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Abstract Desmin is a muscle-specific type III intermediate
filament essential for proper muscular structure and function.
In human, mutations affecting desmin expression or promot-
ing its aggregation lead to skeletal (desmin-related myopa-
thies), or cardiac (desmin-related cardiomyopathy) pheno-
types, or both. Patient muscles display intracellular accumu-
lations of misfolded proteins and desmin-positive insoluble
granulofilamentous aggregates, leading to a large spectrum of
molecular alterations. Increasing evidence shows that desmin
function is not limited to the structural and mechanical integ-
rity of cells. This novel perception is strongly supported by the
finding that diseases featuring desmin aggregates cannot be
easily associated with mechanical defects, but rather involve
desmin filaments in a broader spectrum of functions, such as
in organelle positioning and integrity and in signaling. Here,
we review desmin functions and related diseases affecting
striated muscles. We detail emergent cellular functions of
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desmin based on reported phenotypes in patients and animal
models. We discuss known desmin protein partners and pro-
pose an overview of the way that this molecular network could
serve as a signal transduction platform necessary for proper
muscle function.
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muscle - Cardiomyopathy - Myopathy

Intermediate filaments
Classification, structure and biochemical properties

The intermediate filament (IF) protein family encompasses 73
members encoded by a large group of genes that have been
commonly implicated in human disease accounting for at least
94 different disease entities (Eriksson et al. 2009). IF family
members have been subdivided into five distinct types on the
basis of their primary structure, their properties of assembly
and their developmentally regulated tissue-specific expression
pattern (Fig. 1a). IF types I and II, which are composed of
keratins, form obligatory heteropolymers in epithelial cells.
By contrast, type III IF proteins, which include desmin,
syncoilin, vimentin, peripherin and GFAP (glial fibrillary
acidic protein), form homopolymers. The type IV group com-
prises three neurofilament (NF) subunits (NF-L [light], NF-M
[middle] and NF-H [heavy]), x-internexin, nestin and
synemin « and (3. Group V is composed of the nuclear IF
proteins (lamin A, B1, B2, C1 and C2), the oldest type of
filaments in terms of evolution. The last group (group VI)
includes the two eye lens IFs or “beaded filament” proteins,
namely CP49 (phakinin) and filensin (CP115; Coulombe and
Wong 2004). Cytoplasmic IF proteins have a similar second-
ary structure, which consists in a central «-helical rod domain
flanked by non-helical domains of variable size. The rod

@ Springer



592

Cell Tissue Res (2015) 360:591-608

Fig. 1 Structural organization of
intermediate filament (IF) proteins
and their classification. a Tripartite
structure of IFs, consisting in a
highly conserved o-helical central
rod domain flanked by non-&-
helical head and tail domains. The
rod domain consists in heptad
repeats that are the signature of «-
helical proteins. The heptads are
interrupted by short linker
sequences (L1, L12, L2), which
result in four x-helical segments:
14, 1B, 24 and 2B. The central rod
domain is highly conserved in
vertebrate IF proteins, with the
exception of the nuclear lamins,
which contain six extra heptads in
the 1B segment. The variability of
IF proteins lies in the length and
sequence of the head and tail
domains (e.g., nestin has a longer
tail domain, whereas lamins have
longer tail and head domains). IFs
have been classified into five
distinct types on the basis of their
sequence identity and tissue
distribution. The type I and type 1T
sequence-homology groups contain
the keratins of epithelial cells.
Heterodimers are formed with one
keratin of each type (one acidic and
one basic). Type III IFs include
vimentin, desmin, glial fibrillary
acidic protein (GFAP), peripherin
and syncoilin. The neurofilament
(NF) triplet proteins (NF-L, NF-M,
NF-H), o-internexin, synemins (o
and [3) and nestin comprise the
type IV intermediate filaments.
Nuclear lamin A and its splice var-
iant, lamin C, together with lamin
B1 and B2 constitute the type V
IFs. The type VI IFs encompass the
cytoplasmic lens IFs CP49/
phakinin and filensin/CP115. b
General model of IF assembly and
polymer formation. Two dimers
associate in an anti-parallel
half-staggered manner occurring
after the overlapping of two coiled-
coil (Coil 1A and Coil 1B) domains
(red). Upon initiation of the
assembly condition, the tetramers
associate laterally into a
multi-length filament (ULF unit-
length filament). Individual ULFs
anneal longitudinally with other
ULF (/) or two annealed ULFs (2),
which in turn can anneal with three
annealed ULFs to form longer
filaments. These longer filaments
will spontaneously reduce their
diameter by radial compaction to
form mature cytoplasmic IFs
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domain forms the core structure of 10-nm filaments. Two
segments of the rod domain, namely the 1A subdomain locat-
ed in the amino-terminal region and the 2B subdomain in the
carboxy-terminal end, are the most conserved regions among
the various types of IF. The non-helical domains share little
homology among the various types of IF but are similar within
a given type. The amino terminal domains are essential for IF
assembly, whereas the carboxy-terminal domain might be
involved in lateral interaction and the organization of the IF
network (Goldman et al. 2012). These non-helical domains
have numerous phosphorylation sites involved in the regula-
tion of IF properties and in their assembly/disassembly and
subcellular organization (Eriksson et al. 2004). IF assembly
can be performed by “autarky” (self-assembly of IF leading to
functional filaments starting from purified protein) and takes
place in a three-step process. First, eight tetramers rapidly
associate laterally to form unit-length filaments (ULFs;
Fig. 1b). These ULFs are approximately 16 nm in diameter
and 60 nm in length. The ULFs then anneal end-to-end to
yield loosely packed filaments that are several hundred nano-
meters long. These filaments start to compact for further
elongation by stochastically reducing their diameter; the
loosely packed filaments undergo an internal reorganization
or compaction that propagates throughout the filament to yield
mature [Fs (Herrmann et al. 2009; Schopferer et al. 2009).

Cellular functions

IFs are highly dynamic structures and increasing evidence
shows that IF functions are not restricted to maintaining the
structural and mechanical integrity of cells (Buehler 2013).
This recent perception is strongly supported by the finding
that many of the diseases associated with mutations in the
genes encoding IF proteins cannot easily be related to struc-
tural defects but rather involve a broader spectrum of func-
tions, such as organelle positioning and function, signaling
and/or the regulation of transcription (Chang et al. 2009;
Chang and Goldman 2004; Schofield and Bernard 2013).
Indeed, subsequent studies have highlighted the involvement
of IFs in adhesion, migration and signal transduction (Chung
et al. 2013; Windoffer et al. 2011). Numerous pieces of
evidence have demonstrated that IFs act as a scaffold for and
as a functional determinant of signaling molecules such as
kinases, phosphatases, or ion channels (Dingli et al. 2012;
Schofield and Bernard 2013). In many cases, post-
translational modifications by phosphorylation, glycosylation,
or other methods regulate the [F-related signaling functions, in
particular their interactions with individual signaling proteins
and their dynamic properties (Snider and Omary 2014). An
example of an IF-kinase complex is the interaction of
vimentin with Rho-binding kinases (ROKs) in the RAF-1/
RhoA signaling pathway to mediate actin dynamics and focal
adhesion formation. Activated ROKa phosphorylates

vimentin, which leads to filament collapse and the consequent
release of ROK o from the vimentin IFs and its translocation to
the periphery of the cell. IFs can also influence cell fate by
directly controlling death receptor complexes. In particular,
K8/K18 filaments protect liver hepatocytes during apoptosis-
promoting stress conditions, either by regulating the targeting
of death receptors at the cell surface or by controlling the
formation of the death-inducing signaling complex through
protein sequestration and thereby controlling downstream sig-
naling (Gilbert et al. 2008).

