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1. ABSTRACT

Cellular interactions with the extracellular matrix (ECM)
have been shown to be important for a number of
developmental events from the time of fertilization up till
the maturation of the organism. In the following review we
will discuss what is currently known about these
interactions with special emphasis on the role of integrins
during the formation of skeletal muscle. The importance of
cell-ECM interactions will also be illustrated by a
discussion of what happens when these interactions go
awry, as happens in muscular dystrophies.

2. IN VIVO MYOGENESIS

2.1. Early vertebrate myogenesis

Vertebrate myogenesis involves a number of
steps controlled by a variety of signals and is ultimately
orchestrated by regulatory events at the gene level in
muscle cells. Unlike many other cell types in the body the
muscle fiber is multinuclear and there is evidence that
transcriptional activity varies between nuclei within the
muscle fiber (1-3).

The current knowledge about the complex
inductive extracellular signals as well as the ensuing
transcriptional events during myogenesis have been the
subject of recent reviews (4-6). We will try and put some
of this knowledge into the context of cellular interactions
with the extracellular matrix (ECM). During vertebrate
myogenesis the paraxial mesoderm becomes segmented
into epithelial ball like structures named somites. Somites
differentiate into sclerotome and dermomyotome. The
dermomyotome will develop further into the dermatome
and the myotome. With the exception of some head
muscles, skeletal muscles arise from the dermomyotome.
Axial muscles are derived from different regions in the
myotome whereas appendicular muscles arise from a cell
population in the ventrolateral part of the dermomyotome
(seefigure 1). The molecular cues governing these early
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steps of myogenensis are currently subject to intense
investigation (reviewed in (7, 8). Much of these studies
are currently performed in mouse. Axial structures such as
the neural tube and the notochord are needed for formation
of epaxial muscles (deep back and intercostal muscles)
while cues from surface ectoderm and lateral mesoderm
are needed for hypaxial (trunk) muscle formation. Soluble
molecules that act very early in myogenesis include Wnts,
sonic hedgehog and bone morphogenetic protein-4
(reviewed in (6)). The transcription factor pax-3 is needed
for the formation of both axial and appendicular muscles,
but not for head muscle development (9). Myogenic
regulatory factors (MRFS) are transcription factors of the
bHLH class and contain the members MyoD, Myf-5,
myogenin and MRF-4 (10). Specific MRF members are
expressed in different regions of the differentiating
myotome. In the dorsal part of the myotomewhich gives
rise to epaxial muscles, Myf-5 is an early orchestrator of
determination events. In the more ventra part MyoD
appears to play an important role for hypaxial muscle
formation (6, 8, 10). At these early steps a number of cell
migration events occur. In Myf-5 defective embryos,
myotomal cells migrate and position themselves
abnormally (11). Committed myogenic cells in the
ventrolateral tip of the somite which do not yet express
MRFs express the c-Met receptor during the migration
into the limbs (12). c-Met is a tyrosine kinase receptor for
scatter factor. Recent in vitro data have indicated that in
myablasts an autocrine loop is active for scatter factor (13)
and that the c-Met receptor signals via Grb-2 in the
myogenic lineage (14). Whether an autocrine loop is aso
operative during myogenic migration at this step in vivo is
not known. When the somite-derived cells have stopped
migrating they start expressing MRFs and now can be
identified as myoblasts. Axia and appendicular myoblast
that undergo the first stage of differentiation are said to
undergo primary myogenesis (15). Using the primary
myotubes as a scaffold, a distinct myoblasts population-
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the secondary myoblasts - line up under the basement
membrane of primary myotubes, fuse with each other and
form secondary myotubes (see figure 1). Subsequent to
these early events a number of important reorganisation
events need to take place in order to achieve the fina
muscle pattern. Secondary muscle fibers form an
independent basement membrane. Muscles split, become
innervated, achieve their final pattern and grow. At the
early times of muscle development the myotube end points
are thought to be important for muscle splitting and
muscle growth (1, 16). Adult muscle fibers have an
elaborate system for force transmission, mainly via the
specialized endpoints at attachments to tendons, called
myotendinous junctions.

Unlike cardiac muscle, skeletal muscle has the
capacity to regenerate in response to injury. The basis for
this capacity is laid down during fetal development by a
distinct cell population caled satellite cells. This
population of myoblasts will normally not differentiate. In
the case of muscle injury, part of these cells will remain as
stem cells whereas others will differentiate into new
muscle fibers. Recently FGF-6 and MyoD have been
shown to be important for proper satellite cell activation in
response to injury (17, 18).

Events during myogenesis suggested to depend
on cell-ECM interactions include: somite formation, cell
determination events, early cell migratory events,
myogenic differentiation, basement membrane assembly,
muscle positioning, myotube alignment, muscle splitting,
innervation and, muscle fiber stability. With modern
molecular biology tools, essentially all these events can be
studied in vivo.

2.2. Lessons from Drosophila myogenesis

Drosophila has served as a useful model for
studies of severa complex developmental processes. No
endoskeleton exists in invertebrates and the somatic
musculature is used for larval crawling and later in adult
insect jumping and flight. Despite the different anatomical
considerations the conservation of basic molecular
mechanisms during muscle formation is striking (19, 20).
Recently severa mutations in Drosophila have shed light
on the complexity of the process of muscle formation (19,
21, 22). A number of mutations inactivating transcription
factors, signaling molecules and cell membrane proteins,
al affect muscle formation. For some of the identified
proteins, corresponding orthologues have not yet been
found in vertebrates. For others orthologues exist, but their
involvement in vertebrate myogenesis is not clear. For
those inductive mechanisms where the pathways start to
pan out the emerging pattern suggest that conserved genes
are used in different ways in invertebrates and vertebrates.
As pointed out by Baylies et al (19) this might prompt us
to look at vertebrate myogenesis with "new eyes' - maybe
things are not what they appear to be. Drosophila will
continue to be a valuable system to study fundamental
molecular aspects of myogenesis.

3. INVITRO MYOGENESIS

The formation of a syncytid myotube from
individual myoblasts is a fascinating process which has
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attracted the interest of biologists ever since methods to
culture myogenic cells became available in the 1950's.
Due to the easily observed overt changes occurring as a
result of myogenic differentiation, in vitro myogenesis has
become a popular system to study cell differentiation. As
with al in vitro studies one must be aware of that these
studies are subject to a number of limitations. When
studying the differentiation of myogenic cells of a certain
developmental stage into myotubes, a number of
differences compared with the in vivo situation have to be
taken into account. In the in vitro system, the substratum
is artificial, nerves are absent, the cells grow on a planar
substratum in the absence of stromal cells and the levels of
growth factors are normally not reflecting the levels at the
developmental stage where the process occurs in vivo. The
finely tuned network of signaling pathways in operation in
vivo are thus absent. Despite this, some robust programs
associated with the differentiation process can still occur.
The in vitro system has been very informative in
identifying transcription factors intimately linked with the
myogenic differentiation process. Thus ectopic expression
of al four MRFs has been shown to be able to induce
myogenic differentiation in vitro (reviewed in (23).
Recently the use of embryonic stem cells for the
generation of embryoid bodies has allowed for the study of
anumber of differentiation events under more in vivo -like
culture conditions. Whereas differentiated cells will
aggregate into small functional units, complex organ-like
structures do not form in the embryoid bodies (24).

Recent results from myogenin-, vinculin-, and
desmin-defective cells serve as good examples of
differences observed between in vitro and in vivo
conditions. In the case of myogenin, myoblasts from
knock-out (KO) mice deficient in myogenin in vivo display
impaired differentiation, i.e. myoblast fail to fuse into
myotubes (25). When these myoblast are isolated and
cultured in vitro, they readily fuse into myotubes. One
interpretation from these results is that negative
modulatory signals that prevent up-regulation of other
MRFs such as MyoD are lacking in vitro, alowing for
successful compensation.

Studies with vinculin-defective cells have
indicated that while vinculin-defective ES cells in vitro
can differentiate into many cell types including myotubes
and beating cardiomyocytes, embryos lacking vinculin die
early, probably due to impaired heart development (26).
Interestingly, somites and limb buds are also severely
defective in these embryos. The example with vinculin
clearly illustrates the complexity of developmental events
in aembryo setting.

