missense mutations of this region often lead to severe polymerization defects, and
cause filament aggregation. This could lead to severe human disorders such as
epidermolys bullosa in case of keratin mutations, or desmin myopathy in case of
desmin mutations.
Non-helical domains
Head and tail domain are non helical and varies in their length and amino acid
sequence among various IFs. These parts of the IF molecule contribute to its individual
unique properties as well as to its interactions with other proteins, enzymes and
organelles (Herrmann, et al., 1998). In the head domain there are locuses important for
assembly and stability of the molecule. In contrast to the head domain, the tail domain
is not involved in the polymerization process, but instead plays an important role in
specific intracellular interactions (Franke, et al., 1994; Fuchs, et al., 1998; Fuchs, et al.,
1994).

Figure 3 Desmin protein structure
a - different parts of desmin rod domain with mutation clustering in part 2B.
b – alignment of various desmin genes from different species showing the most conserved
parts of the gene. (Adapted from Bar et. al, Proc Nat Acad Sci, 2005, 102:150099)

Desmin polymerization
Polymerization of desmin molecules into entire filament structure is a
complicated process, which is possible mostly due to lateral annealing of rod domains
(Herrmann, et al., 2000; Herrmann, et al., 1999; Herrmann, et al., 1996; Kreplak, et al.,
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2005). At the first stage, two Į-helixes due to hydrophobic interactions form a polar
dimer. Two polar dimers anneal antiparallel and form non-polar tetramers, called
protofilaments. Two protofilaments associate to form a protofibril, which by means of
lateral annealing form a short fibre called ULF (Figure 4). The latter undergo
elongation and form immature IF with 16 nm of diameter (Strelkov, et al., 2003).
Following a process of radial compaction, immature IF fibers transform to the mature
ones (10-11 nm), and take part in the formation of filamentous IF network.

Figure 4

Desmin polymerization

Several steps which desmin filaments undergo during the polymerization process.
(Adapted from Bar et. al, Proc Nat Acad Sci, 2005, 102:150099 )

The IF polymerization process results in the non-polar IF fibers, in contrast to
polar microtubules and actin filaments. In the intracellular space there are always some
tetra-octamers present, which are probably ready to use assembly units. It is not clear yet
what preserve these units from further polymerization and keeps them soluble. This
process may depend on conformational changes of the head domain which is necessary
for proper polymerizations as mentioned earlier.
The polymerization process is well described in in vitro studies. However in vivo
the whole process is more complicated and is less studied as it includes interactions with
IF-associated proteins and other cellular organelles (Bova, et al., 1999; Djabali, et al.,
1997; Green, et al., 2005; Nicholl, et al., 1994; Quinlan, 2002). The study of desmin
polymerization in vitro and in vivo is important for understanding of mechanism of action
of various desmin mutations, and their impact on desmin biochemical and functional
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properties. Since desmin polymerization is a key process in providing normal structure
and function to desmin filaments, the alteration of this process due to various desmin
mutations can be important in the pathogenesis of desmin-related disorders.
To date, analyses of the impact of various desmin mutations on desmin
polymerization process have been presented mostly as part of functional studies of
separately described mutations performed by means of various cell line transfections.
However, with increasing number of described desmin mutations, as well as separate data
on their functional consequences, it becomes necessary to perform a uniform study of
desmin polymerization in vivo and in vitro using standard cell lines and culturing
conditions.
Desmin functions
In spite of well studied structure and intracellular localization of desmin, its role
in development and function of muscle cells are not completely clear. As previously
mentioned desmin takes part in maintenance of cellular integrity and provides cellular
resistance to mechanical stress during contraction\relaxation (Blake, et al., 2002).
However, data on the role of desmin in sarcomeric organization are controversial. It has
been shown that desmin knock-out mice are vital and fertile (Li, et al., 1996). According
to several authors sarcomeric organization and myofibril assembly in the embryonic
period of these animals are not altered (Li, et al., 1996; Thornell, et al., 1997). This would
imply that desmin is not essential for myofibrillogenesis and spatial organization of the
sarcomere. However, in the postnatal period these mice present severe alterations of the
muscle cells. Ultrastructural defects include myofibril disorganization and alteration of
their lateral alignment, abnormal mitochondrial structure and nuclear shape as well as
cellular adhesion (Capetanaki, et al., 1998). Thus desmin is important for myofibril
stability after sarcomere formation. In the embryonic chicken cardiomyocyte cultures
treatment with anti-desmin antibodies leads to altered distribution of Į-actinin, titin, Cprotein and actin (Wang, et al., 2000). Since Į-actinin and titin take part in Z-disk
formation, their redistribution and inability to incorporate properly in sarcomeric
structure can be connected to altered interaction with desmin filaments.
One of the main desmin functions in striated muscle cells is maintenance of
myofibril parallel alignment (Ehler, et al., 2000). Contraction of entire muscle cell is a
result of many separate myofibril contractions. Thus, a simultaneous action with equal
shortening of sarcomeres is an obligatory condition for effective force generation in the
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muscle fiber. Separate shortening of differently oriented myofibrils for different lengths
would lead to decrease of the contraction force. Desmin fibers, connected to Z-lines by
help of plectin, ensure equal length of sarcomeres and provide increase of contraction
force in the muscle cells (Hijikata, et al., 1999).
Another important function of desmin is an interaction with various cellular
organelles and their positioning within the cell. It is of particular importance for
mitochondrial structure and function as has been shown in desmin knock-out mice
(Capetanaki, 2002).
There is some data supporting desmin function also in signal transduction and
transduction of mechanical stimuli from extracellular space to the nucleus (Helfand, et
al., 2005; Ingber, 1997; Sadoshima, et al., 1997). This may play an important role in
cardiomyocyte hypertrophy in response to pressure and volume load. Several authors
showed the ability of desmin to influence intranuclear events and its participating in gene
regulation (Weitzer, et al., 1995).
Desmin and apoptosis
During apoptotic processes many cellular structures are proteolysed by serine
proteinases named caspases. Since IFs are important parts of the cellular cytoskeleton, the
proteolysis of such hardly soluble cytoplasmic proteins is an important part of
programmed cell death. It has been shown that during apoptosis most of IF proteins are
proteolysed by caspases due to specific caspase-recognition sites. In desmin this site was
localized to Asp263 position (Chen, et al., 2003; Prasad, et al., 1999).

Desmin as a cause of myopathies and cardiomyopathies
Desmin mutations, leading to DCMP
In the year 1978 Fardeau described a case of familial myopathy with
accumulation of desmin-positive granulofilamentous aggregates in muscle cells and
linked this disorder to desmin soon followed by a similar finding by Edström et al
(Edstrom, et al., 1980; Fardeau, et al., 1978). Within the next 20 years emerged more data
about inherited desmin myopathies and cardiomyopathies and intracellular desmin
accumulations. In the year 1998 Goldfarb and Dalakas first proved that these disorders
can be caused by desmin gene mutations (Goldfarb, et al., 1998). To date there are 28
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desmin mutations described and this number is constantly increasing. Most of the
mutations are localized in C-terminal part of the rod domain in exons 5 and 6. A list of all
described desmin mutations is presented in Table 3 and schematically shown in Figure 5.

Figure 5. Localization of desmin mutations.
Arrows indicate phenotype reported for each mutation (up arrows-skeletal muscle only; down
arrows- cardiomyopathy only; bi-directional arrows- both skeletal and cardiac muscle disease;
*indicates restrictive cardiomyopathy;

-indicates deletion. (Adapted from Taylor R et. al,

Circulation 2007; 115:1244).

