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The formation of a mature myotendi-
nous junction (MTJ) between a

muscle and its site of attachment is a
highly regulated process that involves
myofiber migration, cell-cell signaling,
and culminates with the stable adhesion
between the adjacent muscle-tendon cells.
Improper establishment or maintenance
of muscle-tendon attachment sites results
in a decrease in force generation during
muscle contraction and progressive mus-
cular dystrophies in vertebrate models.
Many studies have demonstrated the
important role of the integrins and
integrin-associated proteins in the forma-
tion and maintenance of the MTJ.
We recently demonstrated that moleskin
(msk), the gene that encodes for Droso-
phila importin-7 (DIM-7), is required for
the proper formation of muscle-tendon
adhesion sites in the developing embryo.
Further studies demonstrated an enrich-
ment of DIM-7 to the ends of muscles
where the muscles attach to their target
tendon cells. Genetic analysis supports a
model whereby msk is required in the
muscle and signals via the secreted
epidermal growth factor receptor (Egfr)
ligand Vein to regulate tendon cell
maturation. These data demonstrate a
novel role for the canonical nuclear
import protein DIM-7 in establishment
of the MTJ.

The MTJ is a highly specialized adhesion
site between muscles and their corres-
ponding tendon cells. Structurally, the
MTJ is comprised of secreted extracellular
matrix (ECM) proteins that are physically
tethered to integrin complexes expressed

on the plasma membranes of both muscle
and tendon cells. Functionally, the MTJ is
the primary site for force transmission
from the interior of the muscle cell, across
its membrane to the ECM. In vertebrates,
the tendon is the connective tissue that
transmits forces created in the muscle to
the bones. Invertebrate model organisms,
such as Drosophila, lack an internal
skeleton but serve as an excellent model
to study the conserved processes of myo-
tendinous junction formation and main-
tenance, as Drosophila has pioneered the
identification of genes required for all
phases of myogenesis.1-3 In flies, the con-
tractile muscles are firmly attached to a
specialized type of epidermal cell, called a
tendon cell, which anchors the muscles to
the external cuticle, or exoskeleton.4 In all
organisms that possess contractile muscles,
muscle attachment defects may lead to
immobility and lethality. Thus, the forma-
tion and maintenance of the MTJ requires
tight regulation of cellular processes
including gene expression, intracellular
protein transport and protein turnover.

The fundamental morphological events
that underlie the construction of the
muscle-tendon unit are strikingly similar
between vertebrates and invertebrates.2,3,5

In both organisms, while the muscles and
tendon cells independently arise from
different progenitor lineages, reciprocal
signaling between the two cell types is
essential to form the proper ECM-integrin
interface later in myogenesis. The interface
between the membranes of the muscle
cells and tendons cells are highly con-
voluted to increase surface area. Analogous
to vertebrate MTJs at the ultrastructural
level, the terminal Z-bands of Drosophila
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myofibrils form dense plaques and elabo-
rate folds where they connect to the
tendon cells.6 Below we will present a
brief overview of the molecules required
in Drosophila embryonic muscle-tendon
recognition, signaling, and adhesion.

As early as stages 11–12, a combinato-
rial output of the Wingless, Hedgehog,
Notch and epidermal growth factor recep-
tor (Egfr) signaling pathways patterns
individual epidermal cells to be tendon
cell progenitors.7 This leads to the expres-
sion of the early growth response (Egf)-like
transcription factor, Stripe B (SrB), con-
fining tendon cell identity.8,9 Thus, this
initial phase of tendon cell differentiation
is muscle-independent while the final

maturation of tendon cells depends on
signaling interactions with the muscle and
the induction of the SrA activity.10

The muscle-dependent phases of
MTJ formation can be divided into two
stages: (1) muscle-tendon establishment
(Fig. 1A) and (2) muscle-tendon adhesion
(Fig. 1B). In embryonic stages 13–14,
muscle growth occurs via multiple cell
fusion events which is coincident with the
attraction of myofibers toward their target
tendon cells.2,11 In the tendon cells,
SrB upregulates muscle-guidance genes,
including the muscle guidance cue Slit,
and the muscle arrest protein Leucine-rich
tendon specific protein (LRT).10,12-14 An
early event in muscle-tendon attachment

