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Abstract

In Drosophila melanogaster, the somatic muscle system is first formed during embryogenesis,
giving rise to the larval musculature. Later during metamorphosis, this system is destroyed and
replaced by an entirely new set of muscles in the adult fly. Proper formation of the larval and adult
muscles is critical for basic survival functions such as hatching and crawling (in the larva),
walking and flying (in the adult), and feeding (at both larval and adult stages). Myogenesis, from
mononucleated muscle precursor cells to multinucleated functional muscles, is driven by a number
of cellular processes that have begun to be mechanistically defined. Once themesodermal cells
destined for themyogenic lineage have been specified, individual myoblasts fuse together
iteratively to form syncytial myofibers. Combining cytoplasmic contents demands a level of
intracellular reorganization that, most notably, leads to redistribution of the myonuclei to
maximize internuclear distance. Signaling from extending myofibers induces terminal tendon cell
differentiation in the ectoderm, which results in secure muscle-tendon attachments that are critical
formuscle contraction. Simultaneously, muscles become innervated and undergo
sarcomerogenesis to establish the contractile apparatus that will facilitate movement. The cellular
mechanisms governing these morphogenetic events share numerous parallels to mammalian
development, and the basic unit of all muscle, the myofiber, is conserved from flies to mammals.
Thus, studies of Drosophila myogenesis and comparisons to muscle development in other systems
highlight conserved regulatory programs of biomedical relevance to general muscle biology and
studies of muscle disease.

INTRODUCTION

Proper formation of the somatic muscles in Drosophila melanogaster is necessary for many
basic survival functions. Embryonic myogenesis builds the larval musculature, which
consists of a repeated pattern of hemisegments along the body wall, each of which is
composed of 30 unique muscles specified by distinct sizes, shapes, locations, and
orientations (Figure 1).1 Specification of the myogenic lineage, a process that transforms the
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somatic mesoderm into 30 distinctly different muscles, is discussed in detail in the
accompanying review.2 Despite their defining characteristics, all developing myofibers are
multinucleated syncytia that engage similar cellular mechanisms to become functional
muscles. Once the body wall muscle cells have been specified (by embryonic stages 11—
12),2 cell—cell fusion occurs between myoblasts to increase muscle mass. The additional
nuclei acquired during fusion then move apart from one another, positioning themselves
with regular spacing throughout the length of the developing myotube. Extending myotubes
must also make contact with tendon cells in the epidermis to form stable muscle attachments
that can withstand muscle contraction. Finally, innervation and formation of the sarcomeres,
the individual contractile units of muscle, are necessary to allow transmission of neural
inputs that translate into movement. Collectively, these cellular processes lead to the
formation of mature myofibers that support muscle function. Moreover, the cellular events
that drive morphogenesis are conserved from flies to mammals, establishing Drosophila as a
highly useful model organism to study general muscle biology and disease.

In Drosophila, myogenesis occurs throughout embryogenesis, culminating at stage 17 with
mature myofibers that begin to contract.13 Muscle contraction facilitates hatching, larval
movement, and feeding. Larvae progress through three larval stages of development, known
as instars, spanning 5 days during which the muscles increase in size as the organism grows
approximately 80-100 fold.# Maintenance of muscle integrity during this growth is
essential, as muscle function is also required for pupariation.®

During pupal development, the majority of the larval muscle system is destroyed by
histolysis and subsequently rebuilt into the adult musculature. Although less is known about
adult myogenesis, adult muscle formation follows a similar series of cellular events as
observed in the embryo: myoblast fusion, organelle positioning, tendon attachment,
innervation, and sarcomere formation. These processes are completed by the end of
metamorphosis, resulting in an adult musculature that supports eclosion from a pupal casing
and many other adult fly activities such as walking, flying, jumping, feeding, and mating.