The first case of desmin mutation described was a combination of two missense
mutations A360P and N391I in exon 6, part 2B of rod domain (Goldfarb, et al., 1998).
Interestingly, clinical manifestation was observed only in family members carrying the
combination of both mutations. One of these mutations was obtained from the mother
and the other from the father, each without any clinical symptoms. Genetic screening of
healthy individuals showed that these amino acid substitutions do not represent genetic
polymorphisms. Soon thereafter Sjoberg et. al. described L345P desmin mutation in a
large family with distal myopathy and cardiomyopathy occurring in six generations
(Sjoberg, et al., 1999). The desmin L345P mutation had autosomal-dominant type of
inheritance, and the mutation was also localized in exon 6 corresponding to the 2B part of
the protein.
The first case of a large deletion of the desmin gene was described by MunozMarmol and co-authors (Munoz-Marmol, et al., 1998). They reported a case of 21 bp
deletion corresponding to 1B part of the protein. This mutation caused a unique
phenotype with involvement of all three types of muscle – skeletal, cardiac and smooth.
The clinical picture included cardiomyopathy, myopathy and gastrointestinal motility
defects. Apart from the muscle defects these patients also had inborn sensor deafness or
hearing loss. The autopsy showed not only desmin accumulations in muscle tissues but
also a neurofilament aggregates in the spinal cord. This is not the only case of
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concomitant defects of two IF in the same patient (Sabatelli, et al., 1992). They represent
the occurrence of simultaneous defects of two genes from the same gene family, with
similar structure and assembly mechanisms (Ariza, et al., 1995). Another remarkable
desmin mutation was described in 1999 by Li and co-authors (Li, et al., 1999). They
described I451M mutation in a familial case of cardiomyopathy over 4 pedigree
generations. The clinical symptoms included cardiomegaly and congestive heart failure.
The disease manifested in the 2nd or third decades and caused a lethal outcome in young
age. None of the family members had signs of distal myopathy, and their CK levels were
normal. Thus, the mutation caused DCMP without any signs of distal myopathy. It is
important to note that the disease had a more severe phenotype in men than in women.
This may be due to influence of X-linked penentrance or hormonal factors. Later the
same I451M mutation was described by Dalakas and co-authors (Dalakas, et al., 2000).
In contrast to the first case, the cardiac phenotype was detected only in one out of three
family members and was rather mild (mitral valve prolapse, mitral and tricuspid
regurgitation). Subclinical signs of skeletal myopathy were detected in all three family
members investigated. An autosomal dominant inheritance pattern was suggested. The
reason for such phenotypical difference between two families with the same desmin
mutation is not clear. One of the explanations could be the difference in the genetic
background and influence of various modifying genes.
Clinical features of desmin cardiomyopathy
A major feature of desmin cardiomyopathies is disturbance of the cardiac
conduction system. The disease often manifests with AV block which progresses quickly
and leads to complete AV blocks. Syncope can be the first clinical sign of the disease,
and may result in pacemaker implantation. Conduction defects can cause a lethal
outcome due to high frequency of sudden death syndrome. Therefore a commonly
accepted strategy in familial DCMP cases with conduction defects is an early pacemaker
implantation, even with benign symptoms such as bundle branch block. Sporadic cases
are more complicated for diagnostics, especially if conduction defects are the first and the
only sign of the disorder and cardiomyopathy\myopathy symptoms appear later in life. In
this case conduction defects can be misdiagnosed as myocarditis and delayed
implantation of pacemaker can lead to sudden death syndrome. Conductive
cardiomyocytes are particular sensitive to desmin defects. The reason for this is, most
likely, a particular importance of desmin in the conductive myocytes
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Table 3 Desmin mutations and their phenotypes
Mutation
Ser2Ile
Ser46Phe
Del (173-179)
Ala213Val
Ins X245
Glu245Asp
Del (214-245)
Ala337Pro
Asn342Asp
Leu345Pro
Ala 357Pro
Del(359-361)
Ala360Pro
Del(366)
Leu370Pro
Leu385Pro
Gln389Pro
Asn393Ile
Arg406Trp
Lys449Thr
Ile451Met

Type
of Phenotype
inheritance
?
?
ȺR
Skel+Card+SM
?
De novo
De novo
?
ȺD
De novo
AD
AD
AD
AD
AD
ȺR
AD
AD
De novo
De novo
ȺR
De novo
?
AD

Card
Skel
Skel +Card
Card
Card+Skel
Skel
Skel
Skel+Card
Skel
Skel
Card+Skel
Skel+Card
Skel
Skel+Card
Skel
Card+Skel
Card+Skel
Skel
Card
Skel
Card+Skel
Card+Skel
Card+Skel
Card+Skel

IVS2-1gĺa
AD
IVS2-2aĺt
AD
IVS3+1gĺa
AD
IVS2+3gĺa
AD
ȺD – autosomal-dominant
ȺR – autosomal-recessive
Card - Cardiac phenotype
Skel – Skeletal phenotype
SM – symptoms of smooth muscle involvement

Reference
(Selcen, et al., 2004)
(Goldfarb, et al., 2004)
(Munoz-Marmol, et al.,
1998)
(Bowles
N,
2002;
Goldfarb, et al., 2004)
(Schroder, et al., 2003)
(Goldfarb, et al., 2004)
(Park, et al., 2000)
(Goldfarb, et al., 2004)
(Dalakas, et al., 2000)
(Dalakas, et al., 2000)
(Sjoberg, et al., 1999)
(Dagvadorj, et al., 2003)
(Kaminska, et al., 2004)
(Goldfarb, et al., 1998)
(Kaminska, et al., 2004)
(Dagvadorj, et al., 2003)
(Sugawara, et al., 2000)
(Goudeau, et al., 2001)
(Goldfarb, et al., 1998)
(Park, et al., 2000)
(Selcen, et al., 2004)
(Li, et al., 1999)
(Dalakas, et al., 2003)
(Park, et al., 2000)
(Goldfarb, et al., 2004)
(Goldfarb, et al., 2004)
(Park, et al., 2000)

that provide the proper migration of electric impulse. This is supported by data,
obtained by Thornell and co-authors, showing that desmin expression in conductive
myocytes is several times higher then in ordinary cardiomyocytes (Kjorell, et al., 1982;
Thornell, et al., 1981).
Another important feature of desmin cardiomyopathy is the occurrence of
cardiac chamber dilation, leading to decrease of systolic function and heart failure. In
four out of eleven proved cases of desmin cardiomyopathies such chamber dilation was
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observed. In two of them the dilation was more prominent in the right ventricle. In all
cases described above the cause of the death was congestive heart failure due to
cardiomegaly. The severe chamber dilation accompanied by conductive defects and
poor effect of conservative therapy make heart transplantation the only possible way of
treatment of such patients.
RCMP can also be part of desmin cardiomyopathy phenotype. Among cases
with distal myopathy with desmin accumulations, a restrictive type of cardiomyopathy
is not rare. Restrictive hemodynamics and heart failure often dominate the clinical
picture, requiring cardiac transplantation for successful treatment. Only in one of the
described myopathy/RCMP cases a genetic analysis of the desmin gene was performed,
and a desmin mutation was found as a cause of the disorder (Park, et al., 2000).
Another study performed by Arbustini and co-authors reported occurrence of several
desmin mutations in cases of isolated RCMP without muscle symptoms. All these data
confirm that RCMP can be part of desmin mutation phenotype.
In conclusion, the cardiac phenotype of desmin mutations can involve
conduction defects, DCMP, RCMP or their combination. Even though a combination of
cardiac phenotype with muscle phenotype is the most common, desmin mutation can
cause isolated cardiac disorders. Since cardiomyopathies are the second most common
cause of sudden death syndrome after CAD, their early diagnosis and determination of
primary genetic defect are of particular importance. The implantation of pacemaker at
an early time is golden standard in the treatment of such patients as it was showed that
antiarrhythmic treatment is not effective in these cases and does not reduce a frequency
of sudden death syndrome (Echt, et al., 1991).
Frequency of desmin mutation in patients with DCMP
By the time when our study was designed there were only two studies published
on the frequency of desmin mutations in patients with DCMP. The first study included
43 familial and 43 sporadic cases of DCMP. All desmin exons were analyzed for
presence of desmin or actin mutations by SSCP methods and no mutations had been
found (Tesson, et al., 2000). The authors concluded that mutation of desmin or actin
genes are not common cause of DCMP in European population. The second study
included Japanese 265 patients with DCMP. In this study only exon 8 was studied for
the possible presence of desmin mutations because the only desmin mutation with pure
cardiac phenotype reported by that time was I451M, located in exon 8. The frequency
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of desmin exon 8 mutations in patients with DCMP was reported to be approximately
1% (3 out of 265 cases) (Miyamoto, et al., 2001). However, it is important to note that
in both studies SSCP method was used which is not considered to be 100% reliable in
mutations detection. In the second study the analysis was limited to only one out of
nine desmin exons. Therefore, the question about the frequency of desmin mutations in
DCMP still remained to be answered. This prompted us to analyze the frequency of
desmin mutations in DCMP patients using direct sequencing, and including the entire
coding sequence of the desmin gene. Taking into account the presence of desmin
mutations among RCMP patients, as well as data on the causative role of the mutations
in the same gene in the development of several types of cardiomyopathies, we included
in our study patients with RCMP and HCMP as well.