appears to be the tendon-specific secretion
of the ECM protein Thrombospondin
(Tsp), or whose expression is regulated by
Sr.15,16 The accumulation of integrins at
the leading edges of the migrating muscles
is promoted by Tsp, while the secreted
protein Slowdown (Slow) modulates the
effectiveness of this integrin-Tsp inter-
action.17 A gradual increase in MTJ
adhesion occurs as more ECM proteins
accumulate at the extracellular interface
with integrins expressed at the broad edges
of the muscles and tendon cells. Muscle-
tendon interactions are crucial for the
differentiation of progenitor tendon cells
to the mature tendon cell fate. As the
muscles approach their targets, they secrete
the Egfr ligand Vein, the localization of
which is dependent upon the adhesive
function of βPS integrins at the muscle
attachment site (MAS).18,19 The secretion
of Vein is sufficient to activate the Egfr
pathway in tendon cells and trigger the
phosphorylation of mitogen activated
protein kinase (pMAPK or Drosophila
ERK). This activated form of pMAPK
translocates to the nucleus to ensure
continual gene expression for terminal
tendon cell differentiation.18

Stable MTJ formation relies on integrin-
mediated adhesion with the ECM that
forms an interface between the muscle
and tendon cells.3,20 The transmembrane
integrin aPSβPS heterodimer functions
to link the internal cytoskeleton with
the outside ECM components. There is
inherent specificity built into the integrin-
ECM interactions, as the muscle cell and
tendon cell each express different integrin
heterodimers on their cell surfaces. The
muscle-specific heterodimer aPS2βPS
binds to its ECM ligands Tsp and
Tiggrin (Tig),15,16,21 while the tendon-
specific heterodimer aPS1βPS binds
laminin.22,23 On the cytoplasmic face of
both tendon cells and muscles, Wech, a
multi-domain TRIM protein acts as an
adaptor between Talin, which associates
with the intracellular domain of βPS, and
Integrin-linked kinase (Ilk).24-26 Talin
serves to recruit Ilk, PINCH and paxillin
to the MAS, while Ilk appears to be a
crucial linkage between integrins and the
internal actin cytoskeleton.27,28 In ilk
mutants, the actin filaments within the
muscle become detached, even though

Figure 1. Signaling between the muscle and tendon cell is essential for MTJ formation.
(A) The leading edge of the myofiber expresses the aPS2/bPS integrin heterodimer complex before
it encounters its target tendon cell. The Egf ligand Vein is secreted from the muscle and
accumulates at the site of the muscle-tendon junction. The binding of Vein to the Egfr expressed on
the plasma membrane of the tendon cell results in the phosphorylation of cytoplasmic MAPK.
This now activates MAPK, along with the tendon-cell specific transcription factor Sr, which are
capable of entering the nucleus to regulate gene expression. (B) A stable myotendinous junction is
maintained by the formation of the integrin-mediated hemiadherens junctions at the site of
muscle-tendon attachment. This stable integrin-ECM linkage is formed when the muscle-expressed
aPS2/bPS integrin complex binds to Tig and Tsp and the tendon-expressed aPS1/bPS integrin
complex binds to Laminin. Tig, Tsp and Laminin are all ECM components that are secreted into
the space between the muscle and tendon cell, respectively. Continual activation of the Egfr
pathway and Sr nuclear localization is essential for the transcription of genes to maintain tendon
cell identity and to synthesize components necessary for this ECM-integrin linkage.
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the membrane remains attached to the
ECM.26

While one muscle connects to one
tendon cell in Drosophila, muscles in
vertebrates connect to multicellular tendon
cells. Despite this difference, conserved
proteins that function to link the actin
cytoskeleton to the plasma membrane are
localized to both invertebrate and verte-
brate MTJs, including integrins, ilk, talin
and focal adhesion kinase (FAK) and
paxillin.1–5 Both talin1 and integrin-linked
kinase (Ilk) are required for MTJ stability
in zebrafish and/or mice.29-31 Progressive
myopathies in vertebrate models result
from an inability to maintain stable
myotendinous junctions. In mice deficient
for integrin a7, symptoms of muscular
dystrophy were observed soon after birth
as a result of altered ECM deposition and
the detachment of myofibrils from the
MTJ32-34 Furthermore, humans with
mutations in the gene that encodes for
integrin a7 (ITGA7) cause congenital
myopathy.35 Thus, we hope that the
identification and characterization of new
players will provide a better understanding
of the basic biological processes in MTJ
formation and maintenance in hopes of
eventually developing therapeutics to treat
myopathies.