Desmin: the muscle IF-specific protein

In contrast to smooth muscle, cardiac and skeletal muscles are
both striated, resulting from the overlapping patterns of actin
and myosin filaments. Fibers from skeletal muscle are multi-
nucleated and result from the fusion of many mononucleated
myoblasts, whereas cardiac muscle is composed of individual
cardiomyocytes. Cardiomyocyte plasma membranes
(sarcolemma) are connected mechanically and electrically
through highly specialized cell—cell junctions, intercalated
disks, composed of three types of cell-cell contacts: adherent
junctions, desmosomes and gap junctions. Skeletal muscles
have two specialized cell—cell junctions: the neuromuscular
junction where they are innervated by motor neurons and the
myotendinous junction where they attach to the tendons. IFs
associate with the sarcolemma of both cardiac and skeletal
muscle at structures termed “costameres”, present at the mem-
brane overlying Z-disks and M-bands. The IF cytoskeleton of
mature muscle is composed predominantly of type III IF
proteins, especially desmin (Lazarides and Hubbard, 1976).
The non-muscle-specific IF proteins, synemin and paranemin,
are co-expressed and form copolymers with desmin (Breckler
and Lazarides 1982; Granger and Lazarides 1980). In addi-
tion, the atypical type III IF syncoilin can bind desmin and o-
dystrobrevin, a component of the dystrophin-associated pro-
tein complex (DAPC; Newey et al. 2001). The majority of
these IFs are typically localized around the «-actinin-rich Z-
disks and are also found at the costameres. Nestin, originally
identified as a brain-stem-cell-specific IF protein, can also
polymerize with type III IF proteins (Steinert et al. 1999). It
is present in early cardiac and skeletal muscles but is only
maintained at significant levels in adult skeletal muscle at the
neuromuscular and myotendinous junctions (Kachinsky et al.
1994). Adult striated muscle also contains IFs of the
cytokeratin family, specifically keratins 8 (K8) and 19
(K19), which form heteropolymers in vitro (Stone et al.
2005). Like desmin, K8 and K19 associate with the periphery
of Z-disks and are present at the sarcolemma (Stone et al.
2005; Ursitti et al. 2004).
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Desmin in myogenesis and developing muscle

The predominant type III protein in myoblasts is vimentin,
which is known to be downregulated with development
(Farrell et al. 1990). In cultured muscle cells, during myoblast
elongation and fusion, desmin becomes integrated with the
pre-existing vimentin filaments and forms longitudinal
strands. Upon the maturation of myotubes, these strands are
transformed to transversely organized filaments and are local-
ized between the myofibrils at the level of the Z-disks (Barbet
et al. 1991). Previous studies have demonstrated that desmin
deficiency blocks myoblast fusion and myotube formation,
both in differentiating C2C12 myoblasts and in embryoid
bodies (Schultheiss et al. 1991). Myogenesis can be divided
into several phases including cell commitment, the exit from
the cell cycle, the initiation of differentiation, cell contact and
alignment and cell adhesion and fusion (Bentzinger et al.
2012). Desmin might actively participate in one or more of
these processes and be directly involved in myoblast fusion.
Furthermore, the ectopic expression of desmin in the lenses of
mice causes partial plasma membrane fusion (Dunia et al.
1990). Fusion between two cells can take place only between
desmin-positive cells; however, additional reports in which
bone marrow stem cells have been used to generate myogenic
cells suggest that, at least in this case, only one of the cells
requires desmin for fusion (Camargo et al. 2003). Intriguing
observations from desmin knockout mice showing normal
muscle development (Li et al. 1997) indicate the compensa-
tion of desmin expression by other IFs such as cytokeratins;
the latter might orchestrate myoblast fusion and differentiation
or be involved later during myofiber structural organization.
Like several IFs proteins (such as synemin, vimentin), desmin
is well expressed in developing muscle (Kuisk et al. 1996). It
is one of the earliest known myogenic markers, both in heart
and in somites (Herrmann et al. 1989). In contrast to most
muscle-specific genes, desmin is also expressed, albeit at low
levels, in satellite cells and replicating myoblasts (Allen et al.
1991). During development, desmin expression precedes the
other muscle-specific structural genes and the bHLH tran-
scription factors myoD, myogenin and MRF4, with the ex-
ception of Myf-5 (Li and Capetanaki 1993), suggesting that
desmin has a modulating role in myogenic commitment and
differentiation (Lazarides 1982). This is also supported by the
observation of a total inhibition of skeletal and smooth muscle
development in cultured desmin null mutant embryoid cells
(Weitzer et al. 1995). However, the results obtained in mice
lacking the desmin gene, which develop normal mus-
cles, show that desmin is not essential, either for the
proliferation and differentiation of myotubes or for the
subsequent myofibrillar organization (Capetanaki et al.
1997). Initial studies of a desmin knockout model have
reported no overexpression of vimentin (Li et al. 1997).
Further investigations are needed to determine whether
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another IF can compensate for the lack of desmin dur-
ing skeletal and cardiac muscle development.

Desmin in adult skeletal muscle

In mature striated muscle, desmin IFs form three-dimensional
scaffolds that extend across the entire diameter of the myofi-
bril. Desmin IFs surround the Z-disks, interconnecting them to
each other and to the sarcolemma, at the level of costameres in
skeletal muscle and at intercalated disks in the case of cardiac
muscle (Capetanaki et al. 2007; Fig. 2a). Costameres in rodent
fast-twitch skeletal muscle consist in three distinct structures:
Z-domains, which are linked to the Z-disks of nearby myofi-
brils; M-domains, which align with M-lines in nearby sarco-
meres; and longitudinally oriented or I-domains, which lie
parallel to the long axis of the myofibers and have no known
correlate in the fiber interior (Ervasti 2003). Three types of
cytoplasmic filaments link costameres to the underlying con-
tractile apparatus. 'y-Actin, which comprises the best charac-
terized of these filaments, associates with the sarcolemma (at
least in part) through its ability to bind to dystrophin
(Rybakova et al. 2000). The two other structures, both com-
posed of IFs, also link the contractile apparatus to the sarco-
lemma in striated muscle. One contains desmin, whereas the
other is composed of the two keratins K19 and K8. Desmin is
the most abundant IF protein in mature striated muscle in
which it surrounds each Z-disk and extends from the Z-disks
of superficial myofibrils to the Z-domains of costameres at the
sarcolemma. Desmin filaments are linked to costameres
through plectin (Konieczny et al. 2008) and through the
binding of synemin to dystrophin (Bhosle et al. 2006), the