Experimental models of desmin cardiomyopathy
Main types of experiments animal models
An important part of all experimental research in cardiac and other fields is
using of genetically-modified animal models. This approach has been used for more
then 20 years and nowadays is one of the most valuable in studying both mono- and
polygenic disorders. The animal species most often used for genetic modifications are
mice due to their relatively short pregnancy and life spans, easy breading process, and
well studies genome. There are two main principles in creation of genetically-modified
mice: transgenic method and method of homologous recombination. In the transgenic
method the artificially mutated gene is added to the normal animal genome and the
resulting mouse strain carry two normal natural alleles and several mutated. Expression
of both normal and mutated proteins can be detected in the animal. The method of
homologous recombination includes a complete ablation of the studied gene without
artificial substitution and the resulting mouse strain is completely defective in
expression of gene-encoded protein (knock-out). This method allows a detailed study of
protein functions and the consequences of their defects. Variants of this technique
allows introduction of a modified gene (knock-in).
Up to date there are three genetically-modified experimental animal models of
desmin myopathy and cardiomyopathy. First, two knock-out models were created by
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the method of homologous recombination, and the third model was created using
transgenic method (Li, et al., 1996; Milner, et al., 1996; Wang, et al., 2001).

Alterations of cardio-vascular system in desmin knock-out mice.
According to published data, mice with desmin gene knocked out are fertile and
upon birth have normally developed cardiac and muscle systems (Li, et al., 1996;
Milner, et al., 1996). This led to the conclusion that desmin is not essential for
myogenesis, myoblast fusion and myogenic differentiation in the embryonic or fetal
period. However, after birth the animals showed muscle changes most prominent in
heart, smooth muscle and diaphragm (Li, et al., 1996). In cardiac tissue there were signs
of transient hypertrophy followed by cardiac dilation with increased expression of
angiotensin-converting enzyme and TGFȕ1 (Mavroidis, et al., 2002). Massive
cardiomyocyte death was accompanied by fibrosis and calcification, most prominent in
the right ventricle. The extracellular matrix changes included increased expression of
fibronectin and collagen type I, as well as of the small proteins osteopontin and decorin.
In the vascular wall there was severe alteration of aorta’s media, as well as of the
carotid artery resistance to mechanical stress and decrease of elasticity (Milner, et al.,
1999). All described morphological changes progressed with age and during physical
exercises (two weeks of swimming test). In desmin knock-out mice there was an
increased incidence of sudden death upon physical exercises.
Mitochondrial changes in desmin-knockout mice.
Ultrastructural study of the heart tissue showed alteration of parallel myofibril
alignment, myofibril degradation and large areas of cleared cytoplasm without cellular
organelles (Capetanaki, 2002; Milner, et al., 2000). The most prominent ultrastructural
changes were noticed in mitochondria. They included proliferation and an increase of
their subsarcolemmal pool, as well as appearance of intermyofibrillar mitochondrial
clusters along with swelling and disrupture of mitochondrial matrix (Milner, et al.,
1999). All described changes were more prominent in the right ventricle, and appeared
to be the most early and sensitive sign of desmin cardiomyopathy. Functional
mitochondrial changes included increase of mitochondrial ADP affinity and decrease of
their oxidative capacity. It’s important to note that all described functional changes
were noted only in in vivo studies, and were absent in studies of isolated mitochondria
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(Milner, et al., 2000). All above data suggest the important role of cytoskeletal proteins,
and desmin in particular, in providing normal mitochondrial structure and function,
their proliferation and intracellular distribution.
Role of cytoskeletal proteins in structural and functional regulation of
mitochondrias.
Under normal physiological condition mitochondrial function is regulated by
many physical and biochemical factors, such as ADP and Ca++ concentrations, cellular
pH, membrane potential and others. Among these factors, also cytoskeletalmitochondrial interactions are important regulators of mitochondrial structure and
function. The connection between mitochondrial structure and cytoskeletal proteins
have been shown by many authors (Rappaport, et al., 1998). However, the precise
mechanisms for these interactions are not well described yet. It was shown that
mitochondrial function is dependant on the shape and tension of outer mitochondrial
membrane (Bernardi, 1992). Since these properties can be dependent on cytoskeletal
proteins, this could be one of the potential mechanisms of mitochondrial-cytoskeletal
interaction. It has been reported that mitochondrial affinity to ADP depends on
interaction of outer mitochondrial membrane proteins with several cytoskeletal protein
(Reipert, et al., 1999; Saks, et al., 1995; Saks, et al., 1998). The precise biochemical
interactions within this process are not well understood. According to one hypothesis
desmin disorganization or desmin absence leads to release of cytoskeletal-associated
factors from the outer mitochondrial membrane which control the permeability of
mitochondrial membrane for ADP. Such factors can include IF-associated proteins such
as plectin, which has been shown to interconnect desmin filaments and mitochondria.
Desmin-mitochondrial interactions also appear to be important in terms of
mitochondrial-dependent apoptosis. Alterations of physical properties of the outer
mitochondrial membrane and its permeability for various ions can lead to the swelling
of mitochondrial matrix, disruption of outer mitochondrial membrane and release of
cytochrome C and other triggers of apoptotic process. It has been shown that one of the
mechanisms of experimental desmin-related cardiomyopathy is mitochondrialdependent cardiomyocyte apoptosis due to mitochondrial matrix swelling (Maloyan, et
al., 2005). This makes it particular important to study desmin-mitochondrial
interactions and the role of desmin in the apoptotic process in desmin cardiomyopathies
and myopathies.
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Development of new models of desmin cardiomyopathies/myopathies.
In spite of giving a lot of valuable data, the above mentioned desmin-related
experimental mouse models have several limitations. Thus, in desmin knock-out
models the total absence of desmin gene and protein is far from a normally occurring
physiological situation. It does not reflect the situation mostly often seen in desminrelated human disorders since the latter are characterized not by total absence of desmin
protein but by co-existence of normal and mutated desmin alleles (in case of dominantnegative inheritance). So far, transgenic techniques give the possibility of more
clinically relevant animal models. The most commonly used promoter for driving
cardiac-specific gene expression in transgenic mice has been the promoter of the Įmyosin heavy chain gene, and this was also used for desmin-transgenic mice. Even
though this promoter gives a high expression level in myocardium, its function is
restricted only to cardiac tissue and does not allow differentiating the expression pattern
in contractile and conductive myocytes. When it comes to mimicking desmin-related
disorder it might serve as a limitation since the pathological changes in desmin-related
disorders are often seen in all three types of muscle tissues – skeletal, cardiac and
smooth, and importantly also in the conductive system of the heart. One possible way
to solve this problem is to use a native desmin promoter. Thus, the transgenic mouse
model with native desmin promoter could, in theory, allow studying the effects of
desmin mutation in all three types of muscle tissues and create a disease model closely
related to human disorder.
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AIMS OF THE STUDY
The general aim of the study was to extend our knowledge on desmin role in the
development of cardiovascular and muscle disorders. To address this question we used
several approaches – cellular studies, experimental mouse model and screening a
human cardiomyopathy population. This allowed us to study the desmin gene and
protein on a cellular, tissue and macro-organic level. In designing of our study we set
up the following specific aims:

1. To evaluate the frequency of desmin mutations in patients with
cardiomyopathies.
2. Using a transgenic experimental model to uncover important
pathogenestic mechanisms, and describe characteristic features of desmin
cardiomyopathy\myopathy.
3. To investigate the impact of desmin rod domain mutations on the process
of filament assembly using in vitro approach.
4. To analyze the influence of desmin rod domain mutations on desmin
polymerization in cellular systems and to correlate the obtained data with
in vitro studies, and with clinical data.
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MATERIAL AND METHODS
Paper I and II
Patient material
The study was performed according to Helsinki declaration and approval was
obtained from the local ethic committees in St. Petersburg and Stockholm. Patients with
dilated, hypertrophic and restrictive cardiomyopathies treated in St. Petersburg
Cardiology Institute Hospital and State I. Pavlov Medical University Cardiology in 19982004 were included into the study. The diagnosis of cardiomyopathy was made on the
basis of commonly used diagnostic criteria. Clinical data and case history were obtained
from medical records.
Sequencing of desmin gene
Genomic DNA was extracted from peripheral blood using a phenol-chlorophorm
purification method. All encoding exons of the desmin gene (DES) were analyzed. The
detailed parameters of the PCR reactions are available upon request. After amplification,
PCR fragments were cleaned with a PCR purification kit (Montage PCR, Millipore, cat.
N UFC7PC250), and cycle sequencing was performed using Big Dye Terminator Cycle
sequencing kit version 3.0 (Applied Biosystems, cat N 4390244 ) according to the
manufacturer’s instructions. Sequence analysis was performed on ABI PRISM 377 and
the data were interpreted using BioEdit sequencing analysis program.
Plasmid construction and site-directed mutagenesis
Mouse desmin cDNA was obtained by PCR amplification and cloned into pBK
RSV vector. The resulting product was used for transformation of XL1 Blue supercompetent cells (Strategene, cat n 200236). After colony inoculation, the plasmids were
purified using Plasmid Mini Kit (Qiagen, cat number 12125) and positive clones were
identified by BigDye Terminator sequencing reaction version 3, Applied Biosystems, cat
number 4390244).
Cell transfection experiments
HeLa cells were cultured on the cover slips in Optimem Medium, containing Lglutamat, gentamycine (1µg/ml) and 10% FCS. Cells were transfected with 1µg of
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plasmid using FuGene reagent (Roche) according to manufacture instructions and fixed
with 4% PFA after 72 hours.
Immunocytochemistry
Double-staining was performed according to the following protocol. After
permeabilisation in 0,5% PBS-Triton for 5 min and wash in PBS, unspecific staining was
blocked with 15% FCS during 30 min. Slides were then incubated for 1,5 h at r.t. with
desmin polyclonal antibody (DAKO) diluted 1:200, washed in PBS and incubated with
TRITC anti rabbit (1:50) secondary antibody for 40 min. After blocking of ”sticky ends”
of anti-rabbit antibodies by incubating with 10% normal rabbit serum 1h r.t., monoclonal
vimentin antibody (DAKO) 1:200 was applied and visualized with FITC anti mouse 1:50
(DAKO) secondary antibody. DAPI was used for nuclear staining.
Paper III
DNA constructs and generation of transgenic mice
The T to C mutation in codon 345, causing an amino acid change from Leucine to
Proline (L345P), was introduced into the mouse desmin cDNA (kind gift of Denise
Paulin) by site-directed mutagenesis. We tagged the desmin construct at the 5' end with a
hemaglutinin sequence (HA tag) of 30 nucleotides coding for the amino acid sequence
YPYDVPDYAS, which is specifically recognized by an HA antibody. A poly A tail was
finally attached to the desmin 3' end and the whole construct was inserted downstream of
the 4 kB mouse desmin promoter (kind gift of Dr. Denise Paulin). The desmin gene and
promoter was then cleaved out from the cloning vector and purified for introduction into
J-129 mouse pronuclei. Stable transgenic lines were established by mating with C57 Bl/6
mice. Animal care and experiments were approved by the local animal ethics committee
at Karolinska Institute, Stockholm.
Genotyping analysis
Total genomic DNA was extracted from tail tip after overnight incubation in lysis
buffer containing proteinase K. Primers, covering HA sequence and exon-exon borders
were used for genotyping PCR reaction.
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Southern blot analysis
Following overnight digestion with EcoR1, mouse genomic DNA was separated
by size on an agarose gel and transferred to nylon membrane according to a standard
protocol. In order to confirm the transgenic status of the founder animals, a membrane
was hybridized with a 500 bp P32-labeled probe, covering exon-exon borders of the mouse
desmin gene. For identification of transgene copy numbers, DNA from different founders
was hybridized with a 460 bp P32-labeled probe containing exon 1 sequence of mouse
desmin gene. To determine the ratio between wild type and transgenic copy number,
images were obtained with an isotope scanning camera (Fujifilm, Tokyo, Japan) and
quantification was performed using ImageGuard 3,45 software.
Western blot analysis
Tissue samples were homogenized on ice in intermediate filament suspension
buffer, containing phosphate buffered saline (PBS, pH 7.4), 1 % Triton X, 5 mM EDTA
and protease inhibitors. After centrifugation at 4° C, the supernatant was removed and
saved as soluble fraction. The pellet was resuspended in SDS-PAGE loading buffer,
boiled, centrifuged, and the insoluble fraction (enriched for filamentous desmin) was
obtained as supernatant. Both soluble and insoluble fractions were run on 10% SDSpolyacrylamide gel, followed by transfer to nitrocellulose membranes. The relative
amount of total protein was estimated by staining the membrane in Ponceau reagent with
subsequent destaining in distilled water and blocking in 8% non-fat milk in TBS-0.1 %
Tween. For detection of desmin, the membrane was incubated over night at 4° C with
anti-desmin polyclonal antibody (DAKO), diluted 1:6000 in blocking solution, followed
by washing in TBS-0.1 % Tween, and incubation with the secondary anti-rabbit-HRP
conjugated antibody (1:10 000) for 1 hour at room temperature. For detection of the HAtag, rat monoclonal anti-HA antibodies (5mU/ml), directly conjugated to HRP were
applied to the membrane for 1 hour at room temperature. After washing the membranes
in TBS-0.1 % Tween, the signal was detected by Enhanced Chemi Luminescence
Advance (Amersham Pharmacia Biotech) and visualized with a CCD camera (Fujifilm,
Tokyo, Japan). All quantifications were done using ImageGuard 3,45 software.

Tissue preparation and morphological examination
Animals were killed by cervical dislocation and tissue samples for light
microscopy were immediately excised, washed in PBS, mounted in Tissue Tec, and
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frozen in liquid nitrogen. Separate samples from left ventricle free wall, right ventricle
and interventricular septum, as well as cardiac cross sections were obtained. For skeletal
muscle examination, cross sections of m.soleus, m.tibialis anterior, m.extensor digitorum
longus (m.edl), diaphragm and tongue were used. Conventional staining with
hematoxyline-eosin and Sirius Red staining for cardiac muscle as well as myosinATP4,3, myosin-ATP4,5 and COX staining for m.soleus were performed according to
standard protocols. Fibers were classified as type I, IIa or IIb/x based on their myosinATPase staining characteristics. Sections were examined in Zeiss Axioscop 2
microscope.
Electron microscopy was performed on left ventricle, m.tibialis anterior and
m.soleus. After fixation in 2.5% glutaraldehyde in phosphate buffer, samples were cut in
blocks approximately 2×0.5 mm and postfixed in OsO4 in PBS, dehydrated in alcohol
and embedded in Epon. Semi-thin sections (0.1 µm) were stained with toluidin blue.
Areas of interest were selected for ultrathin sections (150-200 nanometers) and contrasted
with uranyl acetate and lead citrate. Sections were examined in a 1235 Jeol transmission
electron microscope (Jeol Ltd., Tokyo, Japan) at 60 kV. For each animal a minimum of 4
sections were studied, and in total 3 animals from each group were examined.
Immunohistochemistry
Cryosections were air-dried, blocked with 10% normal rabbit serum and
incubated over night at 4° C with primary anti-desmin polyclonal antibody (DAKO),
diluted in blocking solution 1:200. After being washed in PBS, sections were incubated
for 1 hour at room temperature with anti-rabbit FITC-conjugated secondary antibody,
diluted in blocking solution 1:50. Sections were visualized on a Zeiss Axioscop 2
microscope.
Echocardiography and electrocardiography
Animals were anesthetized with 1.2 % isofluran and maintained on a heated
platform. Two-dimensional guided M mode images were obtained at the level of
papillary muscles using Philips ATL HTI5000E equipped with a 15 MHz probe, CL 157. All parameters were summed up over several cardiac cycles to result in recording of
the mean values. Left ventricle end-systolic (LVESD) and end-diastolic (LVEDD)
diameters as well as systolic (LVPWs) and diastolic (LVPWd) posterior wall thickness
were measured using leading edge –to- leading edge convention. Left ventricular
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shortening fraction was calculated as [ (LVEDD-LVESD)/LVEDD] × 100%. ECG was
recorded simultaneously. A two-lead limb connection was attached, and baseline
recordings were obtained for 15 min before starting echocardiography. ECG analysis was
performed with PcLaB software version 5.0.
Langendorff isolated heart preparation
The Langendorff technique (Langendorff, 1895) was performed essentially as
described previously (Balogh et al., 2002) with minor improvements, such as initially
perfusing the excised heart with cardioplegic solution (Krebs-Hensleleit solution with 30
mM KCl) to improve cardiac survival during dissection, transport and mounting of the
heart. In short, the animal was killed by cervical dislocation, the aorta was cannulated and
the heart was perfused with Krebs-Hensleleit solution. Thereafter the heart was perfused
with 4° C cardioplegic solution until the contractions stopped. The aorta was connected to
the apparatus and the heart was retrogradely perfused with 37° C Krebs-Hensleleit
solution at 80 mm Hg perfusion pressure. A small balloon (polyethylene) was inserted
into the left ventricle. The balloon was filled with saline solution with increments of 5 µl
to maximal volume of 30 µl. The balloon itself contributed at maximal filling volume
with about 30 % of the diastolic pressure. The pressure of the balloon was corrected for.
After the experiment the weight of the heart and cardiac ventricles were measured. The
ventricular wall thickness and stress were calculated according to Strömer et al. (Stromer,
et al., 1997).
Skeletal muscle contractile function
The contractile function of skeletal muscle was studied in 30 and 70 weeks old
female control mice and DM mice. Animals were killed by cervical dislocation,
following which the intact m.edl and m.soleus were then isolated. Muscles were mounted
in a stimulation chamber in Tyrode solution at 25° C. The muscle length was adjusted to
that giving maximum tetanic force response. Muscles were then allowed to rest for 30
min. The force–frequency relationship was studied by sequentially stimulating the muscle
to give a single twitch or a 1000-ms tetani at 10, 15, 20, 30, 50, 70 or 100 Hz. These
contractions were produced at 1-min intervals. After the force-frequency relationship was
established, fatigue was induced by repeated 50-Hz tetani with duration of 600 ms and
given at 2-s intervals. The recovery of force was followed by giving a single tetanic
contraction at 1, 2, 5, 10, 20 and 30 min after the end of fatiguing stimulation.
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Measurement of mitochondrial Ca2+
Mitochondria were loaded with the Ca2+-sensitive dye rhod-2 as follows.
Cardiomyocytes were incubated in 5 µM rhod-2-AM (Molecular Probes) for 60 min at 4
ºC and then washed for 20 min at room temperature. Soleus fibres were incubated in 5
µM rhod-2-AM (Molecular Probes) for 120 min at room temperature and then washed for
30 min. A BioRad MRC 1024 and a Nikon Diaphot 200 inverted microscope with a
Nikon Plan Apo 40x oil immersion objective lens (N.A. 1.3) were used. Rhod-2 was
excited with 568 nm light and the emitted light collected through a 585 nm long-pass
filter. Confocal images were taken of the muscle fibres at rest and then at regular
intervals during and after a series of contractions. Confocal images were stored and
analysed offline with ImageJ.
Behavioural and functional analysis
The SHIRPA primary screening protocol was used for behavioral and phenotypic
assessment of the mice. The protocol includes a battery of separate tests and
measurements. It has previously been reported to be a reliable method for indicating
motor and neurological defects, as well as characterisation of mutant mouse strains
(Rafael, Nitta et al. 2000). Several of the tests were primarily used for the phenotypic
description of the L345P mutant mice. In the wire maneuvre test a suspended mouse is
allowed to grasp the metallic wire with its fore limbs, and is then released. Animals are
supposed to grasp the wire with their hind-legs immediately or within several seconds
after being released. In touch escape test the examiner observes the mouse reaction for
the approaching and touching hand, and in the limb tone test the resistance of the backlimbs is estimated in the supine position. Two animal groups, 10 animals each of wild
type (WT) and desmin mutated (DM), were examined at different ages; 14, 25, 39 and 59
weeks. The protocol was performed blindly, i.e. the examiner was unaware of which
group the mouse belonged to. For statistical evaluation Fischer exact test was used. More
detailed information on the SHIRPA protocol is available on the web site of ENU
Mutagenesis Program http://www.mgu.har.mrc.ac.uk/mutabase/shirpa.