Msk is Required
for Muscle-Tendon Attachment

Our lab is interested in uncovering the
mechanisms underlying MTJ formation
and maintenance. Recently, we uncovered
a new role for Drosophila Importin-7
(DIM-7) in embryonic muscle-tendon
attachment.36 DIM-7 is the Drosophila
homolog of vertebrate importin 7 (Imp7),
sharing 53% amino acid identity and 72%
similarity with human Imp7.37 Imp7 is
distantly related to the proteins of impor-
tin β family and is also referred to as Ran-
binding protein 7 (RanBP7).38 Msk, Imp7
and importin β (Impβ) all share significant
homology in the 150 amino acid con-
served Impβ N-terminal domain (IBN),
which resides in a larger ~364 amino acid
Ran-binding region.39,40 Imp7 function is
unique among the Impβ superfamily.
While the canonical Impβ proteins facili-
tate nuclear import by binding to both
Importin a (Impa) and to the nuclear pore

complex, Imp7 functions with or with-
out Impβ. For example, histone H1 and
the adenovirus type 2 DNA requires
the Impβ/Imp7 heterodimer for proper
nuclear import.39,41 In contrast, Imp7
alone can directly facilitate nuclear import
of ribosomal proteins, the glucocorticoid
receptor, and HIV-1 reverse transcription
complexes.42,43

DIM-7, encoded by the msk locus, has
multiple functions throughout Drosophila
development. The homeobox transcrip-
tion factor Caudal, activated MAPK, and
activated Mothers against Decepentaplegic
(or Drosophila Smad1) all depend on
DIM-7 for proper nucleocytoplasmic
shuttling.37,44,45 In addition, msk has been
identified in two genetic screens. First,
mutations in msk suppress ectopic bristle
formation induced by expression of the
neuronal transcription factor Senseless
(Sens).46 Subsequent studies placed Msk
upstream of Sens by an unknown mecha-
nism. Alleles of msk were also identified in
a screen for dominant suppressors of an
activated integrin aPS2 wing phenotype
called Blistermaker.47 These findings sug-
gest that Dim7 could be recruited and
regulated at the cell periphery. In S2 cells,
loss of βPS-integrin expression by RNAi
knockdown resulted in decreased tyrosine
phosphorylation of DIM-7.48 Moreover,
expression of the aPS2-integrin with a
mutated version of the βPS-integrin sub-
unit resulted in an inhibition of activated
MAPK in the nucleus. The subcellular
distribution of DIM-7 was analyzed in S2
cells expressing the aPS2βPS2-integrin
heterodimer spread on tiggrin-coated
slides. Consistent with the potential role
of Msk with integrins, DIM-7 was found
to colocalize with integrins at the cell
periphery.48 Taken together, the above
studies suggest that DIM-7 plays pleio-
tropic roles that may not be limited to the
import of nuclear proteins.

To gain insight into the functions of
DIM-7 in myogenesis, we examined its
subcellular distribution in Drosophila
embryonic development. In agreement
with observations by Lorenzen et al.,
immunostaining with an antibody raised
against the C-terminal portion of DIM-7
revealed dynamic changes in the nucleo-
cytoplasmic distribution of DIM-7.37 It
was observed in either the nucleus or the

cytoplasm in the beginning of embryo-
genesis with some DIM-7 concentrated
at the cell cortex in the early blastoderm
stage.37 DIM-7 exhibited a broad expres-
sion pattern until the end of stage 12,
after which it was undetectable by
immunostaining. After stage 15 when
myoblast fusion and myotube migration
were nearly completed, DIM-7 began to
accumulate at the sites of muscle-tendon
attachments where it overlapped with the
attachment site protein βPS-integrin. To
confirm the ability of DIM-7 accumula-
tion at the future MTJ sites, we performed
two experiments. First, we observed a loss
of Msk protein expression in msk mutant
embryos, confirming the specificity of the
anti-DIM-7 antisera. Second, we gener-
ated transgenic flies expressing a YFP-
DIM-7 fusion construct that could be
utilized to drive msk expression solely in
the muscle. Confirming our immunostain-
ing results, we observed the enrichment of
DIM-7 fusion protein at the lateral edges
of the muscles.