In yet another series of experiments blockage of
desmin expression in somatic myogenic cells by anti-sense
strategy (27) and studies of myogenic differentiation of ES
cells where the desmin gene had been inactivated (28),
both indicated a role for desmin in myogenic
differentiation, i.e both these strategies prevented myotube
formation. However, in transgenic mice lacking functional
desmin, myogenic differentiation is normal and the
absence of desmin causes a muscular myopathy postnatally
(29). One interpretation from the conflicting in vitro and
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Figure 1. Schematic representation of integrin expression during different steps of myogenesis in mouse. Schematic
representation of myogenesis: Skeletal muscle originate from two regions in the differentiating somite. Axial muscle form from
the myotome, while appendicular muscle arise from the ventrolateral tip of the dermomyotome. At the level of the forelimb and
hindlimb cells migrate out to form limb muscle. In the schematic representation of muscle formation only maturation of
appendicular muscle is shown. Except for the type of cell migration observed for limb muscle, axial muscle form in similar
steps. Integrin expression: Data on integrin expression during mouse muscle development has been summarized. At the somite
stage, staining usually refers to myotome staining, i.e staining in the cells destined to become axial muscle.

in vivo results is again that different compensatory 4. INTEGRINS DURING MYOGENESIS
mechanisms are operating. One candidate compensatory
molecule for desmin in the in vivo situation is nestin (30).
These differences between in vivo and in vitro systems
probably also extends to cell-ECM interactions and most
likely explain some of the contradictory data observed in
this field. The in vitro system can be used to study the
influence of cell-ECM interactions on: cell growth, cell-
cell recognition, cell fusion, cell differentiation, sarcomere
formation and sarcomere stability.

As dready mentioned the formation of a
multinucleated muscle fibers is an extraordinary dynamic
process involving multiple cell adhesive interactions
consisting of homotypic and heterotypic cell-cell
interactions as well as interactions with ECM molecules.
In vivo these interactions are finely tuned to alow for
myotube formation, alignment of myotubes and maturation
of muscle fibersinto different muscle groups. As integrins
became prime candidates for fundamental receptors
involved in cell-adhesive interactions the presence of

It is thus important to keep in mind that integrins on muscle cells (31), was recognized. Early
myogenesis in vivo is a complex process with particular studies of integrins on myogenic cells revealed that betal
features depending on whether embryonic, fetal or adult integrins localized to focal contacts, costameres,
myoblasts are involved. Therefore generalizations should neuromuscular junctions and myotendinous junctions (32).
be avoided since developmental stage-specific mechanisms Following these initial findings, a number of integrin
can be at play. The limitations with the in vitro systems alpha chains have been identified at these sites, but the
include difficulties to asses the importance of early steps precise role of integrin heterodimers in adult muscle is
of myogenesis such as somite formation, early cell still not fully understood. Antibody perturbation data have
migration and muscle positioning. Furthermore, systems indicated a role for integrins in anchorage of muscle cells
that evaluate the importance of these interactions for the ECM, cell migration from the somite, control of

mature myofiber stability, remains to be developed.
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Figure 2. Myogenic differentiation into myotubes in wild
type (A, C) and integrin betal-null embryoid bodies (B,
D). Normal and betal-null ES cells were aggregated in
hanging drops for 2 days, grown in suspension for 8 more
days, plated for 5 days (A, B) or 15 days (C, D) on gelatin-
coated glass cover dlips and stained for expression of
skeletal myosin heavy chain. Bar indicates 20 um.

proliferation, cell-cell recognition preceding myoblast
fusion and myogenic differentiation. Most of these
collected data have been summarized in previous reviews
(33-36). The expression of various integrins during
different steps in mouse myogenesis is summarized in
figure 1.

As afirst step in analyzing the role of integrins
during a certain developmental stage it is important to
establish the total integrin repertoire. However, a number
of factors have to be taken into consideration when
analyzing the integrin repertoire on muscle cells. For the
analysis of the integrin repertoire in vivo the heterogeneity
of muscle fibers isimportant to take into consideration. An
observed set of integrins might not distribute evenly on all
types of muscle fibers in different muscle groups of
different embryonic origins. Regarding in vitro analysis,
one major consideration is that culturing myogenic cells
(like many other cells) on a planar substratum in the
presence of serum, changes the levels of a whole spectrum
of molecules involved in cell - ECM interactions. For
example, cultures of primary cells isolated from an embryo
at a certain developmental stage up-regulate a number of
integrin receptors not detectable at that stage in vivo (37).
Secondly, in vitro studies have revealed that a number of
integrins display expression patterns correlated to the
differentiation state. Whereas myablasts generally possess
an interstitial matrix rich in fibronectin, myotubes lack a
fibronectin  matrix and instead deposit a basement
membrane-like matrix. The switch in matrix is associated
with a switch in integrin repertoire. A major subfamily of
integrins present on myogenic cells possess the betal
chain, capable of associating with at least 11 alpha-chains
((38) and references therein). Only a subset of possible
integrin heterodimers are present on myogenic cells during

1031

different stages of myogenesis. Myoblasts in vitro express
the aphabbetal integrin. The disapperance of a
fibronectin matrix on avian myogenic cells during in vitro
differentiation is reflected by a functional downregulation
of aphabbetal ligand binding which is followed by
downregulation of aphabbetal synthesis (39). In human
muscle cells the downregulation of aphaSbetal has been
shown to be uncoupled from the differentiation event itself
(40). Another integrin subfamily present on myogenic cells
share the apha v chain (37, 41). During myogenic
differentiation in vitro the integrin beta-chain associated
the with alpha v chain changes from beta3 to ancther, yet
unidentified beta-chain (40). We previously showed that
the betab chain appeared with time in myogenic culture
suggesting this integrin beta chain as a candidate chain
involved in the switch (37). Whereas loss of alphaSbetal
integrin clearly participates in loss of fibronectin matrix
from the myotube surface, the functional significance of
the beta-chain switch associated with the alpha v integrin
chain is unknown. Recent experiments have indicated that
different integrins signal through different pathways,
which in turn influence proliferation versus differentiation
(42). 1t is tempting to speculate that the integrin beta-chain
switch affects intracellular signaling of the apha v
integrin heterodimer.

With the formation of a basement membrane a
number of changes in the integrin repertoire occur. The
laminin binding integrin apha7betal is upregulated
during myogenic differentiation (43). We have identified
an integrin, tentatively named apha mt, which is up-
regulated during differentiation of human fetal myoblasts
(44). This integrin is a candidate integrin to take part in
basement membrane binding or assembly.

Another mechanism whereby the integrin
repertoire changes during differentiation process is
alternative splicing. During in vitro differentiation the
betal integrin chain changes RNA splicing pattern from
the betalA form to the betalD form (45). In vitro betalD
integrins in myotubes localize to Z-bands and muscle end
points, which has prompted a great interest in the function
of this integrin splice variant. During in vitro
differentiation the alpha7 integrin splicing changes from
the alpha7B form to the muscle specific alpha7A form (46)
and there is an increased heterodimerization between
alpha7 and betalD. The extracellular domain of the alpha7
integrin chain is also subject to aternative splicing,
generating two forms named X1 and X2 (47). These two
splice variants have been shown to display different
affinities for laminin-1. The functional significance of
splicing events for myotube function is currently not fully
understood.

In order to try and dissect out the different role
of integrins during the various steps of myogenesis we
have divided their functions into roles as:

4.1. cell-cell receptors,

4.2. migration receptors,

4.3. cell signaling receptors, and

4.4. mechanical links.

It is obvious that these roles are often overlapping, and
this classification is merely used to present available data.
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4.1. Integrins as cell-cell receptors

During early stages of myogenesis a number of
cell-cell contacts are formed and disrupted. The paraxia
mesoderm undergoes a mesodermal-epithelial
transformation as the epithelial somite forms. As somites
differentiate further the epithelial myotome will give rise
to axial muscles and from the epithelia dermomyotome
migratory cells arise by an epithelia-mesodermal
transformation. It is likely that the integrin repertoire will
change during these early changes in cell-cell interactions
which also expose cells to new types of ECM.