Papers IV and V
The full-length clone of the complete mouse desmin WT cDNA was generously
provided by Y. Capetanaki (Athens, Greece). For protein expression, full length wild type
37

(WT) or mutant cDNA were subcloned into the prokaryotic expression vector pDS5. The
mutations were introduced by site directed mutagenesis and were verified by sequencing.
For transfection studies the full length clones were inserted into the unique EcoR1 site of
the eukaryotic expression vector p163\7 which drives expression with a MHC promoter
for all cells except HeLa where in pBK vector with SVT promoter for HeLa cells.
Desmin assembly and viscosity assays
The Escherichia coli strain TG1 (Amersham, Germany) was transformed with
WT and mutant desmin plasmids, respectively. For in vitro reconstitution of purified
recombinant protein, 0.5-1.0 mg of protein was dialyzed overnight into a buffer
containing 5 mM Tris-HCl (pH 8.4), 1 mM EDTA, 0.1 mM EGTA and 1 mM DTT
®

(“Tris-buffer”) using regenerated cellulose dialysis tubing (Spectra/Por , MWCO 50.000;
Roth, Germany). Assembly was initiated by addition of equal amounts of “assembly
buffer” (45 mM Tris-HCl, pH 7.0, 100 mM NaCl). Viscosity measurements were
routinely performed at a protein concentration of 0.3 mg/ml in an Ostwald viscometer
(Cannon-Nanning, Semi-Viscometer, Zematra BV, The Netherlands) at 50 mM NaCl, 25
0

mM Tris-HCl (pH 7.5), 37 C.
Cell culture and microscopic procedures
For transfection studies we employed vimentin-free bovine mammary gland
epithelial cells (BMGE+H), human adrenocortical carcinoma cells (SW13), human breast
cancer cells (MCF7), and vimentin-positive murine fibroblast-derived cells (3T3-L1) and
HeLa cells. Cells were grown on glass cover-slips and transiently transfected (Fugene 6

®

according to the manufacturer’s protocol; Roche, Germany) with wt desmin or mutant
plasmids, respectively. 48h after cDNA transfection, cells were processed for
immunocytochemistry. Briefly, cells were fixed in methanol for 5 min, permeabilized in
acetone for 3 min and blocked in 10% donkey serum in phosphate-buffered saline (PBS)
for 30 min. The cover slips were incubated with the monoclonal anti-desmin antibody
RD301 (Dianova, Germany) or the polyclonal rabbit anti-desmin serum together with the
monoclonal anti-vimentin antibody Vim 3B4 (both from Progen, Germany) for 60 min at
room temperature. After thoroughly rinsing in PBS, a Cy-3 labelled donkey-anti-mouse
antibody (Dianova, Germany) and Alexa 488 labelled donkey-anti-rabbit antibody
(Invitrogen, Germany) were applied simultaneously for 30 min together with DAPI for
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nuclear staining (4,6-diamidino-2-phenylindole; Boehringer Mannheim, Germany). The
cover slips were mounted on glass slides in Fluoromount G (Southern Biotechnology
Associates, USA). Cells were viewed by confocal laser fluorescence microscopy
(DMIRE 2, Leica, Germany).
Analytical ultracentrifugation
Analytical ultracentrifugation experiments were carried out in “Tris-buffer”, using
a Beckman analytical ultracentrifuge (Optima XLA) equipped with an ultraviolet
absorption optical system. Data analysis was performed using the program DCDT+
[Version 1.13].

39

RESULTS AND DISCUSSION
Desmin mutations in patients with cardiomyopathies
Many desmin mutations have been described in familial and sporadic cases of
distal myopathies, often in combination with cardiomyopathy and conduction defects. In
some of the described cases the disease phenotype was represented only by dilated or
restrictive cardiomyopathy without any muscle symptoms. Desmin should thus be
considered to be one of the candidate genes responsible for the development of various
types of cardiomyopathies.
In order to identify the frequency of desmin mutations in patients with
cardiomyopathies we have screened the full coding sequence of the desmin gene in 98
patients with dilated, 40 patients with hypertrophic, and 4 patients with restrictive
cardiomyopathy.
Desmin mutations were identified in two individuals in the DCMP group,
suggesting that desmin mutations are associated with dilated cardiomyopathy and placing
the approximate frequency of desmin-dependent DCMP at 1-2%. As only one of the 2
detected amino acid alterations is likely to be a disease causing mutation (see below), we
conclude that desmin mutations are rare causes of CMP.
The first mutation, IVS2-2AĺG, occurred in the exon 3 splicing acceptor site,
presumably resulting in exon 3 skipping. The mutation was identified in a 19 years old
male patient with DCMP and complete AV block with no clinical signs of myopathy.
The second (A213V) amino acid substitution was identified in a male patient with
DCMP associated with a first degree AV block and left bundle branch block diagnosed at
the age of 66 years. Prior to that, he had a 10 year history of arterial hypertension.
Similar to previously reported cases, the clinical picture in both cases described
here includes aberration of the cardiac conduction system with various rhythm
disturbances. This supports the notion that alteration of the cardiac conduction system
appears to be the most constant and typical feature of desmin cardiomyopathy.
It is interesting to note that another splicing mutation in intron 2 acceptor site
(IVS2-1), resulting in deletion of exon 3 (Park, Dalakas et al. 2000), also primarily leads
to a right ventricle dilation. This is, however, not the case in intron 3 donor site splicing
mutation (IVS3+2), described by the same authors. Whether the finding that intron 3
acceptor site mutations are associated with right ventricular dilation represents a random
association or has a pathogenetic significance remains unclear.
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The IVS2-2AĺG splicing mutation was not found in 200 healthy control
individuals (400 chromosomes). But of these same 200 control individuals there were 2
asymptomatic A213V carriers not related to patients with cardiomyopathies or
myopathies. No DES mutations were found in patients with RCMP and HCMP.
To test whether that A213V variation might represent a conditional mutation,
predisposing to cardiac dilation in patients with already compromised cardiovascular
system, e.g. by hypertension, we screened for this mutation in 30 patients, satisfying the
following criteria:
1. Moderate and severe arterial hypertension (systolic blood pressure 160 mmHg
and diastolic blood pressure 100) with or without coronary artery disease.
2. No previous myocardial infarction.
3. Echocardiographic signs of heart dilation in the absence of other known causes,
such as valve defects or congenital heart disease.
No A213V amino acid change was found in this group of patients.