Fig. 2 Desmin IF as a cellular organizer. a Representation of muscle P>
fiber organization showing compacted myofibrils surrounded by the
sarcoplasmic reticulum (SR) network. Intracellular sarcolemma (plasma
membrane) invaginations called the T-tubules connect the SR to form a
triad (two SR saccules connected to one T-tubule). Boxes /-3 indicate the
various regions of muscle fibers in which desmin IFs act as a scaffold for
membranous compartments and organelles. a’> Desmin IFs associated
with costameres via dystrobrevin and syncoilin, two proteins from the
dystrophin-associated protein complex (DAPC). The DAPC bridges the
extracellular matrix to the contractile apparatus and is composed of
dystrophin and its associated transmembrane glycosylated proteins
(dystroglycans and sarcoglycans). Plectin 1f is a cytolinker bridging
desmin IF to dystrophin and its associated proteins dystrobrevin and (3-
dystroglycan. a” Desmin lattice connecting the nucleus (via the
cytolinker plectin 1) and other organelles such as mitochondria (via the
cytolinker plectin 1b) or lysosome (via myospryn). Desmin filaments also
connect the sarcomere via titin and myomesin at the M-line and plectin 1d
at the Z-disk. a’” Possible link of desmin to the SR via the
phosphoinositide phosphatase myotubularin (M7M]1), whereas the link
between desmin and mitochondria via the plectin 1b is established. b
Physical interaction map based on published data and interaction
databases (BioGrid, MINT, STRING) displaying desmin interactors
such as cytolinkers and chaperones and proteins involved in signaling
or sarcomere and cytoskeleton regulation
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dystrophin-binding protein «-dystrobrevin (Mizuno et al.
2001) and other costameric components (Bellin et al. 2001).
Desmin knockout in mice leads to costameres disruption,
especially at Z-domains (O'Neill et al. 2002) but it has other-
wise surprisingly mild effects on striated muscle function
(Sam et al. 2000). K8 and K19 are also expressed in mature
striated muscle (Ursitti et al. 2004). Although they are more
difficult to detect and are present in smaller amounts than
desmin, K8 and K19 are found at both the Z-disks and M-
lines of myofibrils near the sarcolemma (Ursitti et al. 2004),
where they are appropriately localized for linking myofibrils
to the M- and Z-domains of costameres. Deeper in the
myofibers, they, like desmin, concentrate primarily around
Z-disks (Ursitti et al. 2004). At the sarcolemma, they are also
enriched at the I-domains and are thus the most likely cyto-
plasmic structures to stabilize the 1- and M-domains of
costameres. When overexpressed in skeletal myofibers, K8
accumulates in the middle of sarcomeres (Stone et al. 2005),
suggesting an affinity for the proteins of M-bands, as both K8
and K19 co-purify with the dystrophin-dystroglycan complex
(Ursitti et al. 2004). The absence of K19 in fast-twitch skeletal
muscle is accompanied by a mild myopathy associated with
disruption of costameres and mitochondria. These mice ex-
hibit normal localization but a higher level of desmin in the
tibialis muscle (but not in the gastrocnemius) suggesting that
K19 absence is compensated by desmin in fast-twitch skeletal
muscle (Stone et al. 2007). More recently, Lovering et al.
(2011) generated desmin/K19 double-knockout mice on an
FVB (Friend leukemia virus B strain) genetic background and
showed that the elimination of both K19 and desmin in fast-
twitch skeletal muscle disrupts the organization of muscle
fibers and compromises contractile force and protection from
injury. They further suggested that desmin and K19 play
distinct, complementary, or, in some cases, antagonistic roles
in muscle structure and function (Lovering et al. 2011).
Desmin filaments also link the entire contractile apparatus
to various membranous compartments and organelles, includ-
ing the nucleus, mitochondria, lysosomes (Capetanaki et al.
2007) and potentially the sarcoplasmic reticulum (SR;
Amoasii et al. 2013; Hnia et al. 2011). Connection to many
organelles is mainly through a physical link with plectin
isoforms (Castanon et al. 2013). Such interactions control
mitochondrial dynamics and nuclear positioning (Winter and
Wiche 2013; Fig. 2a). Consequently, nuclear shape and posi-
tioning and the link between the myofibrils and the sarcomere
are altered in desmin-null mice (Capetanaki et al. 1997).
Whether the movement of the nuclei to the periphery and
the assembly of the myofibril network are both functionally
linked to desmin transversal organization and/or whether these
processes are interdependent is unclear. Noteworthy, the co-
incident nature of these events and the prevalence of aberrant
nuclear positioning and desmin networks in individuals with
several muscle diseases support the idea that adequate

@ Springer

distribution and function of desmin IF are required for normal
nuclear positioning. The absence of desmin also results in a
delayed and modified regeneration with accumulation of ad-
ipocytes when desmin knockout muscle is damaged following
notexin treatment, as reported by Meyer and Lieber (2012).
These authors observed the persistence of small diameter
muscle fibers containing NCAM (neural cell adhesion mole-
cule) and developmental myosin isoforms, markedly disorga-
nized neuromuscular junctions and the absence of post-
junctional folds in some cases. These data suggest that desmin
is essential for terminal muscle regeneration, the maturation of
muscle fibers and the maintenance of the folded structure of
the postsynaptic apparatus at the neuromuscular junction
(Meyer and Lieber 2012).

Desmin partners and ensuing functions

Clues about desmin functions have arisen recently from the
identification of proteins able to bind to desmin dynamically
and from the assessment of these interactions in the context of
animal models. Based on reported physical interactions in the
literature and protein-protein interaction databases (BioGRID,
MINT, GeneMANIA; Mostafavi et al. 2008; Stark et al.
2006), we established an interaction network for desmin
(Fig. 2b). Desmin interactors include other members of the
IF family, cytolinkers bridging organelles and cytoskeleton,
chaperones and adaptor proteins and proteins that have been
implicated in proteolysis, posttranslational modifications and
signaling important for proper skeletal or cardiac muscle
functions (Capetanaki et al. 2007; Costa et al. 2004). The
architectural role of desmin filaments has been enriched by
these new findings suggesting that desmin serves as a platform
for signaling events perturbed upon desmin misfolding/
aggregation under pathological conditions. Here, we detail
two categories of desmin protein partners, namely the IF
proteins and the signaling proteins. The other categories have
been described and discussed in previous reviews (Clemen
et al. 2013; Costa et al. 2004; Li et al. 1997; Winter et al.
2014).