At later stages cell-cell interactions are of prime
importance for myoblast recognition leading up to fusion.
Molecules implied in myogenic fusion include N-CAM
(48-50), N-cadherin (49, 51-54) and M-cadherin (55-57).
R-cadherin is also expressed in the myogenic lineage (58)
but only M-cadherin is muscle specific during
embryogenesis (59). Early in vitro studies indicated that
antibodies to betal integrins inhibited myotube formation
(60). Severa years later studies in mice suggested that the
integrin alphadbetal (61) was involved in a heterotypic
myoblast - myotube interaction during secondary
myogenesis. It is possible that the effect observed in early
studies was attributable to a disturbance of the
alphadbetal interaction with VCAM-1. However,
myoblasts genetically engineered to lack integrin alphad
still fuse in vitro, arguing against an essential role of
alphad integrin in myoblast fusion (62). Furthermore, in
chimeric mice with a high percentage of aphad integrin
negative cells contributing to the myogenic lineage,
secondary myogenesis takes place (62). Presumably, cell-
cell recognition preceding fusion is a finely tuned
mechanism involving multiple receptors and, depending
on the assaying system, the effect of disturbances in one
receptor system will give different results. Recent in vitro
studies of betal integrin negative ES cells differentiating
into muscle in embryoid bodies, and of betal integrin
negative satellite cells isolated from chimeric embryos,
have shown that myoblasts lacking betal integrins can
fuse and form myotubes (36). However, the results are still
somewhat difficult to interpret. In embryoid bodies devoid
of betal integrins, differentiation was delayed (36) and a
large number of unfused myogenic cells were observed
(figure 2). It is possible that this does indeed reflect arole
for integrins in the fusion process.

More recently disintegrins belonging to the
ADAM family (63) have been implicated in myogenic
fusion (64). It is possible that the counter-receptor for
disintegrins is an integrin. The observation that ADAMs
in a secreted form can stimulate myogenesis of nearby
cellsindicate a new role for ADAMs in myogenesis (65).

4.2. Integrins as migration receptors

Very little is known about the receptor repertoire
of the myogenic cells that migrate out from the
dermomyotome. Part of the difficulty in characterizing
these cells lies in the lack of good immunological markers
specific for migratory myogenic precursor cells. c-Met and
pax-3 are expressed in these cells and in situ hybridization
with probes to the mMRNA for these genes has been used to
mark the migratory cells. We have recently obtained a
transgenic mice in which the lacZ gene has been inserted
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randomly (generated by Alexander Faerman, Volcani
Center, Israel). The lacZ gene has integrated to an
unknown locus and is active in the migrating cells leaving
the somite. We are currently using this mouse strain to
characterize the integrin repertoire on migrating myogenic
cells. Early antibody perturbations in avian embryos
indicated a role for betal integrins in cell migration from
the somite (66). Another antibody-perturbation study has
indicated that N-cadherin on migrating myogenic cells
interacts with N-cadherin on mesenchymal cells to
facilitate migration (51). Both N-cadherin (54) and betal
integrin (67) KO embryos die relatively early during
embryogenesis. Chimeric embryos of wild type cells and
betal integrin-negative cells, form muscle fibers into
which betal integrin-negative myoblasts have fused,
indicating that cell migration from the somite has occurred
in the absence of betal integrin. However, it is hard to
evaluate the role of integrins for the migration event in a
wild type background. Fassler et al have proposed a
backpack model where KO cells are passively carried by
wild type cells (35). In the future, selective inactivation of
integrins during different stages of development in the
myogenic lineage is likely to be informative in this regard.
Little attention has been paid to the integrin alpha chain
repertoire of migrating myogenic cells. Distribution
studies in developing avian embryos indicate alphab
expression on what appear to be migrating myogenic cells
(68). Ancther interesting candidate integrin is the
alpha7betal integrin which has been shown to be involved
in cell migration on laminin (69). The alpha7 chain
displays an intricate alternative splicing-dependent affinity
modulation in the extracellular domain, which could serve
a role during migration (47). Other candidate integrins
involved in myogenic cell migration remains to be
identified.
4.3. Integrins as signaling receptors

The concept of integrins as signaling receptors is
well documented and it is becoming increasingly clear that
integrins also during myogenesis play such arole. Analysis
of transcription factors during myogenesis has led to an
emerging picture where proliferation, fusion and
differentiation are uncoupled events. Recent elegant
studies with avian cells have indicated that overexpression
of apha5 integrin promotes proliferation whereas
overexpression of apha6 integrin promotes differentiation
(42). 1t is suggested that these integrins use different
signaling pathways to influence proliferation and
differentiation. Further studies have indicated a cross-talk
between integrins and cadherins in myogenic cells which
is dependent on integrin signaling pathways (70). As
mentioned earlier, a delay in the differentiation as well as
an increased number of unfused cells was noted for betal
integrin-defective myoblasts (36). Whether this reflects an
effect of the balance between cell proliferation and
differentiation, altered cadherin levels, or yet something
€else, remains an open issue requiring further investigation.

4.4. Integrins as mechanical links

Muscle progenitors first encounter an ECM in
the somite. As somite forms a transient gradient of
fibronectin in the forming somites is established (71). In
the absence of fibronectin somites do not form (72). If this
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reflects a defect aready in the paraxial mesoderm stage or
during the somitogenesis step is not clear. The receptors
mediating the interaction with fibronectin before and
during somitogenesis have not been identified. Of
fibronectin  binding integrins alphadbetal integrin is
present in somites, as are aphabbetal and apha v
integrins (41, 73, 74). Inactivation of the alphab integrin
gene impairs posterior somite development - identifying an
indirect or direct role for alphaSbetal in early muscle
development (73).

The somite is surrounded by a basement
membrane rich in the laminin isoform laminin-1 (75). The
expression pattern of other laminin isoforms in the somite
has not been described and knock-out mice has not yet
been analyzed for somite defects due to laminin deficits.
Of the laminin binding integrins alphalbetal (76) and
alphabbetal (68) have been described in the avian somite,
and alphabbetal is also prominent in mouse somites (45).
We have shown that alpha7Bbetal is present in the mouse
myotome and is concentrated at intersomitic boundaries
(77). Thus, aready at this step alpha7betal localizes to a
junctional site, reminiscent of the later localization to
myotendinous junction. However, in mouse embryos
lacking either one of these laminin-binding integrins,
muscle development is not affected. It will be a
challenging task to sort out the role of different laminin
isoforms and  laminin-binding  integrins  during
somitogenesis.

Studies in the late 80's of the embryonic lethal
Drosophila mutant myospheroid (mys) showed that muscle
cells lacking the invertebrate homologue of betal
integrins, betaPS integrin, formed myotubes in vitro, but
that sarcomere integrity was impaired (78). In the mys
mutant embryos muscles formed normally, but muscle
cells came loose from their attachment points at the time
of the first muscle contractions. The in vitro experiments
were not designed to resolve whether integrins were
involved in the formation of sarcomeres or in sarcomere
stabilisation after formation. In an extensive genetic study
of different mutants defective in the alphaPS2 integrin
gene, evidence is presented for separate functions of
aphaPS2 in adhesion, sarcomere integrity and
morphogenetic events (79). Interestingly, in some mutants
where somatic muscle sarcomere integrity was affected,
somatic muscle attachments were still intact, supporting a
role for aphaPS2 in sarcomere formation. Sarcomeric
arrangement in visceral muscle, which in Drosophila is
striated, was not affected in any of the alphaPS2 mutants.
Other experiments in Drosophila have surprisingly
revedled that the locdlisation of integrins to muscle
endpoints is driven from within the muscle cell and not by
binding to pre-localised ECM ligands (32). In experiments
performed by Martin-Bermudo and Brown the cytoplasmic
domain of the Drosophila integrin beta chain (betaPS
integrin) was expressed as a chimeric protein with a non-
integrin extracellular part and it was thus unable to bind
extracellular ECM ligands. When this chimeric molecule
was expressed in flies lacking the betaPS chain the
chimeric molecule was still able to localize to muscle
endpoints. Thus, the signals for integrin polarization
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comes from within the cell in Drosophila muscle and
represent a type of inside-out signaing. It will be
interesting to investigate in more detail the mechanism for
this inside-out signaling. This invertebrate finding should
also prompt similar analyses in vertebrate cells (chimeric
molecules expressed in cells lacking integrin beta chains).
Such experiments might indicate that inside-out
mechanism are more common for integrin function in
muscle than previously thought. Two comparative studies
in Drosophila have tried to resolve if the two integrin
alpha chains aphaPS1 and alphaPS2 have different
functions during development (80, 81). From these
experiments where Drosophila integrin mutants were
rescued with various integrin chimeric molecules, a
complex pictures emerges where separate integrins do
have distinct roles in different organs and that this
specificity resides in the extracellular part (81). In somatic
muscle alphaPS1 integrin chain could not substitute for
alphaPS2 whereas in the eye this was clearly the case. The
suggestion is that alphaPS2 is needed for strong adhesion.
Whereas alphaPSL1 in the rescue experiments localized to
muscle attachment sites, and most likely bound its ligand,
this adhesion is apparently not strong enough, which was
manifested as breakage of muscle attachments.