In its most basic sense, morphogenesis is the process of change. In muscle, this requires the
differentiation of a small, round, mononucleated cell into a larger, multinucleated cell with a
defined shape and complex internal architecture. While each step of this transition is
regulated by specific molecules and signaling pathways, a common element shared by the
different cellular processes governing muscle morphogenesis is the use of the cytoskeleton.
In both the embryo and the adult, cytoskeletal remodeling drives cell fusion, moves and
maintains organelles in their positions, mediates attachment to other tissues, and builds
interlaced structures that facilitate contraction. Throughout this review, as we highlight the
different genes and proteins required for each step of myogenesis, we will also address how
actin filaments and microtubules contribute to numerous aspects of morphogenesis. What
follows is a comprehensive summary of the most updated cellular models, which have
evolved significantly since the first discovery of these critical processes and could continue
to change as future studies shed light on various aspects of these models that remain unclear.
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MYOBLAST FUSION

Recognition

Muscle is one of the few multinucleated tissues generated by cell—cell fusion. Many
transcriptional networks and signaling cascades direct the specification of two distinct sets
of mononucleated myoblasts required for embryonic muscle development: (1) founder cells
(FCs), which contain all of the transcriptional information necessary to generate a specific
muscle, and (2) fusion-competent myoblasts (FCMSs), a relatively naive population of cells
that contribute to muscle mass.1® Once FCs and FCMs are properly specified,? fusion
occurs between these two populations of myoblasts to form multinucleated myofibers. Since
there have been several excellent, recent reviews on myoblast fusion,’-2 we provide a
summary of the process and include recently published data.

Myoblast fusion in Drosophila is heterotypic and directional.1-6 Fusion only occurs between
FCs and FCMs, never between like-cells. Additionally, FCMs protrude into FCs/growing
myotubes via invasive podosome-like structures to facilitate a fusion event.10:11 Upon
fusing, the nucleus of the FCM adopts the transcriptional profile of the FC.6 Depending on
the particular muscle it seeds, each FC will incorporate a predetermined number of FCMs.
In the final pattern, certain muscles stereotypically contain as few as three nuclei (indicative
of two fusion events), whereas others consistently incorporate up to 25 nuclei (24 fusion
events).1412 However, multiple fusion events to the same myotube do not occur
simultaneously.13 Fusion is an iterative process, occurring over a 5.5-h period (during
embryonic stages 12-15), requiring FCs/growing myotubes to continually reset the cellular
programs governing fusion until myofibers with the appropriate number of nuclei are
achieved.

Myablast fusion occurs in five broad steps: (1) recognition and adhesion between an FC (or
a growing myotube) and an FCM (Figure 2(a)), (2) cytoskeletal rearrangement at the site of
fusion (Figures 2(b) and 3), (3) pore formation in the fusing cell membranes (Figure 2(b)),
(4) mixing of cytoplasmic contents and nuclear reprogramming (Figure 2(c) and (d)), and
(5) resetting of the cellular machinery to facilitate additional fusion events (Figure 2(e)).
This iterative process is tightly controlled by a number of proteins necessary for each step.

and Adhesion

Recognition and adhesion are mediated by cell type-specific immunoglobin (Ig) domain-
containing transmembrane proteins. FCs express both Dumbfounded (Duf, also known as
Kin-of-Irre C, or Kirre), which is exclusive to FCs,1* and Roughest (Rst, also known as
Irregular chiasm C, or Irre C), which is expressed by both FCs and FCMs.1® Loss of Duf or
Rst in the FC has a minimal effect on fusion, whereas simultaneous loss of both proteins
completely blocks fusion.1#15 Thus, Duf and Rst have overlapping functions. Conversely,
FCMs express Sticks-n-stones (Sns) and Hibris (Hbs).16-18 Although Sns and Hbs share
overlapping functions, overexpression of Hbs cannot completely compensate for the loss of
Sns, suggesting that Sns serves the dominant role during recognition and adhesion.18 All
four proteins (Duf, Rst, Sns, and Hbs) have large extracellular domains that mediate
adhesion between the two cell types (Figure 3, blue). Moreover, interactions between these
cell type-specific proteins ensure that only heterotypic fusion events occur.
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Cytoskeletal Remodeling at the Site of Fusion

Following recognition and adhesion, there is a membrane enrichment of the
phosphoinositide, P1(4,5)P2 (commonly known as PIP,), at the contact site of both the FC
and FCM.1? This enrichment facilitates intracellular signaling events mediated by the Ig
domain-containing proteins (Figure 3, blue) and their adaptors (Figure 3, orange) that lead to
local changes in the actin cytoskeleton.20-23