Gross examination of msk homozygous
mutant embryos revealed pleiotropic
phenotypes, including missing muscles,
muscle guidance errors and muscles that
failed to maintain stable attachments.
While the prior two classes of defects were
observed in subsets of muscles, the muscle
detachment phenotype affected all muscle
groups. For more detailed analysis, we
chose to focus on the ventral musculature.
Specifically, the four ventral-longitudinal
muscles (VL1–4) extend across each
hemisegment. Each individual muscle is
rectangular in shape and contacts the
ECM via broad, flat edges (Fig. 2A and
D). The msk muscle detachment pheno-
types could be grouped into two classes:
mild and severe. In embryos that exhibited
mildly affected muscles, the ends of the
muscles were pointed and occasionally lost
their ability to remain attached (Fig. 2B
and E), while severe phenotypes included
a complete detachment of all muscles
where the muscles appeared rounded
(Fig. 2C and F).

The rounded appearance of the muscles
in msk mutants could be due to defects
in several steps in myogenesis, including
a defect in cell fate specification, a failure
to migrate to the correct attachment site,
or abnormal muscle-tendon cell signaling.
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To distinguish between these possibilities,
we examined the expression and distri-
bution of proteins essential for muscle
development in wild-type and msk mutant
embryos. First, we examined expression of
the myogenic transcription factor Mef2.
Similar numbers of Mef2 (+) cells were
observed in wild-type and msk mutants,
suggesting that the general fate of muscle
cells was not perturbed. To determine in
which cell type DIM-7 may be required,
we resupplied DIM-7 using the Gal4/UAS
system into either the muscle or tendon
cells to rescue the detached muscle pheno-
type in msk mutants. We were able to
rescue the attachment defects when DIM-
7 was present in the muscle but not in the
tendon cells, indicating that DIM-7 is
essential in developing myofibers.

Apparent defects in muscle-tendon
attachment could result from the early
arrest of myotubes before they reach
their destinations. The transmembrane
protein Kon-tiki (Kon)/Perdido (Perd),
its cytoplasmic partner D-Grip, and the

cell-surface protein Echinoid are essential
for myotube targeting in the ventral
longitudinal muscles.49-52 Examination of
embryos mutant for kon/perd or Grip
exhibit rounded up muscles as the muscles
fail to reach their attachment sites before
contraction. Therefore, we examined the
ability of muscles to reach their attach-
ment sites in stage 14 msk mutant
embryos. In all embryos examined, the
muscles were capable of reaching their
target tendon cell and showed normal
accumulation of βPS-integrin at the
migrating fronts of the muscles.

The rounded, or classic, “myospheroid”
phenotype we observed in msk mutants
was first characterized in mutants of genes
that encode for the integrin subunits and
since that time, embryos mutant for talin
or ilk have been shown to exhibited similar
muscle attachment defects.20 To further
elucidate the involvement of DIM-7 in
integrin-mediated MTJ maintenance, the
expression pattern of integrins and asso-
ciated proteins were analyzed in msk

mutants. βPS-integrin, Talin and Ilk were
all localized properly to the MAS in msk
mutant embryos, although the size of the
attachment sites were smaller in most
mutant embryos. Furthermore, the expres-
sion and accumulation of the muscle and
tendon cell secreted ECM proteins Tig
and Tsp were not affected (Fig. 2; Tsp
data not shown). Examination of the actin
cytoskeleton in msk mutants resembles
that of mys mutants, where the muscle cell
membrane detaches from the ECM, while
the actin filaments remain attached to the
cell membrane. This data indicates DIM-7
is not required for linkage of the muscle
membrane to the actin cytoskeleton.

A critical event in integrin-mediated
FAK signaling is phosphorylation. This
key modification is essential for pFAK to
trigger downstream signaling events via
its kinase activity or scaffolding properties.
For example, in response to integrin
activation, FAK becomes activated upon
phosphorylation and can then interact
with GIT1 in mammalian systems.53