Vertebrates studies with rat cardiomyocytes have
indicated that the localization of betal integrins to
costameres occurs well after sarcomere formation, arguing
against a role in sarcomere formation (82). Experiments
with mouse cells lacking betal integrins have shown that
cardiomyocytes in embryoid bodies have an impaired
sarcomere cytoarchitecture (83). In contrast, no obvious
defect was seen in skeletal myotubes formed under similar
conditions (36). These data suggest that different
compensatory mechanisms exists in cardiomyocytes and
skeletal myotubes.

In summary, data from Drosophila indicate that
betaPS integrins could be involved in both sarcomere
formation and stabilization in a subset of striated muscle
whereas in vertebrates, a limited role for betal integrin in
sarcomere stabilization in a subset of striated muscle,
seems more likely.

Following the identification of the Drosophila
mys mutation as an integrin defect in 1988 (84) the
inactivation of the mouse alpha7 integrin gene in 1997
(85) revealed a muscle phenotype with striking similarities
to the mys mutation. An embryonic lethal phenotype was
noted. The alpha7 integrin deficient mice that survived,
showed a norma muscle development but did develop a
muscular dystrophy postnatally, mainly affecting muscle
attachment pointsin certain muscles.

Recent knock-out and knock-in experiments with
the betalD integrin, have shed light on the role of this
integrin splice variant (86). Analysis of the highly cell
selective regulated splicing event and the prominent
localization to sites of force transmission had indicated a
potentially important role for betalD integrin variant in
striated muscle at sites of transmission of force. The result
from the knock-out experiments cast serious doubt on
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these expectations. Both skeletal muscle and cardiac
development were normal. The main heterodimerizing
partner of the betalD integrin chain, alpha7 integrin chain,
was found to localize to myotendinous junctions and
intercalated discs in the absence of betalD, arguing
against a unique role for betalD in the localisation to
these sites, since betalA seems to be able to equally well
fulfill this role. Careful analysis however revealed a mild
defect in heart. The authors suggest that based on these
results betalD might be a poorer mechanotransducer than
betalA. The 13 amino acids that distinguish betalA from
betalD clearly have specific roles during development as
shown in the exon-specific knock in experiment that
replaced betalA with betalD during development. A
lethal phenotype resulted, mainly affecting the nervous
system. Based on in vitro analysis of betalD expressing
cells a reduced expression of the betal integrin chain and
reduced cell migration was noted. The authors suggest that
it is mainly the reduced migratory capacity of cells
containing the betalD chain, instead of the normally
occuring betalA chain, that impairs devel opment.

In summary, antibody perturbation experiments
and genetic perturbations have produced different results
with regard to the importance of integrins for muscle
formation. Although the contribution of specific integrins
to certain steps of myogenesis such as somite
differentiation and myogenic cell migration has not been
clarified, gene ablation experiments indicate a minor role
for betal integrins during early steps of myogenesis (35).
In the chimeric mice, myogenesis occurs in a wild type
background, making these results difficult to interpret.
That the chimeric model does indeed "miss' some
phenotypes is illustrated by the alpha7 integrin knock-out
mice. As mentioned previousy these mice develop
muscular dystrophy (85) indicating a role for integrins in
myofiber stability. Yet thisis not observed in the chimeric
mice lacking al betal integrins on some cells. This is
obviosly due to the fact that skeletal muscle is syncytia in
nature and the betal integrin defective cells will fuse with
other cells containing wild type nuclei. It is thus too early
to rule a role for betal integrins in early steps of
myogenesis. That apha7betal is important for myofiber
stability is clear. It is aso clear that that myoblast fusion
can occur in the absence of betal integrin. However, the
large number of non-proliferating, non-apoptotic unfused
myablasts found in embryoid bodies lacking betal integrin
indictate a, possibly indirect, role for betal integrins in
fusion, or the steps leading up to fusion.

Cell-ECM interactions are involved in many of
the processes of myogenesis. Whether integrins other than
betal integrins or non-integrins are the primary receptors
involved in these processes is an exiting area for future
research.

5. MUSCULAR DYSTROPHIES

In recent years much knowledge has been gained
in the field of the causes of muscular
dystrophiessrmyopathies. A large body of evidence now
point to the fact that many myopathies are caused by
defects in the link between the muscle cell interior and the
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surrounding basement membrane (87, 88). Molecules
currently known to be involved in this link include
collagen type VI, laminin apha2 chain, components of the
dystroglycan associated glycoprotein complex, alpha7
integrin chain and dystrophin. It is unclear if the recently
identified protein fukutin, defective in Fukuyama muscular
dystrophy (89), is aso part of this linkage. In muscular
dystrophies a primary defect causes muscle necrosis,
regeneration and a progressive degeneration of the muscle
tissue. Much of the data on secondary events in muscle
disease have been obtained through the studies of
Duchenne Muscular Dystrophy patients and mdx mice
(both lacking dystrophin in skeleta muscle). Two
competing situations in the diseased muscle will be
discussed: muscle regeneration, and fibrosis.

5.1. Muscle regeneration

In the diseased muscle satellite cells are activated, they
replicate, migrate on basement membranes and fuse to
form new muscle fibers (90). Different growth factors and
cytokines such as FGFs (reviewed in (18)), TGF-betas
(91) and HGF/SF (92) released from muscle cells and
invading inflammatory cells are thought to be of
importance for generating this response. Activated satellite
cells express MyoD at an early stage (93, 94). MyaoD-
deficient (17) and FGF-6-deficient (18) mice are severely
deficient in their muscle regeneration capacity. This
appears to be due to increased muscle stem cell renewal
and reduced satellite cell differentiation. In FGF-6
deficient mice satellite cells form normally, but upon
injury their activation to proliferating cells fail (18). This
resultsin fibrosis and myotube degeneration.

In a moderate injury the satellite cells use the
basement membranes of necrotic fibers as a scaffold to
ensure a similar position of the new muscle fibers.
Likewise, components in the basement membrane during
"norma" muscle damage guide the formation of
neuromuscular junctions. As a late step in muscle
regeneration the basement membrane of the necrotic fiber
is phagocytized. In muscular dystrophy the response to
injury is different. The invasion of inflammatory cells is
much greater and the basement membranes of necrotic
muscle fibers are removed before they have had a chance
to act as scaffolds for the generation of new muscle fibers
and to guide innervation. The result is a muscle tissue
with abnormal muscle fiber arrangement.

5.2. Fibrosis

The growth factors and cytokines released in a
dystrophic muscle also stimulate the proliferation of
fibroblasts which with time will produce an accumulating
fibrotic interstitial extracellular matrix (91). Fibrosis is a
major obstacle to al types of gene therapy in muscle
disease.

A schematic view of the involvement of fibrosis
and muscle regeneration in the pathology of muscular
dystrophy is shown in figure 3.