Intermediate filaments

Desmin might bind or co-polymerize other type III IFs such as
vimentin, syncoilin, or GFAP (Schultheiss et al. 1991; Guma
etal. 2001; Newey et al. 2001), type IV IFs, namely synemin
and nestin (Granger and Lazarides 1980; Kachinsky et al.
1994) and the type V IFs, namely the lamins (Cartaud et al.
1995; Fig. 2b). Co-polymerization of desmin with type III IFs
might co-exist in some cell types or during development.
GFAP can polymerize with desmin in vitro but only a few
cell types co-express both proteins at the same time, such as
myofibroblast (with additional expression of vimentin; Guma
et al. 2001). Nestin is typically expressed in stem cells from
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the central nervous system but is also present with desmin in
muscle ligaments and at the myotendinous junction
(Kachinsky et al. 1994). Synemin, initially purified as a
desmin-associated molecule (Granger and Lazarides 1980),
is present at a higher level in striated muscle and might bridge
desmin to both myofibrillar Z-lines via its binding site to o-
actinin and to costameres via its interaction with the vinculin/
7 B-integrin complex (Sun et al. 2008). Like desmin,
syncoilin is highly expressed in skeletal and cardiac muscle.
Syncoilin is found throughout the sarcolemma but is enriched
at the neuromuscular and myotendinous junctions and around
the nucleus (Moorwood 2008). Syncoilin binds «-
dystrobrevin, a component of the DAPC, thus linking desmin
to the sarcolemma (Blake and Martin-Rendon 2002; Poon
et al. 2002). Interestingly, in mice devoid of desmin, syncoilin
is redistributed to the soluble fraction of the cell, indicating
that it is dependent upon desmin for its normal location and
association with the cytoskeleton (Howman et al. 2003). The
association of syncoilin with both the DAPC and the desmin
IF network suggests that it plays a role in the transduction of
signals between these two entities. For example, IF networks
are known to be dynamic and to be modulated in response to
cell signaling, particularly with respect to mechanical and
non-mechanical stress (Mohamed and Boriek 2012). Some
evidence has been presented that DAPC is involved in
mechanotransduction (Kumar et al. 2004). Therefore,
syncoilin might help to convey mechanical stress signaling
from the DAPC to the desmin IF network, allowing the latter
to respond accordingly. In addition, «-dystrobrevin might
bind signaling proteins such as the syntrophins/neural nitric
oxide synthetase further suggesting that the desmin/syncoilin/
a-dystrobrevin complex serves as a platform for localized
signal transduction through the sarcolemma (Constantin
2014; Mizuno et al. 2001).

Signaling proteins

*  CMYAS/myospryn: the cardiomyopathy associated pro-
tein 5 (CMYADS), also called myospryn or TRIM76, is a
protein member of the tripartite motif (TRIM) superfamily
mainly expressed in cardiac and skeletal muscle (Benson
et al. 2004; Tsoupri and Capetanaki 2013). CMYAS has
been found to bind desmin by yeast two-hybrid screening
(Y2H), as confirmed by biochemical analysis
(Kouloumenta et al. 2007). The desmin N-terminus binds
CMYAS via its SPRY domain and both proteins co-
localize at the periphery of the nucleus in mice
cardiomyocytes. In the absence of desmin, myospryn
loses its sharp perinuclear localization (Kouloumenta
et al. 2007). Myospryn also co-localizes with markers
for the endoplasmic reticulum (ER) and Golgi sorting
machineries (KDEL receptor and TGN38, respectively)
suggesting that it resides close to membrane structures of

the ER and, potentially, the ER-Golgi intermediate com-
partment (Kouloumenta et al. 2007). In adult muscle, the
two proteins co-localize predominantly at intercalated
disks in cardiac muscle and at the Z-line connecting the
sarcolemma and costameres (Kouloumenta et al. 2007). In
addition, CMYAS binds the dystrobrevin-binding protein
dysbindin, a component of the biogenesis of lysosome-
related organelles complex 1 (BLOC-1). Interestingly,
desmin can immunoprecipitate the BLOC-1 subunits
dysbindin and pallidin, potentially through myospryn
(Benson et al. 2004; Kouloumenta et al. 2007). These
findings suggest a role of desmin IFs in vesicle trafficking
and organelle biogenesis and/or positioning. A plausible
speculation is that desmin/CMYAS5 interaction with the
lysosomal machinery requires local signal transduction.
Indeed, an in vitro study has suggested that CMYAS is
phosphorylated by protein kinase A (PKA; Reynolds et al.
2007). As such, CMYAS is proposed as an A-kinase
anchoring protein. The PKA signaling pathway is a uni-
versal mechanism of signal transduction and of particular
importance for muscle function (Reynolds et al. 2008). On
the other hand, CMYAS5 can also interact with the
calcium- and calmodulin (CaM)-regulated protein phos-
phatase calcineurin at the Z-disk/coastamere region
(Kielbasa et al. 2011). Because of its important and di-
verse roles in muscle physiology, calcineurin is subjected
to stringent regulation. Overall, the desmin/CMYAS inter-
action is likely to coordinate the activity of specific ki-
nases and phosphatases, particularly in response to chang-
es in muscle activity or damage.