Figure 2. Loss of DIM-7 results in smaller attachment sites and detached muscles. (A–F) Two hemi-segments of the ventral-lateral musculature are
stained with anti-Tropomyosin (white) and anti-Tig (green) to illustrate the space between the muscle and tendon cell. (A and D) In wild-type embryos,
rectangular muscles that fully extend between their presumptive attachment sites have broad, flat edges at the ends of the myofibers (D).
(B, C, E and F) Two distinct phenotypes are observed in msk mutant embryos. (B and E) In embryos that exhibit minor muscle attachment defects,
the muscles have a pointed morphology at the ends of the myofibers (E) and lose the ability to maintain a broad attachment site. (C and F) Further
weakening of this muscle-tendon attachment site results in severe muscle detachment, where muscles have completely pulled away from the ECM and
appear rounded up upon muscle contraction (F). Anterior is left and dorsal is up.
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Since both GIT1 and pFAK localize to the
MAS in fly embryogenesis, we examined
their distribution upon a decrease in
DIM-7 levels. While GIT1 expression is
maintained at the attachment sites, pFAK
localization is absent at the MAS in msk
mutants. However, a simple loss of pFAK
cannot explain the msk muscle attachment
phenotypes as FAK mutant embryos do
not show muscle attachment defects.
Thus, it is possible that other kinases
may function redundantly to regulate
protein localization and/or activity at the
MAS. In support of this, phospho-proteins
are still detected via immunostaining at the
ends of muscles lacking FAK protein.54

Integrin mutants also show a loss of pFAK
at the MAS, which suggests FAK acts
downstream. It will be important to
examine if the distribution of DIM-7
protein is also altered upon loss of
integrins. DIM-7 is tyrosine phosphory-
lated in response to insulin signaling in S2
cells.37 It is possible that FAK is the kinase
responsible for DIM-7 phosphorylation.
Alternatively, DIM-7 may tether FAK to
the MAS. While the loss of FAK protein
has no phenotype, excess FAK activity
and/or levels leads to muscle detach-
ment.54 Thus, pFAK could regulate inte-
grin adhesion via inside out signaling as
the muscles switch from low integrin
expression at the ends during migration
to high levels at the MTJ hemi-adherens
junctions.

Since a decrease in pFAK is not alone
responsible for DIM-7-mediated muscle
attachment, we examined the possibility
that msk may act non-autonomously to
regulate tendon cell differentiation. We
therefore examined the localization of two
proteins normally required in the tendon
cell nuclei for tendon cell maturation and
gene expression: Sr and MAPK (Fig. 3A).
In either weak or severe msk mutants, the
expression of Sr and activated MAPK is
decreased in the nuclei of tendon cells
(Fig. 3B). The requirement for DIM-7
function in the muscles and the loss of
tendon cell specific markers suggests
DIM-7 nonautonomously signals to the
tendon cell to regulate and maintain
tendon cell identity. To test this model,
we performed rescue experiments with
genes that function in muscle to tendon
signaling. Artificial activation of Egfr

signaling via the expression of secreted
Vein or the expression of constitutively
active MAPK in the tendon cells could
rescue the muscle detachment pheno-
types in the majority of severely affected
embryos. Furthermore, muscles in which
DIM-7 or Vein are overexpressed with
mef2-GAL4 exhibit smaller attachment
sites and decreased levels of MAPK in
the tendon cell nuclei (Fig. 3C). Since
pointed-end muscle phenotypes are also
observed in muscles that have excess
aPS2βPS-integrin, it is possible that
DIM-7 functions to regulate βPS-integrin
levels. However, we observed normal
levels of βPS-integrin in embryos of the

genotype mef2::DIM-7. We hypothesize
that Msk-specific loss of Sr or MAPK
in the tendon cells results in decreased
tendon-specific gene expression. This
eventually leads to the loss of tendon cell
identity, less Tsp production, and muscles
that are unable to form stable muscle-
tendon attachments.

Once the MTJ is established, dynamic
protein turnover is required to maintain
the ECM-integrin adhesion between the
muscle and tendon cells. We next won-
dered if DIM-7 is required to maintain a
stable MTJ during larval movement when
the muscles are actively being used. In
first instar larvae, we can still detect