In the FC, activation of Duf recruits the multi-domain adaptor proteins, Dreadlock (Dock)?3
and Rolling Pebbles (Rols, also known as Antisocial, or Ants),20-22 to the cell membrane.
Rols can interact with the guanine nucleotide exchange factor (GEF), Myoblast City (Mbc),
in recruiting the small GTPase, Rac, to the site of fusion in a P1(4,5)P2-dependent
manner.11.19.22.24.25 Moreover, a second GEF, Loner, is also responsible for the localization
of Rac in FCs.26 Rac and Kette subsequently activate SCAR/WAVE, a Wiskott-Aldrich
Syndrome protein (WASp) family member, that serves as an actin nucleation-promaoting
factor to induce Arp2/3-based branched actin polymerization.2’-29 Simultaneously, Rols
recruits D-Titin in a Duf-dependent manner to the fusion site.29 Although the role of D-Titin
at this location is not well understood, previous work demonstrated that D-Titin is required
for myoblast fusion and proposed that D-Titin contributes to actin-based cytoskeletal
rearrangements in the FC.30

Changes in the actin cytoskeleton also occur in the FCM. The intracellular domain of Sns
binds to Dock and DCrk, which recruit two FCM-specific proteins, Solitary (Sltr, also
known as Drosophila WASp-interacting protein, or dWIP) and Blown fuse (Blow).23:31 Sitr
and Blow compete for WASp binding, controlling its stability. WASp activity, in turn,
regulates Arp2/3-based actin polymerization at the site of fusion.28:31.32 Additionally, Crk
can physically interact with Mbc.2%33 Although this interaction has been shown to be
dispensable for Mbc activity,33 Mbc-influenced recruitment and activation of Rac aids in
localizing WASp and SCAR/WAVE to the P1(4,5)P2-enriched contact site in the
FCM,19.25.34.35 which further influences branched actin polymerization via the Arp2/3
complex (Figure 3). Moreover, recent data establish additional components required for
actin organization at the fusion site: two Drosophila Type | p21-activated kinases, DPak3
and DPak1, function downstream of Rac activity and are required for the organization of
branched actin into stiff bundles required for fusion progression.1 The targets of the DPaks
and how these regulate actin organization remain for future investigation.

Collectively, activities in both the FC and the FCM converge at the fusion site, generating a
dense region of actin polymerization.2” Although both cell types actively polymerize actin,
higher magnification studies demonstrated that the dense core of actin, known as the actin
focus,2” predominantly resides within the FCM, while a thin actin sheath in the FC apposes
this focus!0-25 (Figure 3, red). It remains unknown how similar signaling activities in both
the FC and the FCM lead to very different organizations of actin in each fusing partner. It is
likely that cell type-specific proteins regulate actin dynamics to form each distinct structure.
These additional components of myoblast fusion await identification.
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Pore Formation

The FCM-derived actin focus forms the foundation of the invasive podosome-like structures
that facilitate fusion. Actin filaments within the focus begin to extend and protrude into the
FC/myotube, deforming the cell membrane.19 Blow, Rac, and DPak activity promote the
invasive nature of these actin-based protrusions, which is thought to induce pore formation
in the membranes.10.11.25.32 How actin polymerization alone provides the force necessary
for these invasive structures to protrude into the FC/growing myotube remains to be
investigated. Likewise, the role of the FC-specific actin sheath in gating membrane fusion is
unclear.

One possibility that should be entertained in future work is that the invasive podosome
model may be an elaborate extension of an earlier model of fusion proposed decades ago.
Based on electron microscopy, previous work initially suggested that numerous smaller
pores formed in the membranes at the site of fusion.3¢ Subsequent membrane breakdown
between pores was thought to create a single continuous membrane around both fusing
partners.36 Although this earlier model differs from the more recent invasive podosome
model, the two are not mutually exclusive. It is possible that a series of distinct smaller
pores are formed first, which become joined to form a single pore as the invasive actin-
based structures extend into the adjacent cell. Thus, the force supplied by actin
polymerization during podosome extension may only be sufficient at driving pore formation
after a few small holes in the membranes are present. Despite the evidence supporting each
individual model, additional work is needed to reconcile the uncertainties of how pore
formation occurs, as the two proposed mechanisms might be more interdependent than
previously thought. Moreover, it is unclear whether either model of fusion sufficiently
explains myogenesis.