S100A1: S100A1 is a member of the calcium-binding
S100 protein family and represents the most abundant
S100 isoform in cardiac muscle (Prosser et al. 2011;
Volkers et al. 2010). Early studies have revealed distinct
expression patterns of S1I00A1 in healthy and diseased
cardiac tissues from animal models and humans (Most
et al. 2007). Further elaborate investigations have uncov-
ered SI00A1 protein as one of the main regulators of
calcium-handling in skeletal muscle (Volkers et al.
2010). SI00A1 binds desmin and regulates the formation
of desmin polymers in vitro in the presence of micromolar
levels of Ca®" (Garbuglia et al. 1999). SI00A1 also co-
localizes with RyR (ryanodine receptor) in both heart and
skeletal muscles (RyR1 and RyR2, respectively) and de-
creases RyR calcium transients via a calcium-dependent
S100A1-RyR interaction (Prosser et al. 2008).
Importantly, SI00A1 competes with CaM for the same
binding site on RyR1 and RyR2 (Prosser et al. 2008).
Because calcium-loaded CaM-binding to RyR inhibits
RyR-induced calcium release in both skeletal and cardiac
myocytes, the simplest model for the SI00A1-dependent
activation of RyR involves competing away a well-
established RyR inhibitor (i.e., CaM). Alternatively, we
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cannot rule out that the ST00A1-RyR interaction stabilizes
active RyR and that the CaM-dependent inhibition of RyR
occurs by CaM displacing SI00A1. In addition, ST00A1
might also bind the SR Ca®>" ATPase SERCA (Remppis
et al. 2002). Overall, a tempting speculation is that the
interaction of desmin with S100A1 indirectly regulates
Ca”" channel activity (RyR, SERCA). Indeed, abnormal
expression levels of SERCA2, phospholamban, ryanodine
receptor 2 and calsequestrin 2 are significantly decreased
in the 28-week-old a«B-Cry R120G transgenic mouse
(Jiao et al. 2014). Desmin might sequester SI00A1 protein
at the sarcomere, favoring the CaM inhibition of RyR.
However, further investigations are needed to decipher the
exact mechanism by which desmin can influence Ca®"
homeostasis in adult and developmental muscles.
PLEKHAS: the pleckstrin homology domain-containing
protein family A member 5 (PLEKHAS), also named
phosphatidylinositol 3-phosphate-binding PH domain
protein-2 (PEPP2), is a protein that binds to membrane
phosphoinositides (PtdIns3P, PtdIns4P, PtdInsSP and
PtdIns3,5P,) with different specificities (Yamada et al.
2012). Initially identified in brain, PLEKHAS was pro-
posed to play an important role in brain development
through a potential role in vesicle trafficking (Zou and
Zhong 2012). Bandyopadhyay et al. (2010) applied a
systematic experimental (Y2H) and computational ap-
proach (interaction databases) to map 2269 interactions
between human mitogen-activated protein kinase
(MAPK)-related proteins and other cellular machinery.
PLEKHAS was found to interact with desmin with high
confidence. Interestingly, the same screen identified
PLEKHAS interaction with plectin 1, a desmin-binding
protein belonging to the plectin cytolinker family
(Bandyopadhyay et al. 2010). Plectin anchors desmin to
several organelles and cell compartments suggesting that
the PLEKHAS5-desmin interaction is involved in organelle
dynamics. Given the binding capacity of PLEKHAS to-
ward specific phosphoinositides that are mostly enriched
on the endosomal machinery, the PLEKHAS5-desmin-
plectin 1 complex might control the sorting or motility
of such organelles.

MTM1: myotubularin, the protein mutated in the X-linked
form of centronuclear myopathy (XLCNM, also called
myotubular myopathy), has been found to bind desmin
in vitro and in vivo in skeletal muscle; this interaction is
not conserved in cardiac muscle suggesting that the
MTMI1-desmin complex has a specific functional signifi-
cance in skeletal muscle (Hnia et al. 2011). MTM1 is a
phosphoinositide 3-phosphatase that metabolizes
PtdIns3P and PtdIns(3,5)P, into PtdIns and PtdIns5P,
respectively. MTM1 shares the C(X)SR signature motif
with the protein tyrosine phosphatase/dual specificity
phosphatase family (PTP/DSP) and was initially
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suggested to be involved in membrane trafficking
(Taylor et al. 2000). In skeletal muscle, MTM1 co-
localizes partially with desmin IFs at the periphery of the
Z-line (within the I band; Hnia et al. 2011). In addition,
MTMI co-localizes with the junctional SR markers RyR1
and triadin (Amoasii et al. 2013) and defects in calcium
homeostasis and related excitation-contraction-coupling
machinery have been observed in MTM 1 -deficient animal
models (Al-Qusairi et al. 2009; Dowling et al. 2009).
Interestingly, MTM1 can co-fractionate with desmin in
the mitochondrial fraction from skeletal muscle homoge-
nates, suggesting that the MTM1-desmin interaction also
plays a role in mitochondrial dynamics or localization
(Hnia et al. 2011). Indeed, XLCNM patient and Mtm1
knockdown mouse muscle cells have decreased mito-
chondrial dynamics and motility and ER/SR shape defects
suggesting a potential role of the MTM 1-desmin complex
in mitochondrial-SR/ER contacts (Amoasii et al. 2013;
Fig. 2a).

ITSNI1: intersectin 1 belongs to the intersectin family,
which are scaffold proteins linking endocytosis and signal
transduction pathways. Members of this protein family
contain multiple SH3 protein interaction domains, each
capable of binding various ligands as signaling proteins or
components of the endocytic machinery (Tsyba et al.
2011). Growing evidence supports a model in which
ITSNs regulate various biochemical pathways at specific
sites such as actin polymerization or receptor tyrosine
kinase ubiquitination (Humphries et al. 2014; Okur et al.
2014). Desmin and syncoilin have been found by Y2H
with ITSN1 as bait (Wong et al. 2012). In addition, other
protein partners of ITSN1 involved in endosome traffick-
ing and the regulation of the Rab and Arf GTPase path-
ways have been identified (Keating et al. 2006). ITSN1
might thus link desmin to the endocytic machinery or
recruit signaling proteins such as Rab GTPases to specific
compartments enriched in desmin.

MLHI1: MutL Homolog 1 is a component of the post-
replicative DNA mismatch repair system (MMR) found to
interact with desmin by utilising a bacterial two-hybrid
system (Brieger et al. 2010). MLH1 exhibits relationships
to three interacting pairs of proteins involved in cytoskel-
etal and filament organization: thymosin beta 4 and actin
gamma, cathepsin B and annexin A2 and spectrin alpha
and desmin (Brieger et al. 2010). Co-immunoprecipitation
and co-localization experiments have validated the inter-
action of MLH1 with desmin and the other cytoskeletal
complexes (Brieger et al. 2010). In the same study, the
authors confirmed that short interfering RNA knockdown
of MLH1 shows a functional impact on the MLH1-actin
interaction in filament organization but they did not access
desmin filaments experimentally . They proposed that the
dysregulation of MLHI1 plays an essential role in
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cytoskeleton dynamics (Brieger et al. 2010). Further ex-
perimental data are needed to address the functional im-
pacts of the MHL1-desmin interaction under physiologi-
cal conditions. Of interest, like other IFs, desmin might
specifically bind single-stranded DNA and RNA in vitro
via the non-x-helical head domain, which contains 12
arginine residues (positively charged; Tolstonog et al.
2002). In addition, desmin has been shown to interact with
MyoD and to regulate its transcriptional activity (Li et al.
1994). Overall, this suggests a role of desmin IFs in the
regulation of gene expression (Cartaud et al. 1995).
Further research will be required to confirm these findings
and to fully elucidate the mechanisms.

Desmin and its associated proteins form a cellular scaffold
that could fine-tune mechanochemical signaling and traffick-
ing processes, thus regulating cell homeostasis and survival.
Nevertheless, the exact molecular mechanisms underlying the
majority of these associations remain unknown.