Figure 3. Model of DIM-7 function in muscle-tendon attachment. (A) In wild-type animals, Msk
protein localizes to the ends of the myofibers after the muscles have reached their target tendon
cells. Vein functions downstream of Msk to activate and maintain MAPK signaling. (B) Loss of Msk
protein results in smaller attachment sites (visualized by antibodies against ECM proteins),
detached muscles and a loss of activated MAPK in the tendon cell nuclei. These defects can be
rescued by reintroducing Msk back into the muscles, by expressing an activated form of MAPK in
the tendon cells or resupplying Vein. (C) Excess Msk or secreted Vein also results in a reduction of
activated, nuclear MAPK and reduced muscle-tendon attachment sites in approximately 25% of
the embryos.
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DIM-7 at the ends of the muscles (Liu and
Geisbrecht, unpublished observations). To
determine if msk is essential for strong
MTJ maintenance, we utilized an RNAi
strategy to deplete DIM-7 protein levels in
larval stages. To verify that our knock-
down approach is sufficient to cause
muscle attachment defects, we first ana-
lyzed third instar larvae with decreased
levels of the muscle-specific aPS2 integrin.
Expression of UAS-inflated RNAi with the
muscle and tendon cell driver 24B-Gal4
resulted in lethality at the first instar larval
stage. To circumvent this lethality and
allow the animals to survive until later
larval stages, we recombined 24B-Gal4
with Gal80ts and kept the aPS2 integrin-
knockdown animals at the non-permissive
temperature to restrict 24B-driven gene
expression. After shifting the larvae to the
permissive temperature later in develop-
ment, we prepared fillets of third instar
larvae and viewed the musculature by
phalloidin staining. A repeating pattern of
muscles was observed in larvae expressing
24B-Gal4, Gal80ts/+ alone (Fig. 4A).
Third instar larvae with decreased levels
of the muscle-specific aPS2 integrin (24B-
Gal4::inflated RNAi) showed rounded
muscles as they lost the ability to maintain
a strong MTJ upon continual muscle
contraction (Fig. 4B). However, third
instar larvae with 24B-induced msk knock-
down (24B-Gal4::msk RNAi) did not show
obvious muscle detachment phenotype
(Fig. 4C). Analysis of DIM-7 expression
in wild-type larvae reveals a striated
sarcomeric pattern and enrichment around
the nuclei (Fig. 4D). In particular, DIM-7
is concentrated at the Z-lines and is
excluded from actin-enriched I-band as
determined from colocalization with the
Z-line associated protein a-actinin or
phalloidin staining (data not shown).
These data implicate DIM-7 in myogenic
processes other than muscle attachment.
Cytoplasmic DIM-7 is crucial for the
formation of muscle-tendon attachment
sites before muscle contraction begins and
seems dispensable for MTJ maintenance
during active muscle contraction. Thus,
we speculate that DIM-7 plays multiple
roles in muscle formation and function
throughout development.

Figure 4. DIM-7 is not essential to maintain larval muscle attachments. (A–C) Confocal micrographs of
third instar larval fillets stained with phalloidin to visualize muscle actin structures. Four hemisegments
are shown. (A) Expression of the muscle driver 24B-Gal4 alone does not result in the detachment of
muscles from their attachment sites. (B) Reduction of aPS2 integrin, encoded by the inflated locus,
exhibits many muscles that are unable to maintain stable attachments in actively crawling larvae.
The 24B-Gal4 driver was recombined with Gal80ts before mating to the UAS-inflated RNAi flies.
The resulting 24B-Gal4; Gal80ts/UAS-inflated larvae were kept at the permissive temperature until
mid-larval stages to circumvent lethality due to an earlier requirement for aPS2 integrin. (C) In contrast,
knockdown of DIM-7 in the larval musculature by RNAi has no effect on the ability of the muscles to
remain stably attached. (D and D’) Third instar larvae stained with either anti-DIM-7 antisera or
expressing a YFP-DIM-7 fusion protein in the muscle. DIM-7 is localized to the Z-lines, excluded from
actin-enriched I-bands, and is present in the nuclei. Anterior is left and dorsal is up.
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Perspectives

The subcellular localization of DIM-7 to
the ends of mature myofibers is novel and
suggests DIM-7 plays pleiotropic roles in
development. In stage 12 embryos,
DIM-7 is present in the nuclei of meso-
dermal cells. As soon as myoblast fusion
and myofiber migration begin in stage 13,
DIM-7 protein levels decrease to unde-
tectable levels and do not reappear until
MTJ formation. Accumulation of DIM-7
at the MTJ remains after the onset of
muscle contraction and is observed in first
instar larvae. At this same developmental
stage, DIM-7 protein is again observed in
the nuclei and exhibits a novel striated
sarcomeric staining pattern. In combina-
tion with the muscle attachment defects
observed in msk mutants, these observa-
tions suggest new roles for msk function
in myogenesis. Many questions remain
regarding the mechanism of DIM-7
function that will be discussed below.