5.3. Integrins as cell-cell receptors

During the regeneration event the
satellite cells go through a reiteration of a differentiation
program with certain features similar to secondary
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Figure 3. Schematic illustration of the relationship
between fibrosis and regeneration in a moderate muscle
injury versus muscular dystrophy. A. In a healthy muscle,
muscle fiber damage leads to a moderate activation of
connective tissue cells. Satellite cells are activated and
replace the damaged muscle with new muscle fibers. B. In
a dystrophic muscle, the primary defect leads to continous
myofiber degeneration which leads to massive activation
of connective tissue cells, resulting in fibrosis. Muscle
regeneration is unable to replace the damaged muscle with
new muscle fibers.

myogenesis. The same cell-cell recognition molecules as
those used during fetal myogenesis are likely to be used at
this step. Thus, VCAM-1 is expressed on satellite cells
and regenerating muscle fibers (95). It has been suggested
that this VCAM-1 expression enables alphadbetal integrin
positive leukocyes to adhere to muscle cells. Release of
cytokines from recruited leukocytes could lead to
activation of HGF/SF release, further augmenting the
regeneration process.

5.4. Integrins as migration receptors

It is likely that integrins play an important role
for cell migration during satellite cell migration. The
mechanism used for cell migration in these stepsis largely
unknown. One candidate receptor of importance for this
step is the alpha7betal integrin (69).

5.5. Integrins as signaling receptors

Little is known about the role of integrins during
activation of satellite cells during regeneration events. A
number of restriction points exist during satellite cell
activation. Some satellite cells are responsible for self-
renewa of the stem cell population whereas others
differentiate to new muscle fibers. The recent findings of
cross-talk between integrins and cadherins in muscle cell
lines indicate the possibility that synergistic signals from
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integrins and cadherins play a role (70). During fibrosis
integrins on fibroblasts are likely to regulate matrix
synthesis and to be involved in matrix assembly.

5.6. Integrins as mechanical links

At least two receptor systems for basement
membranes in muscle have been identified. The
dystroglycan complex and the apha7betal integrin both
bind laminins. It is notable that no receptor for collagen
IV has been identified in skeletal muscle. In the dy/dy
mice and in mersoin-negative congenital muscular
dystrophies laminin apha2 chain is defective. Since
laminin alpha2 chain is not only present around muscle
cells but is also expressed in the nervous system it is
unclear how the lack of laminin alpha2 in the nervous
system contributes to the disease phenotype. Electron
microscopy anaysis of basement membranes in laminin
alpha2 defective patients has revealed intact basement
membranes on Schwann cells (96). Immunostochemical
analysis however reveal strongly reduced laminin apha2
immunoreactivity on peripheral nerves in dy/dy mice (97).
Finaly, the restoration of laminin apha2 in muscle of
laminin apha? defective mice does not revert the
complete disease phenotype, supporting an neurological
component in disease caused by laminin apha2 defects
(98).

Two recent studies have yielded somewhat
conflicting results on whether the apha7betal and
dystroglycan complex regulate each other in disease
Situations in the muscle. From immunohistochemical
analysis of mice and men deficient in laminin apha2 by
the group of Engvall (99) two implications arise:

1. the distribution of dystroglycan complex and betalD
integrins are separately regulated,

2. laminin apha2 containing laminins are the major
ligands for alpha7betal integrins.

These data also raise some intriguing questions. Why is
not dystroglycan distribution changed in the absence of
laminin apha2 chain? Is the dystroglycan complex so
firmly anchored from within the cell that changes in the
ligand distribution goes by unnoticed? Alternatively, can
the laminin isoforms that are up-regulated in dystrophic
muscle serve as efficient ligands as laminin-2, or are there
non-laminin ligands for dystroglycan? Conversely, do
these data indicate that the laminin isoforms induced in
dystrophic muscle for some reason are unfit to serve as
ligands for alpha7betal or alternatively, are these laminins
deposited in such a way in the basement membrane that
they are not accessible for alpha7betal integrins?

In a separate study it was found that in muscle
from mdx mice and DMD patients the apha7betal
integrin is upregulated when the dystroglycan complex
fails to localize to the sarcolemma(100), suggesting that
alpha7betal and the dystroglycan complex are
interdependent on each other. In dy/dy mice there
appeared to be areduced levels of apha7betal integrins as
well as reduced alpha7 integrin mRNA levels.

It is clear from the studies of Mayer et al (85)
that in certain muscle groups in mice the absence of
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alpha7 integrin causes a muscular dystrophy. Recent
analysis of 117 Japanese patients with uncharacterized
congenital myopathies resulted in the identification of 3
patients with reduced or absent levels of alpha7 integrin
mRNA and protein (101). A number of nonsense
mutations were identified in both ITGA7 aleles of these
patients. Based on the absence of the
morphologica/histological  halmarks of  muscular
dystrophy the authors suggest that in humans, as well in
mice, the absence of apha? integrin causes a congenital
myopathy rather than muscular dystrophy. A number of
points need to be investigated before this issue can be
settled. Firstly, in some muscles of the alpha7 KO mice
there is clear evidence for muscular dystrophy, athough
not as severe as in some other anima models. Secondly,
there are a number of examples where there are major
differences between the human and mouse phenotype.
Mechanisms explaining these differences include:
different expression patterns in the two species and
different compensation mechanisms such as gene
duplications in mouse and man. This has become obvious
in emerging animal models for a number of muscle
diseases. Caution should thus be used when comparing
mice and men. Thirdly, a more thorough anaysis of
different human muscle groups, as well as anaysis of
more patients, including uncharacterized congenital
muscular dystrophies, might be needed before confining
the alpha? integrin defects in humans to the dystrophy or

myopathy group.
6. PERSPECTIVE

Remaining questions in the area of muscle
formation and muscle diseases include:
1. Which receptors are involved in early steps of
myogenesis such as somite formation and differentiation?
In embryos lacking fibronectin somites do not form.
Analysis of chimeric mice with a population of myogenic
cells lacking betal integrins have not addressed this
question. Are betal integrins, integrins from other
subfamilies, a combination of integrins from different
integrin families, or non-integrin receptors needed in these
early steps?
2. Why is in vitro myogenic differentiation delayed in
embryoid bodies lacking betal integrins? Does this reflect
arole for integrins in growth regulation (cell signaling) or
fusion (cell-cell recognition)?
3. What is the relative importance of integrins for
basement membrane assembly? How does impairment of
muscle basement membranes at early stages of myogenesis
affect further growth, positioning and maturation?
4. In Drosophila, mouse, and man, defects in integrin
genes have indicated an important role for integrins in
maintaining the structural integrity of muscle. The specific
molecular mechanism whereby integrin stabilisation
influence muscle integrity remains to be elucidated.
5. A recent study has identified mutations in the apha7
integrin chain in patients (101). In the future it will be
interesting to determine if disease - causing mutations also
are to be found in other integrins and basement membrane
components involved in the interaction between muscle
cells and the basement membrane. We have recently
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identified a novel integrin apha-chain on human fetal
muscle cells (44) ; the role of this integrin during muscle
development and disease is unknown.

6. The importance of cell ECM interactions during other
aspects of muscle disease is less evident. Which integrins
mediate the migration over basement membranes in the
case of muscle injury? Are integrins needed as accessory
molecules during satellite cell fusion, how does the
satellite cell derived myotube mature - which integrins are
needed at early steps? Are integrins transmitting signals
that determine whether satellite cells will proliferate and
ultimately contribute to new myofibers or whether they
should stay dormant? Which integrins are involved in
contribution to the fibrotic response?

It is obvious that this exciting field is full of
questions waiting for answers. Whether known, or yet
uncharacterized integrins, are major part of the answers
remains to be determined, as the saga of cell-ECM
interactions in muscle continues to unravel.