Desminopathies: genetics and physiopathology
Genetics and etiology

The lack of detailed epidemiological studies precludes the
assessment of desminopathy incidence and prevalence; it is
however considered as a rare disease with less than 5 affected
in 10,000 individuals (Clemen et al. 2013). Dominant inher-
itance is the most frequent in familial desminopathies and
mutations lead to the formation of desmin aggregates
(Goldfarb et al. 2008). Autosomal recessive inheritance has
recently been observed in five families (Munoz-Marmol et al.
1998; Clemen et al. 2013). In two cases, the mutations result
in the absence of desmin. Moreover, a few cases with de novo
mutations have been reported (Clemen et al. 2013). The
majority of mutations found in the desmin gene (2q35) are
missense mutations (van Spaendonck-Zwarts et al. 2011).
Few splice site mutations leading to the loss of in-frame exon
3 have been reported (p. Asp214_Glu245del; Munoz-Marmol
etal. 1998). Small in-frame deletion has been described in two
families leading to p. Arg.173_Glul97del (Munoz-Marmol
et al. 1998; Pifiol-Ripoll et al. 2009) and the deletion of 22
bases in exon 6 leading to a premature stop codon has been
identified in one family (Clemen et al. 2013). Mutations are
spread over the entire desmin gene and have been found in
both the head and tail domains and in the four domains
composing the central conserved x-helical region. However,
a cluster of mutations could be observed in exon 6 correspond-
ing to the end of the 2B coil domain (Clemen et al. 2013). The
updated list (up until June 2014) of mutations reported in the

literature is summarized in Fig. 3a. DES mutations are
subdivided into three groups depending on the related pheno-
type: specific for skeletal muscle, specific for a cardiac phe-
notype and both skeletal muscle and cardiac. Phenotypes are
highly variable and include skeletal muscle weakness, cardio-
myopathy, cardiac conduction disease, respiratory insufficien-
cy and smooth muscle defects (Fig. 3b). The age of onset is
highly variable, varying from birth to the late 80s but gener-
ally occurs during the 30s.

Skeletal muscle involvement

Desmin-related myopathy is one of the myofibrillar myopa-
thies and is associated with highly variable progressive skel-
etal myopathy. A meta-analysis based on the interpretation of
published data from 159 patients carrying 40 different hetero-
zygous desmin mutations revealed that 67 % of patients have
combined distal and proximal muscular weakness. True distal
weakness was found in 27 % and true proximal in 6 % (van
Spaendonck-Zwarts et al. 2011). The distal muscle impair-
ment generally precedes the proximal muscle impairment with
muscle weakness in lower and then upper limbs (Fig. 3b).
Muscle weakness can later spread to truncal, neck flexor,
facial and bulbar muscles. Desmin mutations also lead to
desmin-related limb girdle muscular dystrophy and scapulo-
peroneal distal myopathy (Walter et al. 2007). A recognizable
imaging pattern of muscle involvement has been reported for
desminopathy diagnostics, with sensitivity to detecting
desminopathy of 100 % and a specificity of 95 % in the
studied cohort (Fischer et al. 2008). Muscles such as the
peroneal, gluteus maximus, sartorius and gracilis and
semitendinosus are globally the most seriously and often the
earliest affected. The tibialis anterior, soleus and gastrocnemi-
us muscles are generally affected later (Fischer et al. 2008).
The adductor magnus, biceps femoris and semimembranosus
muscles are the last to be involved and to a lesser extent
(Fischer et al. 2008). Respiratory muscle weakness, present
in 26 % of patients, is a common feature of advanced
desminopathies and often leads to the patient's death.
Desmin is thought to be necessary for diaphragm longitudinal
and transversal force transmission (Boriek et al. 2001). Patient
biopsies have shown muscle fibers with irregular shape and
intracellular amorphous deposits or inclusion bodies.
Abnormal mitochondrial enzyme staining is a hallmark for
desminopathies (Reimann et al. 2003). Classical myopathy
features are observed including a variation of fiber size atro-
phic fibers, and internal nuclei (Olivé et al. 2004). Electron
microscopy has shown the accumulation of dense
granulofilamentous material located in the subsarcolemmal,
interfibrillar, or perinuclear regions, corresponding to desmin
aggregates (Claeys et al. 2008). Z-disk alteration, increased
autophagic structures and the focal grouping of mitochondria
are frequently also present (Claeys et al. 2008).
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Fig. 3 Desmin mutations and
pathophysiology of
desminopathies. a Desmin
mutations are found over the
entire gene but with a majority in
the a-helical-rod 2B and in the
tail domains. Mutations are
subdivided into three groups
depending on their related
phenotype: skeletal muscle (blue),
cardiac muscle (red) and both
skeletal and cardiac muscle
(purple). b The major phenotype
is muscular with distal muscle
impairment that generally
precedes proximal muscle
impairment. Desmin mutations
also lead to desmin-related limb
girdle muscular dystrophy and
scapuloperoneal syndrome type
Kaeser distal myopathy.
Cardiomyopathy is common in
desminopathies, being present in
up to 74 % of patients. Additional
phenotypes such as cataract or
gastric/intestinal problems have
been noted. ¢ Meta-analysis of
159 patients (van Spaendonck-
Zwarts et al. 2011). Both distal
and proximal skeletal (SK)
muscle phenotypes are present in
the majority of patients; 49 % of
patients with desminopathies
develop both cardiac and skeletal
muscle phenotypes. Within
patients with the cardiac
phenotype, 17 % have dilated
cardiomyopathy (DCM);
however, no cardiomyopathy (No
CM) was detected in 51 %.
Hypertrophic cardiomyopathy
(HCM), restrictive
cardiomyopathy (RCM), or
arrhythmogenic right ventricular
cardiomyopathy (ARVC) are also
noted but to a lesser extent
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Cardiac involvement

Among the mutations in the desmin gene, few mutations (red in
Fig. 3a) have been identified to affect only heart function. In
particular, two mutations in the tail domain (p. Ile451Met and p.
Val4591le) and a mutation in the 2B domain (p. Asp312Asn)
specifically lead to cardiomyopathy without any skeletal muscle
phenotype (Li et al. 1999; Taylor et al. 2007). Moreover, several
reported cases of desmin-related myopathies could evolve to
include cardiac involvement (Olivé et al. 2004). Generally, 74
% of all desminopathy patients present a cardiomyopathy in-
cluding dilated cardiomyopathy, hypertrophic cardiomyopathy,
restrictive cardiomyopathy, or arrthythmogenic right ventricular
cardiomyopathy in, respectively, 17, 12, 6 and 1 % of patients
depending on the site and nature of the mutation (Fig. 3c).
Cardiac conduction defects have been observed in 62 % of
patients, two thirds of them having cardiomyopathy (van
Spaendonck-Zwarts et al. 2011). The most frequent manifesta-
tion of cardiac conduction defects is the atrioventricular block
(47 % of cases) and requires the urgent implantation of a
pacemaker. Similar to skeletal muscle, cardiac muscle shows
desmin-positive aggregates and granulofilamentous and
electron-dense amorphous material in intermyofibrillar,
subsarcolemmal and perinuclear regions (Claeys et al. 2008).
Cardiomyocyte hypertrophy and disarray and misshaped nuclei
and degenerating mitochondria are frequent pathological signs
(Goldfarb and Dalakas 2009).