Figure 6. A213V and WT desmin transfection in HeLa cells
Desmin staining is in red and vimentin staining is in green.
Desmin filamentous are preserved and extend all over the cell.

Further information on the importance of the A213V amino acid change may be
obtained by analysis of its filament forming capacity. Immunohistochemical staining of
HeLa cells transfected with A213V desmin showed formation of discrete filamentous
41

desmin network at the gross level similar to the one produced by the wild type desmin,
however, somewhat less regular in shape (Figure 6). Further, presence of the A213V
desmin did not cause interference with the pre-existing intermediate filaments and extend
all over the cell but somewhat less regular in shape. When comparing the amino acid
sequence of various species, one finds that position 213 is not highly conserved: the African
clawed frog Xenopus laevis encompasses a glycine and the shark Scyliorhinus stellaris a
histidine. Summing up, the A213V amino acid change might only represent a polymorphism,
as both amino acids are hydrophobic and even otherwise very similar. After the results of

our study were accepted for the publication, another paper reporting the frequency of
desmin gene mutations in patients with RCMP have been published. In this study the
same as in our study alanine to valine (Ala213Val) substitution was detected in a large
pedigree with DCMP and in 6 unrelated DCMP subjects. The 213Val mutation did not
segregate with the disease phenotype because it was present in 4 healthy individuals and
absent in 1 affected individual. After additional analysis of 86 DNA samples from
healthy controls without cardiomyopathy the Arg213Val mutation was detected in 2
samples. So far four other groups have reported Ala213Val substitution in
cardiomyopathy patients and the question about its pathogenic role is still under
discussion, also because of the actual but slight aberrations in its filament forming ability.
The most conclusive data arguing against its causative role in DCMP is the absence of
mutation segregation in DCMP pedigree. Of particular importance is the absence of
A213V substitution in one affected family member, since two unaffected members can
develop the disease phenotype later in time. These data suggest that the Ala213Val is
most likely the only known amino acid polymorphism in desmin rod domain (allele
frequency _ 1%) rather then a low penetrant mutations. At the same time functional data
on A213V substitution (Papers IV and V) does not rule out that it may have a negative
influence on cardiac function, and in a particular circumstances, such as arterial
hypertension or CAD, facilitate cardiac dilation.

Functional and morphological study of L345P desmin transgenic mice
Different desmin mutations underlie inherited cardiomyopathies/myopathies with
varying phenotypic characteristics, both concerning filament forming ability, and clinical
features such as severity and involvement of the cardiac and/or skeletal muscle system.
We have set up a transgenic mouse model of the L345P desmin mutation, previously
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described in a large kindred with desminopathy, in order to understand why, and under
what circumstances, this mutation causes myopathy and cardiomyopathy. A vector
containing L345P mutated desmin cDNA driven by a desmin 4 kb-promoter was
constructed as described in materials and methods. A HA-tag was placed before exon 1
of the desmin gene for easy transgene identification (Figure 7).

Desmin
promoter

HA-tag

Desmin gene with
L345P mutation

Figure 7. Schematic structure of transgenic construct
HA tag was inserted between natural desmin promoter and desmin gene.
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Transgenic desmin expression in L345P desmin transgenic mice.

a. Various proportions of L345P desmin in soluble and insoluble protein fractions.
b. Western blot picture of L345P desmin in soluble and insoluble protein fractions.

Expression of the transgenic construct was detected in cardiac and skeletal
muscle, but not smooth muscle. The transgenic desmin was expressed at low levels,
corresponding to approximately 5% of wild type desmin in insoluble protein fraction both
in young and old adult skeletal muscle and heart, but not in bladder (Figure 8 a). The
reason for such low transgene expression in our study is not completely clear. One of the
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explanations could be the requirement of additional regulatory sequences and enhancer
elements, necessary for sufficient activation of the desmin promoter (Li, Marchand et al.
1993; (Mericskay, et al., 2000). Lack of required regulatory elements also explain the
absence of L345P desmin expression in bladder.
It is important to note that transgenic L345P desmin was detected in higher level
(15% of the wild type desmin) in the soluble protein fraction (Figure 8b). In
physiological conditions desmin molecules form di-, tetra-, and octamers and the
polymerization process results in formation of highly insoluble desmin filaments. Thus,
normally, desmin is mostly present in the insoluble protein extract. Therefore our data
correspond well with previously reported in vivo and in vitro results showing that L345P
mutant desmin, as well as several other mutant desmin isoforms, are not able to
polymerize properly (Sjoberg, Saavedra-Matiz et al. 1999; Sugawara, Kato et al. 2000).
This was further confirmed by our studies reported in papers IV and V. All above could
explain the higher relative abundance of L345P mutant desmin in the non-filamentous
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Figure 9. In vitro study of heart muscle in L345P desmin transgenic mice Pressure-volume
relationships of Langendorff perfused hearts from WT (n=5) and DM (n=5) 80 weeks old mice.
A - Developed pressure (systolic – diastolic) at different filling volumes. B - Corresponding
passive (diastolic) pressure. C - Calculated active (developed) wall stress. D - Calculated passive
(diastolic) wall stress.
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Assessment of cardiac function was performed by using echocardiography, ECG
and the Langendorff heart model. At the age of 40 weeks echocardiography revealed
significant increase of left ventricular posterior wall dimensions in diastole and systole in
DM mice, compared to WT (p < 0.05). Systolic and diastolic dimensions of LV as well as
shortening fraction in DM mice did not differ from the control group. At the age of 70
weeks a thickening of the left ventricular posterior wall and in DM mice was noticed as
well. At the same time of left ventricular end-diastolic dimension was significantly
smaller in DM mice (p < 0.05), compared to WT. Cardiac in vitro performance, studied
by Langendorf heart preparation was unaltered (Figure 9). The PQ interval, recorded by
ECG, did not differ significantly between DM and WT groups (39±1 and 39±2 ms
respectively).
Morphological examination of DM animals showed various, but mild pathological
alterations. They included increased interstitial cellularity due to macrophage and
fibroblast-like cell infiltration, minor perivascular oedema, focal myocytolysis and
occasional mild myocyte hypertrophy. Microfocal cardiomyocyte disorganisation was
observed rarely and did not lead to gross alteration of overall tissue organization. The
most typical feature of the cardiac muscle in the DM group was accumulation of focal
amorphic protein depositions in perivascular spaces and in foci of muscle fibre
disruption. The latter were accompanied by granuloma formations and caused a
disruption of tissue architecture. Macrophages were observed in perivascular and
intermyocyte spaces. Enlarged cardiomyocyte nuclei in DM mice contained 1-3 nucleoli,
compared to 1 in WT. In some cardiomyocytes perinuclear vacuolisation were observed.
Skeletal muscle changes in DM mice were observed in isolated soleus muscle,
and included alterations in force generation parameters. At the age of 70 weeks tetani
contraction time was significantly longer in DM m. soleus compared to WT (153,4±8,8
and 122±7,3 , p < 0.05). In relative force at twitch DM m. soleus at 15 Hz and 20 Hz was
significantly lower than WT (p < 0.05). No significant difference in any of these
parameters was found in m. edl, suggesting that alterations due to L345P desmin
mutations relate mostly to slow oxidative skeletal muscles.
The most striking changes in DM mice were observed in mitochondrias. The
latter revealed decreased crypta density and disappearing crypta. Sometimes
mitochondria were significantly enlarged in size. Significant vacuolization of
mitochondrial matrix often resulted in the formation of circular membrane structures.
Abnormally looking mitochondrias usually appeared grouped in clusters, observed along
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pools of normally appearing mitochondria, and was often concomitant with alteration of
myofibril distribution and thinning of myofibrils. In such cases the intermyofibrillar
space was filled with amorphous unstructured material. All these changes were constantly
observed in all study samples from both cardiac and skeletal muscle of DM mice and
were not present in WT mice.