7. REFERENCES

1. Baumeister, A., S. Arber & P. Caroni; Accumulation of
muscle ank¥r|n repeat protein transcript reveals local
activation primary myotube endcompartments during
muscle morphogeneas J Cell Biol 139, 1231-1242 (1997)

2. Jasmin, J., Lee R. L. Rotundo:
Compartmentallzatlon of the acetycholmeﬂerase mRNA

Zil e at the vertebrate neuromuscular junction.
Neuron 1, 467-477 (1993)

3. Moscoso, L. M., J. P. Merlie & J. R. Sanes. N-CAM,
43k-rapsyn, and s-laminin mMRNAs are concentrated at
s{nagtlc sites in muscle fibers. Mol Cell Neurosci 6, 80-89

4. Bucklngham M.: Skeletal muscle development and the
role of the mg/ 9genlc regulatory factors. Biochem Soc
Trans 24, 506-509 (1995)

5. Ludolph D. C. & S. F. Konieczy: Transcription factor
families: musc |n8 in on the myogenic program. FASEB J
9, 1595-1604 (1995

Yun, K. & B. Wold: Skeletal muscle determination and
dlfferentlatlon story of a core r ulatory network and its
context. Curr Opin Cell Biol 8, 8 -889 {1996)

Tajbakhsh, S. & R. Spodrle: Somite development. Cell
92 9-16 (1998)

8. g?bakhsh S. & G. Cossu; Establishing myogenic
ident| durln% somitogenesis. Curr Opin Genet Dev 7,

634-
9. Tajbakhsh, S, D. Rocancourt, G. Cossu & B.
Buckingham: =~ Redefining the genetic  hierarchies

controlling skeletal m?/ 8eneSIs pax-3 and myf-5 act
upstream of MyoD. Cell 89, 127-134 (1997)

10. Rawls, A. & E. Olson: MyoD meets its maker. Cell 89,
5-8 (1997)

11. Tabakhsh, S., D. Rocancourt & M. Buckingham:
Muscle progenitor cells fallln to re%)ond to positional
cues adopt non-myogenic ates in myf-5 null mice. Nature
384, 266-270 (1996)

12. Yang, X.-M., K. Vogan, P. Gros & M. Park:
Expression of the met receptor Ki nase in muscle progenitor
cells in somites and limbs is absent in Splotch mice. Cell
122, 2171 (1996)



Integrins in skeletal muscle

13. Anastasi, S., S Glordano 0. Sthandler G.
Gambarotta, R. Maione, Comogllo P. Amati: A
natural hepatocyte rowth factor/scatter factor autocrine
loop in myoblast cells and the effect of the constitutive
Met kinasé activation on myogenic differentiation. J Cell
Biol 137, 1057-1068 (1997)

14 Maina, F., F Casagranda, E. Audero, A. Simeone, P.

Comoglio, R. Klein & C. Ponzetto: Uncoupling of
Grb2 from the Met receptor in vivo reveals complex roles
in muscle development. Cell 87, 531-542 (1996)

15. Harris, A. J., M. J. Duxson, R. B. Fitzsimmons & F.

Rieger: Mononuclear birthdates dlstln |sh the onglns of

pnmaa/an secondary myotubes in embryonic mammalian
muscles. Development 107, 771 84 (1989)

16. Hauschka, S. D.: The embryonic origin of muscle. In:
){OIRW Eds: Engel A, Franzini-Armstrong C, McGraw
Hill 3-73 (1994)

17 M?eney, B. Kablar, K. Garrett, J. E. Anderson

Rudnlckl MyoD is required for myogenic stem

| function in adulf skeletal muscle. Genes Dev 10,
1173 1183 (1996)

18. Floss, T., H.-H. Arnold & T. Braun: A role for FGF-6
|( r11 ske;etal muscle regeneration. Genes Dev 11, 2040-2051

19. Baylies, M. K., M. Bate & M. R. Gomes. Myogenesis:
A view from Drosophlla_ Cell 93, 921-927 (1998

20. E., M. Perry & Schulz: Regulation of
muscle dlfferentlatlon by the MEFZ family of MADS box
transcription factors. Dev Biol 172, 2-14 (1995)

21. Erickson, R., B. J. Gdletta & S. M. Abmayr:
Drosophila m: oblast city encodes a conserved protein that
is essential for myoblast fusion, closure, and
cytoskeletal organization. J Cell Biol 138 589-603 (1997)

22. Paululat, A., A. Goubeaud, C. Damm, S. Knirr, S.
Buchard & R Renka\Nltz-PohI: The  mesodermal
expression of rolling stone (rost) is essentlal for myoblast
fusion in Drosophila ands enco otential
transmembrane protein. J Cell Biol 138, 337 348 1997)

23. Rudnicki, M. A. & R. Jaenisch: The MyoD family of
transcription factors and skeletal myogenesis. BioEssays
17, 203-209 (1995)

24. Hescheler, J., B. K. Fleischmann, S. Lentini, V.
Maltsev, J. Rohwedel, A. M. Wobus & K. Addicks:
Embryonlc stem cells a model to study structural and
functiona grOI) erties in cardiomyogenesis. Cardiovasc Res
36, 149-162 (1997)

25 Hasty, P., A. Bradley, J. H. Morris, D. G. Edmondson,
J M. Venuti, E. N. Olso n & W. H. Klein: Muscle
deficiency and neonatal death in mice with a targeted
(nigtga:t)’l)on in the myogenin gene. Nature 364, 501-506

26. Xu, W., H. Baribault & E. D. Adamson V|ncuI|n
knockout results in heart and brain def unng
em rglonlc development. Development 125 327 33

27. Li, H., S. K. Choudhary, D. J. Milner, M. I. Munir, I.
R. Kwsk & Y. Capetanaki: Inhibition of desmin
expression blocks myoblast fusion and interferes with the
831 enicr ulators yoD and myogenin. J Cell Biol 124,

1(1994
28. Weitzer, G., Milner, J. Kim, A. Bradley & Y.
Capetanaki: Cytoskeletal control of myogenesis: a desmin
null mutation blocks the myogenic athwai/ during
embryonic stem cell dlfferentlar[lon Dev Biol 172, 422-
439 (1995)

1037

29. Li, Z., Colucci-Guyon, M
Mencskay, S Pournin, D. Paulin & C. Bablnet
Cardiovascular lesions and skeleta i/ sS)athy in mice
lacking desmin. Dev Biol 175, 362-366 (1996

30. Capetanaki, Y., D. J. Mllner& G. Weltzer: Desmin in
muscle formation and enance.  knockouts and
consequences. Cell Struct Funct 22 103-116 (1997)

31 Damsky H., K. A. Knudsen, D. Bradley, C. A.
Buck & A.F. Horwitz; Dlstnbutlon of the cdll subtratum
attachment(CSAT) antigen on myogenic and fibroblastic
cellsin culture. J Cell Biol 100, 1528-1539 (1985)

32. Bozyczko, D., C. Decker, J. Muschler & A. F.
Horwitz: Integrin on de\/elogpl ng ‘and adult skeletal muscle.
Exp Cell Res 183, 72-91 (1989)

33. D. GuIIber? P.. Ekblom: Integrins durin
development. In : Tntegrin-Ligand interactions. Eds. Eble J,
Kihn K, R.G Landes company, Austin 253-267 (1997)

34. Gullberg, D. & P. Ekblom: Extracellular matrix and its
recegptors during development. Int J Dev Biol 39, 845-854

Pincon- Raymond M.

35. Brakebusch, C., E. Hirsch, A. Potocnik & R. Fasder:
Genetic analysis of betal integrin functlon confirmed,
new and revised roles for a crucial famg of cell adhesion
molecules. J Cell Sci 110, 2895-2904 (1997)

36 Hirsch, E., L. Lohikangas, D. Gullberg, S. Johansson

R. Fasder: Mouse myoblasts can fuse and form a
normal sarcomere in the absence of betal integrin
expression. J Cell Sci 111, 2397-2409 (1998)

37. Gullberg, D., G. Sjéberg, T. Velling & T. Sejersen:
Analysis of fibronectin and’ Vitronectin receptors dunrg;
differentiation of human fetal muscle. Exp Cell Res 22
112-123 (1995)

38. Camper, L., U. Hellman & E. Lundgren -Akerlund:
|solation, cIonlng, and uence anaysis of the integrin
subunit "alphal0; -associated collagen bindin
integrin_expressed on Chondrocytes J Biol Chem 273,

20383-20389 (1998

39. Boettiger, D., M. Enamoto-lwamoto, H. Yong Yoon,
H. Hofer, A. S. Menko & R. hlquet Ehrismann:
Regulatlon of integrin aphabbetal affinity during

myogenic differentiation. Dev Biol 169, 261-272°(1995)

40. Blaschuk, K. L., C. Guérin & P. C. Holland: Myoblast
aphavbeta3 |ntegr|n levels are contro ag
transcnptlonal regulation of expron of the bet
subunit an down regulatlon of beta3 subunit_expression
is required al muscle cell differentiation. Dev
Biol 184, 266 277 (1997)