First, how does DIM-7 function to
mediate Vein signaling at the MAS?
There are three potential roles, which are
not mutually exclusive, by which DIM-7
may function in the late stages of muscle
development in MTJ formation. First,
DIM-7 protein may be present at the
ends of the muscles to tether nuclear pro-
teins until other signals release this DIM-
7-nuclear protein complex from the cell
periphery. This tethering may be tempor-
ally regulated. For example, a DIM-7-
nuclear protein complex may be held at
the muscle ends until the end of embryo-
genesis, when a nuclear protein could be
required for the embryo to larval trans-
ition. Alternatively, post-translational
modifications of DIM-7 may induce a
conformational change that allows it to be
released from the MTJ. There is pre-
cedence for this as DIM-7 has been shown
to localize to the cell periphery in S2
cells. Once phosphorylated, DIM-7 binds
MAPK and is destined for import into the
nucleus. A second possibility is that Msk
may be required to modulate integrin
adhesion and/or signaling at the future

MTJ. Integrins are found at the leading
edge of the muscle membrane as the
muscles are searching for their target
tendon cell. In contrast, DIM-7 protein
is not detected until after the muscles
have reached their destination. It is
possible that DIM-7 somehow modulates
integrin affinity as it switches from lower-
expression in migrating muscles to a stable,
strong ECM binding form essential for
MTJ formation. It would be interesting
to examine if the temporal accumulation
of DIM-7 and Vein at the MAS are
coincident and to examine if Vein accu-
mulation is dependent on DIM-7 activity.
Last, Msk may have new, uncharacterized
functions that are necessary for function
at the MTJ. We are currently generating
transgenic flies that contain fluorescently
tagged versions of DIM-7 deletions to
determine which regions are essential for
MTJ formation.

How does DIM-7 get recruited to the
sites of muscle-tendon attachment? It is
not clear how proteins, including DIM-7,
get shuttled to the ends of the muscles
at the segment borders in the ventral-
longitudinal muscles. Internal actin and
microtubule networks transverse the long
axis of the myotube and may be respons-
ible for transporting proteins to the ends
of the muscles.55 The actin cytoskeleton
looks normal in msk mutants, suggesting
that at a gross level, the actin filaments are
correctly arranged along the longitudinal
axis of the myofibers. Alternatively, the
seemingly polarized muscle cells may have
an intrinsic mechanism similar to that of
epithelial cells where apical or basolateral
targeting machinery is required for protein
sorting to different cellular domains.
DIM-7 localization may also depend on
physical interactions with proteins known
to localize to the MAS. For example, Ilk is
required for the subcellular localization of
PINCH at the MAS.28 Future experiments
that examine DIM-7 protein localization
in mutants that affect trafficking, micro-
tubule dynamics, and those already impli-
cated in MTJ formation will distinguish
between these possibilities.

Is the classic nuclear import function of
DIM-7 required in myogenesis, especially
in larva muscle development? DIM-7
clearly does not have a role in maintaining
muscle attachment in actively crawling
third-instar larvae (Fig. 4C). However,
animals that were subjected to knockdown
of DIM-7 in the muscle failed to eclose,
suggesting msk is required for muscle
development in the larval to pupal transi-
tion (Liu and Geisbrecht, unpublished).
The appearance of DIM-7 once again in
the larval muscle nuclei suggests that it
may again be required for protein nuclear
import or have a yet uncharacterized
function in sarcomeric integrity or muscle
signaling. We are currently undertaking
experiments to identify the nuclear role of
Msk in larval muscle.

And finally, do these new functions
for DIM-7 translate into other biological
systems, either other stages or tissues in fly
development, or in vertebrate myogenesis?
DIM-7 functions to integrate downstream
signals to regulate the subcellular local-
ization of activated MAPK, presumably to
regulate different cellular activities.48,56-58

Until now, there has been no data to
suggest a role for DIM-7 in nonautono-
mous cell signaling via the Egfr pathway.
It will be interesting to examine if Msk
can signal to other cells in a similar
manner in tissues where both integrin
adhesion and Egfr signaling are active.
The classical nuclear import receptors of
the karyopherin a family were recently
found to be required for various aspects
of vertebrate myogenesis, including myo-
blast proliferation and myotube growth.59

Future experiments will focus on the role
of vertebrate importin-7 in myogensis to
see if its role is conserved.
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