Figure 10. Mitochondrial Ca++ currents in myocytes from DM and WT mice.
2+

A – Comparison of mitochondrial Ca uptake and release in cardiomyocytes after one min of 1
Hz stimulation in normal Tyrode solution in DM (n=10) cells and WT (n=16) cells. F/F0 - relative
increase in the fluorescence level. Values are mean ± SEM. All values significantly different
between groups, * p<0.005 except for five minutes value where + p<0.05.
B - Comparison of mitochondrial Ca2+ uptake and release in soleus fibres during and after a series
of 500 tetanic contractions at 2 s intervals in WT (n = 5) and DM (n = 3) cells. F/F0 - relative
increase in the fluorescence level. Values are mean ± SEM.

The observed changes in mitochondrial morphology prompted us to study
mitochondrial function in L345P desmin transgenic mice. Since structural and functional
changes of mitochondria have been suggested to be caused by their excessive loading
with Ca2 (Bernardi, 1999), we decided to study mitochondrial Ca2+ uptake in DM
animals.
Both in cardiac and soleus muscle fibers from DM mice there was a significant
increase of intramitochondrial Ca

2+

level. Mitochondrial Ca2+ increases were more

pronounced and also were less readily reversed in DM than in WT fibers (Figure 10).
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Since desmin is known to play an important role in mitochondrial positioning and
function, we speculate that impaired physical properties and function of desmin filaments
due to co-polymerization with L345P desmin compromises the outer mitochondrial
membrane and leads to the matrix swelling. Several desmin-associated proteins (plectin,
synemin and paranemin) have been described as potential linkers between desmin
filaments and mitochondria (Reipert, et al., 1999). Whether desmin filaments themselves,
or through linker proteins influence physical and biochemical properties of the outer
mitochondrial membrane remains elusive. Another mechanism, leading to severe
disruption of mitochondrial matrix could involve the mitochondrial transient permeability
pores (MTPP). These structures are formed in outer and inner mitochondrial membranes
in response to various stimuli, such as hypoxia and Ca2+, and lead to release of preapoptotoc factors

(Bernardi, 1999). Interestingly, in desmin knock-out mice

cardiomyopathy and mitochondrial abnormalities are rescued by overexpression of Bcl-2
(Weisleder, et al., 2004), lending an additional support for the possible role of MTPP in
mitochondrial damage due to desmin abnormalities.
Aside from their important role as energy suppliers, mitochondria may play a
further role, which is to modulate the cytosolic free [Ca2+] ([Ca2+]i). This has been
demonstrated in many tissues including neurons, cardiac myocytes and frog skeletal
muscle fibres. In our study we showed that mitochondrial Ca2+ uptake is increased, and
release slowed, both in cardiomyocytes and in skeletal muscle fibres of DM mice,
compared to WT. Further studies of mitochondrial function, permeability and Ca2+
homeostasis in L345P desmin mice are necessary to clarify the role of desmin in
mitochondrial structure and function.
One can explain the phenotypic changes in DM mice based on the mitochondrial
abnormalities present. Impaired mitochondrial function might be a trigger for myocardial
hypertrophy, and, as a compensatory mechanism, prevent from gross alteration of cardiac
function.

Ca2+ is reported to be a potential stimulator of reactive oxygen species

formation in mitochondria (ROS) (Brookes, et al., 2004). Thus, we speculate that
impaired mitochondrial function together with formation of ROS in response to increased
mitochondrial Ca2+ level can lead to the poor recovery of soleus after fatiguing
demonstrated here. Mouse soleus normally consists predominantly of slow oxidative type
I muscle fibers highly dependent on mitochondrial function. For this reason it therefore
seems reasonable that soleus muscle is the muscle type most compromised in DM mice.
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From our results we conclude that transgenic mice carrying a L345P desmin
mutation, expressed at low levels, have mild alterations of cardiac and skeletal muscles,
which do not correlate to overt desmin aggregate formation in the muscle and are most
likely linked to mitochondrial abnormalities, induced by L345P desmin mutation.

Impact of various desmin mutations on filament formation in vitro and in vivo
The effects of various desmin mutations on the structural and functional
properties of desmin filaments and their polymerization process are unknown. It has
generally been assumed that a severe disease-causing mutant will also exhibit a major
assembly defect in in vitro assembly. Therefore we aimed to study the consequences of
different desmin rod mutations on in vitro and in vivo assembly. We decided to focus
only on 2B desmin mutations since most pathogenic desmin mutations were found in this
evolutionary highly conserved rod domain.
More specifically, we focused our analysis on the distinct phases of IF assembly,
employing analytical ultracentrifugation, viscometry and “time-lapse” electron microscopy.
For in vivo analysis we used IF-free SW-13 cells, keratin-positive BMGE + H cells and

vimentin-positive 3T3 cells.
Under standard in vitro assembly conditions, WT desmin assembled into
ultrastructurally normal looking filaments. At the same time recombinant mutated desmin
isoforms exhibit four different assembly modes. Based on these different assembly modes
we divided all desmin mutants into four groups to further characterize their properties
using in vitro and in vivo studies.

1. Almost normal IF formation (DesA213V, DesE245D, DesA360P, DesQ389P,
DesN393I, and DesD399Y).
Surprisingly, out of 14 mutant desmin isoforms 6 exhibited evidently normal
filament formation although in human they all lead to myopathy and often to
intrasarcoplasmatic desmin aggregation. Missense mutations in coil 1B (DesA213V,
DesE245D) gave an assembly pattern indistinguishable from WT filaments. Four other
mutants in coil 2B formed filaments of slightly irregular diameter which had a tendency
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to stick to one another. It is important to note that these filaments seemed to be able to
“branch” which is not observed in WT desmin.
Viscometric analysis showed a normal increase in the relative viscosity for
DesE245D, DesQ389P and DesD399Y. In contrast, for DesA213V, DesA360P and
DesN393I the viscosity increased normally only during the first 30 minutes followed by
rapid increase of the viscosity indicating the formation of highly viscous gels. This is
particular important in terms of the A213V mutation, where our data support some
functional alteration caused by this substitution.
In desmin\vimentin free cells coil 1B mutants formed IFs comparable to DesWT,
and all other mutants (DesA360P, DesQ389P, DesN393I, and DesD399Y) were able to
form filamentous network. It is important to note, however, that DesA213V filaments in
BMGE + H cells were less regular and bundle-like, supporting a on very mild but distinct
effect of A213V substitution on filament structure and function

in vivo. In 3T3

fibroblasts expressing vimentin, all mutant desmin variants apart from DesQ389P were
able to integrate into vimentin filaments, and only the DesQ389P mutant variant
completely segregated from vimentin.
2. Disturbed longitudinal annealing and radial compaction (DesL385P and
DesR406W).
For these mutants single ULF-like precursors were visible within the short
filamentous structures indicating a major disturbance of the elongation process. From
these data it becomes clear that the annealing process of ULFs consists of consecutive
large-scale rearrangements. This was accompanied by alteration of radial compaction
process since the resulting short filaments retained their original diameter. The
viscometric analysis mirrored this disturbance because after the initial rise of viscosity
reflecting the early stage of polymerization there was no further increase of relative
viscosity.
Both desmin mutants exhibited severe assembly defects in transfected SW13 and
BMGE + H cells, leading to formation of coarse granular or dot-like cytoplasmic
aggregates. In vimentin-expressing 3T3 cells these desmin isoforms exerted a dominant
negative effect on the vimentin network, leading – like DesQ389P – to a reorganization
of the entire vimentin cytoskeleton.
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3. Enhanced filament adhesiveness and aggregate formation (DesA337P,
DesN342D, and DesA357P).
These mutations caused enhanced stickiness of the filaments, leading to the
formation of large aggregates composed of filamentous material. Viscometry aggregation
showed a sudden drop of the relative viscosity after an initial normal rise since aggregates
generate much less viscosity than the corresponding free filaments.
Similar patterns of the mutant protein were noticed during in vivo study in
vimentin-free cells where variously shaped and sized aggregates were distributed
throughout the cytoplasm. In vimentin-positive 3T3 cells this effect was more complex.
The DesA337P and DesN342D mutants segregated from the vimentin filaments, but left
the network mostly unaffected, while DesA357P had a pronounced deleterious effect on
the endogenous vimentin cytoskeleton.
4. Conserved ULF formation but deterioration of assembly and breakdown into
small aggregates (DesL345P, DesR350P, and DesL370P).
For these three mutant desmin isoforms, the assembly process was already
disturbed at the ULF stage since after 10 sec of assembly, filaments resembling ULFs
were seen in the solution only very occasionally. These ULF-like structures subsequently
broke \ into small fibrous aggregates. DesL345P mutation gave the smallest structures
which were well separated from each other. Correspondingly, viscosity exhibited only a
slight initial increase with no further change within one hour of observation. After
transfection into vimentin-free cells, these above mutants formed structures very similar
to members of category 3. In 3T3 cells, all three mutants lead to a collapse of the
endogenous vimentin network in the perinuclear region, but not as drastic as with mutants
from category 3.
All above mentioned data were in general confirmed by in vivo studies on
vimentin-positive HeLa cells. For HeLa transient transfections we used an eukaryotic
vector with SV40 promoter, which did not allow us completely to exclude overexpression
of desmin mutants. These data were therefore not part of the manuscripts. However,
HeLa transfection results, presented in Table 4, generally support all observations
described in 3T3 cells.
Obtained in vitro and in vivo data indicate that different amino acids and
subdomains are critically involved in distinct subunit interactions. Mutations of the
desmin rod domain can compromise desmin polymerization at various stages as analyzed in
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N393I