41. Hirsch, E., D. Gullberg & G. Tarone: Regulation of
alpha v integrin subunit expression in nervous tissue and

eletal muscle during mouse development. Dev Dyn 201,
108-120 (1994)

42. Sastry, S. K., M. Lakonishok, D. A. Thomas, J.
Muschler' & A. F. HorW|tz Integrin a subunlt ratios,
cytoplasmic_domains, an %rovvt actor syner ulate
muscle proliferation and ditfferentiation. J Cel BIO 133,
169-184 (1996)

43. Song, W. K., W. Wang, R. F. Foster, D. A. Bielser &
S. J. Kaufman: H36- aIpha |sanovel int rin alpha chain
that is developmentall 6@ ated unng skeletal
myogenesis. J Cell Biol 117, 657 (1992)

G. Sjoberg

44. Gullberg, D., T. Vellln(% Seg1
Up—regulatlon of a novel integrin a ha—chaln Salg a mt)
, 57-65 (1995)

on human fetal myotubes. Dev yn 2

45. Belkin, A., N. I. Zhidkova, F. Balzac F. Altruda, D
Tomatis, A. Maler G. Tarone, V. Kotellansky & K



Integrins in skeletal muscle

Burridge: betalD integrin displaces the betalA isoform in
striated muscles; locdization at junctiona structures and
signaling fotentlal in nonmusclé cells. J Cell Biol 132,
211-226 (1996)

46. Song, W. K., W. Wang, H. Sato, D. A. Bielser & S.
Kaufman: Expression of ~alpha7 integrin cytoplasmic
domains during skeletal muscle development: alternate
forms, conformational change, and homologies with
serine/threonine kinases and tyrosine phosphatases. J Cell
Sci 106, 1139-1152 (1993)

47. Ziober, B. L., Y. Chen & R. H. Kramer: The laminin-
binding activity of the alpha7 integrin receptor is defined
by develo mer]tallg re%ulated licing in the extracellular
domain. Mol Biol Cell 8, 1723-1734 (1997)

48. Dickson, G., D. Peck, S. E. Moore, C. H. Barton & F.
S. Walsh: Enhanced myogenesis in NCAM-transfected
mouse myoblasts. Nature 344, 348-351 (1990)

49. Fredette, B., U. Rutishauser & L. Landmesser:
Regulation and activity-dependence of N-cadherin, NCAM
isoforms, and polysidic acid on chick myotubes during
development. J Cell Biol 123, 1867-1888 (1993)

50. Knudsen, K. A., S. A. McElwee & L. Myers: A role
for the neural cell adhesion molecule, NCAM, in myoblast
|(r11t9e68§tlon during myogenesis. Dev Biol 138, 159-168

51. Brand-Saberi, B., A. J. Gamel, V. Krenn, T. S. Mller,
J. Wilting & B. Christ: N-cadherin isinvolved in myoblast
migration and muscle differentiation in the avian limb
bud. Dev Biol 178, 160-173 (1996)

52. Knudsen, K., L. Myers & S. A. McElwee: A role for
the Ca2+-dependent adhesion molecule, N-cadherin, in
myaoblast interaction during myogenesis. Exp Cell Res 188,
175-184 (1990)

53. Mege, R. M., D. Goudou, C. Diaz, M. Nicolet, L.
Garcia, G. Geraud & F. Rieger: N-cadherin and N-CAM in
myoblast fusion: compared locdisation and_ effect of
blockade by peptides and antibodies. J Cell Sci 103, 897-
906 (1992)

54. Radice, G. L., H. Rayburn, H. Matsunami, K. A.
Knudsen, M. Takeichi & R. O. Hynes: Developmental
defects in mouse embryos lacking N-cadherin. Dev Biol
181, 64-78 (1997)

55. Zeschnigk, M., D. Kozian, C. Kuch, M. Schmoll & A.
Starzinski-Powitz: Involvement of M-cadherin in termina
differentiation of skeletal muscle cells. J Cell Sci 108,
2973-2981 (1995)

56. Eng, H., K. Herrenknecht, H. Semb, A. Starzinski-
Powitz,” N. Ringertz & D. Gullberg: Effects of divalent
cations on M-cadherin expression and distribution during
prlmarg rat myogenesis in vitro. Differentiation 61, 169-
176 (1997)

57. Dondies, M., M. Cramer, M. Ringwad & A.
Starzinski-Powitz: Expression of M-cadherin, a member of
the cadherin  multigene family, correlates with
differentiation of skeletal muscle cells. Proc Natl Acad Sci
USA 88, 8024-8028 (1991)

58. Rosenber%,5 P., F. Esni, A. Sodin, L. Larue, L.
Carlsson, D. Gullberg, M. Takeichi, R. Kemler & H.
Semb: A potential role of R-cadherin in striated muscle
formation. Dev Biol 187, 55-70 (1997)

59. Rose, O., J. Rohwedel, S. Reinhardt, M. Bachmann,
M. Cramer, M. Rotter, A. Wobus & A. Starzinski-Powitz:
Expression of M-cadherin protein in myogenic cells durin
prenatal mouse development and ~ differentiation 0O
ag%%onlc stem cells in culture. Dev Dyn 201, 245-249

1038

60. Menko, S. & D. Boettiger: Occupation of the
extracellular matrix receptor, integrin, is a control point
for myogenic differentiation. Cell 51, 51-57 (1987)

61. Rosen, G. D., J R. Sanes, R. LaChance, J. M.
Cunningham, J. Roman & D. C. Dean: Roles for the
integrin’' VLA-4 and its counter receptor VCAM-1 in
myogenesis. Cell 69, 1107-1119 (1992)

62. Yané; J. T, T.A. Rando, W. A. Mohler, H. Rayburn,
H. M, Blau & R. O. Hynes. Genetic analysis of alpha4
integrin functions in the development of mouse skeletal
muscle. J Cell Biol 135, 829-835 (1996)

63. Huviolg, A.-P., E. Almeida & J. M. White: ADAMS
and cell fusion. Curr Opin Cell Biol 8, 692-699 (1996)

64. Yaagami-Hiromasa, T., T. Sato, T. Kurisaki, K.
Kamijo, 'Y. NMabeshima & A. Fujisawaseharas A
metalloprotease-disintegrin Eartlupatlng in  myoblast
fusion. Nature 377, 652-656 (1995)

65. Gilpin, B. J,, F. Loechel, M.-G. Mattei, E. Engvall, R.
Albrechtsen & U. M. Wewer: A novel, secreted form of
human ADAM 12 (meltrin Erovokes myogenesis in
vivo. J Biol Chem 273, 157-166 (1998)

66. Jaffredo, T., A. F. Horwitz, C. A. Buck, P. M. Rong &
F. Dieteren-Lievre: Myoblast migration specificaly
inhibited in the chick embryo by grafted CSAT hybridoma
cells secreti ns%an anti-integrin antibody. Development 103,
431-446 (1988)

67. Fassler, R. & M. Meyer: Consequences of of lack of
betal integrin gene expression in mice. Genes Dev 9,
1896-1908 (1995)

68. Bronner-Fraser, M., M. Artinger, J. Muschler & A. F.
Horwitz: Developmentally regulated expression of the
gl 1h<'(;1? 9| gr’%agrln in avian embryos. Development 115, 197-

69. Echtermeyer, F., S. Schober, H. Poschl, H. von der
Mark & K. von der Mark: Specific induction of cell
mOtI|I9/ on laminin by apha7 integrin. J Biol Chem 271,
2071-2075 (1995)

70. Huttenlocher, A. H., M. Lakonishok, M. Kinder, S.
Wu, T. Truong, K. A. Knudsen & A. F. Horwitz: Integrin
and cadherin” synergy regulates contact inhibition” of
(nilé;gr%mn and motile activity. J Cell Biol 141, 515-526

71. Perkinson, R. A. & P. A. Norton: Expression of the
mouse fibronectin gene and fibronectin lacZ-transgenes
during somitogenesis. Dev Dyn 208, 244-254 (1997)

72. George, E. L., E. N. Georges-Labouesse, R. S. Patel-
King, H. Rayburn & R. O. Hynes: Defects in mesoderm,
neural tube and vascular development in mouse embryos
lacking fibronectin. Development 119, 1079-1091 (199