Other pathological involvement

Smooth muscle involvement is not a major feature of
desminopathies. Nevertheless, some manifestations have been
reported such as intestinal involvement with chronic diarrhea
or constipation (Bar et al. 2007) or intestinal pseudo-
obstruction (Ariza et al. 1995), swallowing difficulties
(Goldfarb et al. 1998), and cataracts (Olivé et al. 2004;
Fig. 3b). Patients with a desmin mutation are at risk of devel-
oping respiratory problems. Indeed, a meta-analysis of
desminopathies showed that 26 % of carriers have respiratory
insufficiency (van Spaendonck-Zwarts et al. 2011).

Animal models and pathological mechanisms
for desmin-related diseases

Desmin knockout mice

Two desmin knockout mice models from two different groups
were described in 1996-1997 (Li et al. 1997; Milner et al.
1996; Fig. 4a). Desmin knockout mice develop and reproduce
normally and display no obvious anatomical defects showing
that desmin is not essential for myofibrillogenesis. No

evidence of compensation by other IF proteins such as
vimentin or nestin has been found by immunofluorescence.
After birth, defects appear in skeletal, smooth and cardiac
muscles and have been shown to be more severe in weight-
bearing muscles such as the soleus or in continually used
muscles such as the diaphragm, heart and aortic vessel wall.
Excessive mitochondria clumping in skeletal and cardiac
muscles and extensive mitochondria proliferation in the myo-
cardium, often accompanied by swollen and disintegrating
mitochondria, have been observed at the very early stage of
the disease, before other structural effects become obvious
(Milner et al. 2000). In situ mitochondrial respiration is sig-
nificantly altered in the cardiac and soleus muscles of desmin
null mice (Milner et al. 2000), despite increased creatine
kinase activity and energy production and a lower amount of
cytochrome c in heart mitochondria (Linden et al. 2001;
Milner et al. 2000). The heart mitochondrial proteome of
Des—/— mice showed differences in most metabolic pathways
and, in particular, in ketone body and acetate metabolism,
NADH shuttle components, amino-acid metabolism and re-
spiratory enzymes. Levels of proteins that have been impli-
cated in apoptosis, calcium homeostasis and fibrosis pathways
have also been found to be perturbed (Fountoulakis et al.
2005). These perturbations in mitochondria localization and
function can be explained by the lack of the desmin-mediated
association of the mitochondria with the microtubule-
associated plus-end-directed motor kinesin, which has been
shown to be mislocalized (Linden et al. 2001) and by the
reduced capacity of mitochondria to resist calcium exposure
in the absence of desmin (Weisleder et al. 2004a).

In skeletal muscles, sarcomeres aligned normally until 2
months of age and presented a normal distribution of sarco-
meric proteins (such as «-actinin, tropomyosin; Milner et al.
1996; Fig. 4a). Progressively, skeletal muscles showed Z-disk
streaming and the loss of tension and misalignment of myofi-
brils, which become fragile and prone to breakage upon
mechanical stress. A loss of association of desmin interactors
synemin and paranemin with the Z-disk but not with the
myotendinous and neuromuscular junctions, was observed
(Carlsson et al. 2000). After degeneration of the myofibers,
a cycle of regeneration was seen but was often aberrant with
the disorganization of muscle fibers and subsarcolemmal ac-
cumulation of mitochondria and a relative increase of slow
compared with fast myosin heavy chains, revealing a role for
desmin in the maintenance of the structural integrity of
solicited skeletal muscles (Li et al. 1997). Upon regeneration
or aging, neuromuscular junctions appeared to be disorga-
nized and elongated, with diffuse acetylcholinesterase staining
and reduced overall activity in muscle cells (Agbulut et al.
2001). Consequently, Des—/— mice were weaker and fatigued
more easily, showing an impaired performance on endurance
running tests (Haubold et al. 2003). Moreover, morphological
abnormalities were observed in the diaphragm, which
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Fig. 4 Desmin animal models
and associated phenotypes. a

Desmin knockout mice (Des—/~)

present affected cardiac and
skeletal muscles. The skeletal

muscle phenotype is exacerbated
upon regeneration or aging (NMJ

neuromuscular junction). b
Desmin-related disease models
displaying skeletal or cardiac
phenotypes with common
histological (myofibril
disorganization and misshaped

mitochondria) and physiological
(decreased muscle function) signs
(SR sarcoplasmic reticulum, WT
wild-type, A4V adeno-associated

virus)
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appeared thinner and showed a misalignment of myofibrils
and abnormal sarcomeres with no clear demarcation between
the A and I bands (Li et al. 1997).

In cardiac muscle, myofiber loss of tension and disorgani-
zation were visible from the third week postnatally and grad-
ually increased with age (Milner et al. 1996). Heart tissue from
Des—/— mice contains degenerating cardiomyofibers from 5
days post-partum. From 10 days post-partum onward, an
accumulation of macrophages, fibrosis and calcification is
observed preferentially in the inter-ventricular septum and
the free wall of the right ventricle. Perturbation of the interca-
lated disks, disruption of the sarcolemma and overcontraction
of myofibrils have also been described (Thornell et al. 1997
Fig. 4). Des—/— mice develop concentric cardiomyocyte hy-
pertrophy accompanied later by ventricular dilation and
perturbed systolic function. The molecular hallmark of
pressure-overload hypertrophy is observed with the overex-
pression of biomarkers such as the x-skeletal actin and the
reduction of SERCA2A (Li et al. 1999). Magnetic resonance
imaging of heart from Des—/— mice shows reduced left and
right ventricular ejection fractions and cardiac output. Left
ventricle weight is significantly increased, and the mice ex-
hibit segmental wall thinning and akinesia suggesting myo-
cardial necrosis (Sprinkart et al. 2012). In electrocardiography
studies, Des—/— mice present a reduced atrial but prolonged
ventricular refractory period and an enhanced inducibility of
atrial fibrillation but lower susceptibility to ventricular ar-
rhythmias. Ventricular conduction is slower than that in con-
trol animals (Sprinkart et al. 2012).

Loose organization of smooth muscle cells in the aortic
vessel has also been observed in Des—/— mice (Li et al. 1997;
Milner et al. 1996). Finally, the re-localization of BCL2 from
the inner to the outer membrane of mitochondria and to the
cytoplasm has been seen indicating apoptotic conditions
(Linden et al. 2001). Importantly, the overexpression of
BCL2 in Des—/— heart rescues most of the previously de-
scribed phenotypes, in particular mitochondrial defects and
myocardial lesions and fibrosis (Weisleder et al. 2004b).