Q389P

L385P

L370P

A360P

A357P

N342D

collapsed

dots

- Small dots all over the cytoplasm.

net

and disturbed.

In Des+ cells Vim is still filamentous, but irregular, uneven

Vimentin staining

Des/Vim knots.

colocalize with Vim, making it more intense and forming

net observed, only around nucleus.

Not intense

‘strands’, ‘’wire knots’’

They are observed only in Des+ cells and absent in Des-.

around the nucleus cytoplasm up to the membrane
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Uneven and irregular, thickened net – Starting points (very intense) co localize with Desmin.

Filaments A bit more intense Regular and even net all over the Looks mostly normal

filaments

Irregular

around the nucleus reaching the membrane

Filaments Regular net mostly Weakly extends to cytoplasm, without Looks almost normal

co-localize more with Des filaments.

those cases Vim filaments are less present in cytoplasm, but

more intense and less regular when follow Des filaments. In

beaded Expansion to cytoplasm is very rarely Vimentin filaments look filamentous, being significantly

around the nucleus

collapsed

aggregates ‘concentrate’ Vim filaments around them.

being more concentrated around Des aggregates. Des

net Weak, not intense net and dots in Vim filamentous net looks mostly normal. Des aggregates

dots.

around the nucleus cytoplasm

Filaments Weak

and dots

Filaments Filamentous

nucleus.

filaments beads around the different size. Prevail either filaments, or normal. If Des aggregates –Vim filaments are disturbed,

Dots and Sometimes – 2-3 Thick irregular filaments and dots of If Des filaments prevail - Vim filamentous net looks mostly

around the nucleus

Sometimes

Perinuclear pattern Cytoplasmic pattern

Mostly

pattern

General

Mutation Desmin staining

Table 4. Transfection of HeLa cells with various desmin mutants.
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E245N

A213V

A337P

L345P

I451M

R406W

D399Y

might combine with ‘dust’ dots.

Filaments are much more common, but

around

the filaments all over cytoplasm.

sharp

nucleus together with Des.

cytoplasm periphery, but are more concentrated around the

mostly normal, but Desmin makes Vim net more intense.

only in Des+ cells and absent in Des-. Vimentin net looks

net Accurate, even and tiny net in the Starting points colocalize with Desmin. They are observed

on the periphery.

Very seldom there are small dots – mist- intense. In these cells Vimentin filaments do not reach

around the nucleus. cytoplasm

Filaments No

the nucleus

Filaments Filaments

cells Vim is normal.

Des aggregates co localize with Vim very seldom. In Des–

nucleus and co localized their with Des. In some cells with

In Des+ cells Vim filaments are collapsed around the

around the nucleus with weak expansion to the cytoplasm.

Vim follow Des very intensevely, being more concentrated

Intensively co localize with De starting points. In Des+ cells

around Intense, but rare net – ‘three branches’. In Des+ cells Vimentin co localise with Des, being more

1-3 beads around No filament formation in the cytoplasm.

filaments the nucleus

No

around the nucleus

Filaments Very intense net Very weak expansion to the cytoplasm.

nucleus

net

Filaments Accurate but tiny Very intense net with bright regular Accurate, regular, undisturbed net.

around the nucleus

Looks mostly normal.

slightly Looks mostly normal. No gross negative effect.

around the nucleus irregular, weaker towards periphery.

pattern,

Filaments Intense regular net Rare and weak expansion to cytoplasm

and dots

Filaments Fine and intense Dot-filamentous

vitro. Interestingly, some mutations do allow assembly to the filament stage, and yet cause
desmin-related myopathies with the same disease phenotype and aggregate formation in
humans as mutations where in vitro filament formation is severely compromised. Together
with in vivo studies this suggests that in myocytes these mutations could affect interactions

not relevant in cultured cells but relevant for tissue homeostasis. In the natural situation
formation of extended filament networks involves additional proteins such as chaperones
or cross-bridging elements including plectin and synemin. In the heterozygous situation
these interactions become even more complex, as half of the protein produced in the cell
is WT desmin.
Further, many biophysical properties of the filaments, which were not assessed in our
studies, can disturb interaction with important cellular binding partners, including kinases
and phosphatases, and lead to manifestation of a disease phenotype that depends not only on
desmin polymerization properties. However, our data on behavior of various desmin

mutants in the solution and in living cells may be of importance for deeper understanding
of mechanisms, connection the particular desmin mutation with disease phenotype in
humans.
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CONCLUDING REMARKS AND FUTURE PERSPECTIVES
The overall aim of this thesis was to estimate the role of desmin in cardiac and
muscle disorders. Therefore we designed our project using three different study levels – a
human population to look for frequency of desmin mutations in patients with
cardiomyopathies, a transgenic mouse model to study the pathogenetic mechanisms of
desmin cardiomyopathy and myopathy, and an in vitro polymerization assess together
with cellular transfection studies to estimate an impact of various desmin mutations on
desmin filament assembly and structure.
We found that the overall frequency of desmin mutations in patients with dilated
cardiomyopathies is about 1-2% which places desmin gene among rare causative genes of
dilated cardiomyopathy. At the same time this frequency is comparable with other known
genetic causes of cardiomyopathies, which for example, for actin constitutes less then
1.5%, for Į- and ȕ-sarcoglycans less then 1%, for lamins about 5%, for troponin T less
then 2% and for ȕ-myosin heavy chain about 7.5%. This means that the major number of
the disease-causing genes in dilated cardiomyopathy is still unraveled which leaves a
broad area for further research. In our study we did not find desmin mutations in patients
with hypertrophic cardiomyopathies, which might be related to the small number of the
cases studied. However, taking into account the available data, indicating that several
genes, such as actin, myosin, troponin and lamin can lead to several cardiomyopathy
types, we suggest that further screening of hypertrophic cardiomyopathies for possible
presence of desmin mutations would be valuable and interesting.
In our study we found A213V desmin substitution in a patient with dilated
cardiomyopathy, and suggested association of this amino acid change with the disease
phenotype in spite of the presence of this substitution in 2 our of 200 controls. Our
suggestion was based on the functional in vitro assembly, viscosity and cell transfection
data supporting the impact of A213V substitution on the desmin filament function. Later
studied, however, brought more evidence that this substitution is rather a rare
polymorphism then a mutation. This data make the whole story about A213V substitution
even more intriguing raising the possibility that this might be a structural gene
polymorphism, possibly having an impact on the development of cardiovascular
disorders. This could therefore be of interest to further study desmin as a possible
modifier gene in cardiovascular disorders.
54

The desmin transgenic mouse model confirmed the importance of mitochondrial
changes in the pathogenesis of desmin cardiomyopathy and myopathy. These data are
very much in line with other reports and there is an increasing number of publications
concerning desmin-mitochondrial interaction. However, the precise mechanisms of this
interaction are not discovered yet. Further research on the outer mitochondrial membrane,
apoptotic process, desmin-associated proteins, and mitochondrial permeability transition
pores can add additional knowledge to the understanding of this complex process. In this
sense, the impact of various desmin mutations not only on desmin polymerization, but
also on mitochondrial function can be another interesting task to focus on.
In conclusion, in our study we made an attempt to unravel several
pathophysiological mechanisms, leading to desmin-related disorders. But another and
even more important result of our work is that it has ended up with several new questions
concerning desmin structure and function. It is an exciting challenge to address all these
questions in the future, and by this to understanding of basic mechanisms of geneticallydetermined cardiac disorders.
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