73. Yang, J. T., H. Rayburn & R. O. Hynes: Embryonic
mesodermal  defects in al%haS integrin-deficient mice.
Development 119, 1093-1105 (1993)

74. Stipp, M.A. L.A. Urry & R. O. Hynes: Expression of
apha 4 integrin mRNA and protein and fibronectin in the
?frglg‘l)chlcken embryo. Cell Adhes Commun 2, 359-375

75. Tiger, C.-F. & D. Gullberg: Absence of laminin alphal
chain in the skeleta muscle of (é/strophlc dy/dy mice.
Muscle & Nerve 20, 1515-1524 (1997)

76. Duband, J. L., A. M. Belkin, J. Syfrigh J. P. Thiery &
V. E. Koteliansky: Expression of alphal integrin, a
laminin-collagen “receptor, during myogenesis and



Integrins in skeletal muscle

neurogenesis in the avian embryo. Development 116, 585-
600 (1992)

77. Véling, T., G. Collo, L. Sorokin, M. Durbegj, H. Y.
Zhang & D. Gullberg: Disttinct apha7Abetal and
alpha/Bbetal integrin expression Eatterns during mouse
development. Dev Dyn 207, 355-371 (1996)

78. Volk, T., L. |. Fessler & J. H. Fesder: A role for
integrin in the formation of sarcomeric cytoarchitecture.
Cell63, 525-536 (1991)

79. Bloor, J. A. & N. H. Brown: Genetic andysis of the
Drosophila aphaPS2 integrin subunit reveals discrete
adhesive, morphogenetic and adhesive functions. Genetics
148, 1127-1142 (1998)

80. Li, X., M. W. Graner, E. L. Williams, C. E. Roote, T.
A. Bunch & S. Zusman: Requirements for the cytoplasmic
domain of the aIBhaPSL. phaPS2 and betaPS integrin
subunits durlni; rosophila’ development. Development
125, 701-711 (1998)

81. Martin-Bermudo, M. D., O. M. Dunin-Borkowski &
N. H. Brown: Specificity of PS integrin function during
embryogenesis resides in the a subunit extracellular
domain. EMBO J 16, 4184-4193 (1997)

82. Hilenski, L. L., X. H. Ma, N. Vinson, L. Terracio & T.
K. Borg: The role of betal integrin in spreading and
myofibrillogenesis in neonatal rat cardiomyocytes in vitro.
Cell Motil Cytoskeleton 21, 87-100 (1992)

83. Fassler, R., J. Rohwedel, V. Maltsev, W. Bloch, S.
Lentini, K. Guan, D. Gullberg, J. Hescheler, K. Addicks &
A. Wobus: Differentiation and |nte(T;r|ty of cardiac muscle
cells are impaired in the absence of bétal integrin. J Cell
Sci 109, 2989-2999 (1996)

84. MacKrell, A. J., B. Blumberg, S. R. H I
Fessler: The lethd myospheroid gene of Drosophila
encodes a membrane protein homologous to vertebrate
integrin beta subunits. Proc Natl Acad Sci USA 85, 2633-
2637 (1988)

85. Mayer, U., G. Saher, R. Fasser, A. Bornemann, F.
Echtermeyer, H. von der Mark, N. Miosge, E. Poschl & K.
von der Mark: Absence of integrin alpha 7 causes a novel
form of muscular dystrophy. Nat Genet 17, 318-323 (1997)

86. Baudoin, C., M.-J. Goumans, C. Mummery & A.
Sonnenberg: Knockout and knockin of the betal exon D
define distinct roles for integrin splice variants in heart
function and embryonic development. Genes Dev 12,
1202-1216 (1998)

87. Henry, M. D. & K. P. Campbell: Dystroglycan: an
extracellular matrix rece%tor linked to the cytoskeleton.
Curr Opin Cell Biol 8, 625-631 (1996)

88. Wewer, U. M. & E. Engval: Merosin/laminin-2 and
(nig%%lilar dystrophy. Neuromuscul Disord 6, 409-418

nes & J. H.

89. Kobayashi,
Matsumura, E.
Yoshioka, K.

K., Y. Nekahori, M. Miyake, K.
Kor)do-llda, Y. Nomura, M. Segawa, M.
C Saito, M. Osawa, Hamano, Y.
Sakakihara, I. Nonaka, Y. Nakagome, |. Knazawa, Y.
Nakamura, K. Tokunaga & Toda An ancient
retrotransposal insertion causes Fukuyamart%pe congenital
muscular dystrophy. Nature 394, 388-392 (1998)

90. Grounds, M. D. & R. Yablonka-Reuveni: Molecular
and cell biology of skeletal muscle regeneration. Mol Biol
Hum Dis Ser 3, 210-256 (1993)

91. Border, W. A. & N. A. Noble: Fibrosis linked to TGF-
?%% 5|)n yet another disease. J Clin Invest 96, 655-656

1039

92. Tatsumi, R., J. E. Anderson, C. J. Nevoret, O. Halevy
& R. Allen; HGF/SF is present in normal adult skeletal
muscle and is capable of activating satellite cells. Dev Biol
194, 114-128 (1998)

93. Bhagwati, S., A. Ghatpande, S. A. Shafig & B. Leung:
In situ hybridization analysis for expression of myogenic
regulatory factors in regenerating muscle of mdx mouse. J
Neuropathol Exp Neurol 55, 509-514 (1996)

94. Fuchtbauer, E. M. & H. Westpha: MyoD and
myogenin are coexpressed in re:(;qeneratlng skeletal muscle
of the mouse. Dev Dyn 193, 34-39 (1992)

95. Jesse, T. L., R. LaChance, M. F. lademarco & D. C.
Dean: Interferon regulatory factor-2 is a transcriptional
activator in muscle whefe it regulates expression of
vascular cell adhesion molecule-1. J Cell Biol 140, 1265-
1276 (1998)

96. Osari, S., O. Kobayashi, Y. Yamashita, T. Matsuishi,
M. Goto, Y. Tanabe, T. Migita & |. Nonaka: Basement
membrane abnormality in merosm-nei;atlve congenital
muscular dystrophy. Acta Neuropathol 91, 332-336 (1996)

97. Sewry, C. A., Y. Uziyel, S. Torelli, S. Buchanan, L.
Sorokin, J. Cohen & D. J. Watt: Differential labelling of
laminin apha 2 in muscle and neura tissue of dy/dy mice:
are there isoforms of the laminin apha "2 “chain?
Neuropathol Appl Neurobiol 24, 66-72 (1998)

98. Kuang, W., H. Xu, P. H. Vachon, L. Liu, F. Loechel
U. M. Wéwer & E. Engvall: Merosin-deficient congenital
muscular dystrophy. tial genetic correction in two
mouse modéls. J Clin Invest 102, 844-852 (1998)

99. Vachon, P. H., H. Xu, L. Liu, F. Loechel, Y. Hayashi,
K. Arahata, J. C. Reed, U. M. Wewer & E. Engvall:
Integrins (alpha7betal) in muscle function and survival.
Disrupted expression_in merosin-deficient con%enltal
muscular dystrophy. J Clin Invest 100, 1870-1881 (1997)

100. Hodges, B. L., Y. K. Hayashi, I. Nonaka, W. Wang,
K. Arahafa & S. J. Kaufman: Altered expression of the
apharbetal integrin in _human and murine muscular
dystrophies. J Cell Sci 110, 2873-2881 (1997)

101. Hayashi, Y. K., F.-L. Chou, E. Engval, M. Ogawa,
C. Matsuda, S. Hirabayashi, K. Yokochi, B. L. Ziober, R.
H. Kramer, S. J. Kaufman, E. Ozawa, Y. Goto, |. Nonaka,
T. Tsukahara, J.-Z. Wang, E. P. Hoffman & K. Arahata:
Mutations in the integrin apha7 gene cause congenital
myopathy. Nature Genet 19, 94-97 (1998)

Key words: Somite, Drosophila, Muscle Development,
Muscular dystrophy, Integrin, Extracellular Matrix

Send correspondence to: Dr. Donad E. Gullberg,
Uppsala University, BMC, Box 596, S-571 24 U(P sal g,
Sweden, Tel: +46-18 471 4175, Fax: +46-18-508095, E-
mail: Donald.Gullberg@zoofys.uu.se