Zebrafish knockdown models

In zebrafish, the function of desmin is not well characterized.
In situ hybridization and immunofluorescence studies have
shown the expression of desmin in skeletal muscles and
myocardium with enrichment at Z-bands and intercalated
disks at embryonic (Costa et al. 2008) and adult (Camara-
Pereira et al. 2009) stages. Two versions of the desmin gene
are present in zebrafish: desmina (desma; Loh et al. 2000) and
desminb (desmb). Desma and Desmb share, respectively, 68.7
% and 72.0 % similarity with the human desmin protein.
Desma knockdown embryos were generated by using
morpholino antisense oligonucleotide injection and exhibited
strong phenotypes including massive cardiac oedema, tail

deformity and dramatic effects on heart rate (Vogel et al.
2009). A recent study reported defects in interfilament spacing
by using X-ray diffraction in 50 % desma and desmb knock-
downs in larvae at 4-6 days postfertilization. Mechanical
properties of skeletal muscles, including active force and
responses to stretch during active contraction, were lower in
the context of desma knockdown (Li et al. 2013). The pheno-
type and contraction of the heart have not been assessed in this
zebrafish model so far. Moreover, currently, no fish model is
available that is a phenocopy of major desmin-related dis-
eases, with the accumulation of protein aggregates, thus pre-
cluding the investigation of any pathological mechanisms.

Desmin-related myopathy models

The first desminopathy model was generated in 1996 through
the expression of the hamster desmin with its last 129 amino
acids being substituted by the last 13 amino acids of hamster
vimentin under the control of the hamster desmin promoter
(Raats et al. 1996). This Deltal29Des-Vim mouse model
exhibited only weak expression of the transgene in all muscle
types. Strong diffuse desmin staining was observed in skeletal
muscles and only occasionally in the heart. Desmin-positive
dots were present only in a few skeletal muscle cells. The
expression of the transgene leads to a dominant-negative
effect on the desmin network resulting in the disorganization
of'the transverse and longitudinal sarcoplasmic tubular system
including fragmentation and swelling but without noticeable
alteration of the myofibrillar and sarcomeric organization
(Raats et al. 1996; Fig. 4). Kostareva et al. (2008) reported a
desmin-related myopathy mouse model with overexpression
of the HA-tagged mutated mouse desmin with the p.
Leu345Pro missense mutation found in 28 patients. The trans-
gene was expressed at a low level, corresponding to 5 % of
wild-type desmin in the insoluble fraction and 17.4 % in the
soluble fraction, with no difference in the pattern or intensity
of desmin staining and no desmin aggregates being observed
(Kostareva et al. 2008). No sign of myofibrillar or sarcomeric
disturbance or misalignment was found but mitochondria
presented a mitochondrial calcium increase and a reduced
cristae density with circular membranes structures attributable
to vacuolization of their matrix. This led to a lower relative
force during recovery from fatigue, reduced muscle strength
in the soleus muscle, a thickening of the left ventricular wall
and increased fibrosis in the heart (Kostareva et al. 2008).
Recently, two transitory models of desminopathy were gener-
ated by the injection of adeno-associated viruses carrying p.
Arg406Trp or p. Glu413Lys mutated versions of murine des-
min (Joanne et al. 2013). Ectopic expression of p. Arg406Trp
desmin led to its accumulation in the perinuclear region,
whereas the p. Glu413Lys mutant accumulated in the
subsarcolemmal compartment. Muscle fibers had a perturbed
architecture with central nuclei, increased muscle
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regeneration and mislocalized mitochondria. Perturbation of
Z-disks alignment was observed at the sites of desmin accu-
mulation. The affected muscles showed impaired maximal
force generation capacity in both models (Joanne et al. 2013).

Desmin-related cardiomyopathy models

The DesD7 transgenic mouse strain expressing a desmin
mutation and leading specifically to desmin-related cardiomy-
opathy was bred in 2001 (Wang et al. 2001). This model
expresses, under the control of the myocardial-specific -
myosin heavy chain promoter, a mouse desmin transgene with
a 7-amino-acid deletion (p. Argl73 Glul79del) correspond-
ing to a known mutation in patients with desmin-related
cardiomyopathy. Heterozygous DesD7 mice displayed char-
acteristic electron-dense granular and filamentous desmin ag-
gregates in the cardiomyocyte perinuclear region and
intermyofibrillar space. Additional analyses revealed myofi-
brillar disarray and cardiac hypertrophy with compensation in
the adult (Wang et al. 2001; Fig. 4). Crossbreeding with
ubiquitin-proteasome system (UPS) reporter mice (GFPdgn)
showed that the UPS proteolytic function was impaired, prob-
ably at the level of the entry of ubiquitinated proteins into the
208 proteasome (Liu et al. 2006). Crossbreeding with autoph-
agy reporter mice (GFP-LC3) showed that the autophagy flux
was increased and accompanied by the upregulation of p62 in
DesD7 cardiomyocytes (Zheng et al. 2011). A second desmin-
related cardiomyopathy model expressing the p. Ile451Met
desmin mutant under the control of the cardiac «x-MHC pro-
moter was reported in 2008 (Mavroidis et al. 2008). In off-
spring of this mouse with Des—/— mice (Mavroidis et al.
2008), no desmin aggregates were detected; however, desmin
lost its Z-disk localization but could still associate with inter-
calated disks. The latter had an altered architecture, resem-
bling structural defects noted in dilated cardiomyopathy
(Mavroidis et al. 2008).

Concluding remarks and outlook

Desmin obviously plays a central role in integrating the reg-
ulation of structure and function in striated muscles. Two
decades of research have led to a number of important insights
into the mechanisms by which desmin regulates several cel-
lular processes such as organelle positioning, the organization
and stability of the sarcolemma and the integration of
mechanotransduction signals. In addition, desmin might serve
as a signaling platform for the integration of signals from the
outside to the inside of organelles such as mitochondria or the
nucleus. The increasing number of desmin partners leads us to
emphasize additional roles for IFs in the regulation of muscle
function. Some of these partners are involved in processes
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such as lipid signaling, DNA repair, endocytosis and calcium
homeostasis. The rationale for desmin IFs playing such a
broad role in the physiology of striated muscles is intriguing
and challenging for biologists, with potentially significant
implications for the understanding of myopathies, dilated
cardiomyopathies and heart failure. One of the critical steps
for a future therapeutic approach is to characterize faithful
animal models (e.g, mice, zebrafish) that phenocopy desmin
aggregation in patients. These models could help us to deci-
pher the way that desmin aggregation or misfolding can have
an impact on the cellular process in vivo; live imaging by
tracking the evolution of muscle function could be used to
follow disease progression. Finally, more work should be
directed at screening drugs or molecules that hinder the
aggregation of desmin filaments or that prevent
granulofilamentous deposits congregating within cells. For
example, the unravelling of the molecular mechanisms by
which desmin interactors impact on IF aggregation will pave
the way for therapeutic approaches that could target desmin
partners. Similarly, the modulation of the expression or activ-
ity of specific chaperones or proteins that affect desmin fila-
ments could be a promising strategy for targeting desmin
aggregation in vivo.
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