Nevertheless, once a fusion pore is formed, recent work suggests that continued SCAR/
WAVE and WASp activity alters the actin cytoskeleton once again to expand the width of
the pore.3° Subsequent dissolution of the actin focus is believed to be the last phase of actin
remodeling necessary to promote fusion, but how this final step of actin remodeling occurs
remains unknown.

Cytoplasmic Mixing and Nuclear Reprogramming

Upon pore formation and dissolution of the actin focus, cytoplasmic-labeling experiments
demonstrate that the cytoplasm becomes contiguous between the two cells.10 Furthermore,
the newly introduced nucleus of the FCM gradually adopts the transcriptional fate of the FC/
myotube, as visualized by either in situ hybridization or fluorescently tagged nuclear
proteins expressed under the control of FC-specific muscle identity gene promoters.27:37-39
Relatively little is known about how this nuclear reprogramming occurs. Moreover, whether
a subset of genes becomes expressed or if the entire transcriptional program of the newly
incorporated nucleus changes remains to be determined.

Resetting the Fusion Machinery

The growing myotube prepares for another round of fusion by resetting the proteins
necessary to mediate interactions with another FCM. This is accomplished, in part, by Rols
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activity. In addition to stimulating actin rearrangements in the FC, Rols is also necessary to
return Duf to the cell membrane for additional rounds of fusion.* However, when Rols is
absent, more than one fusion event is able to occur in a single muscle.2:22 These
observations may suggest that there is initially sufficient Duf at the cell membrane to
promote 1-2 fusion events, but because Rols is not present to recycle Duf to the cell surface,
subsequent fusion events cannot occur. Alternatively, these data may suggest that additional
proteins are required for this process that have not yet been identified.

Another aspect of fusion that remains unclear is how myotubes reset the fusion machinery
the correct number of times. While a universal counting mechanism could govern myoblast
fusion, that mechanism would not account for differences in nuclear number observed
between myofibers. Each mature myofiber consistently contains a reproducible number of
nuclei that differs from other myofiber subtypes; some myofibers contain as few as three
nuclei, while others contain as many as 25.1 These observations indicate that a
predetermined number of fusion events occurs for a given myofiber, but, to date, no
counting mechanisms have been identified. Additionally, since this information is likely
entrained by muscle FCs, it is possible that counting mechanisms may be unique to a given
myofiber. Lastly, recent evidence indicates that a switch to glycolysis is a potent driver of
fusion.** How this metabolic switch interfaces with the known fusion machinery and affects
counting mechanisms remains an important open question.

ORGANELLE POSITIONING: FOCUS ON NUCLEAR POSITIONING

Following myoblast fusion, each myotube contains multiple nuclei, ranging between 3 and
25, depending on myofiber identity.1 These nuclei do not simply aggregate, as recent work
demonstrates that these nuclei must adopt specific final distributions within each myofiber
for the muscles to function properly.1242-45 Prior to this work, it was thought that the nuclei
became evenly distributed within each muscle through passive actions, owing to the shared
cytoplasm of each syncytial cell and contractile forces that inherently redistribute
cytoplasmic contents. However, the deliberate and precise process of nuclear positioning is
now recognized as a critical step of myogenesis that is required for muscle function.

Although nuclear disorganization is observed in all muscles when certain proteins are

lost, 1243 the steps of myonuclear positioning have been best characterized in the lateral
transverse (LT) muscles of the developing embryo.12:42:44.45 Nyclear labeling experiments
highlighted that LT myonuclei undergo a stereotypic series of movements throughout
embryonic development.12 Post-fusion, the myonuclei are located in a single group within
the myotube. Over the course of development, these nuclei segregate into smaller groups
that follow characteristic migration patterns before evenly distributing throughout the
myofiber at the end of embryonic stage 17.12

Motor Proteins and Microtubule-dependent Processes

Myonuclear movements have been found to be dependent upon the microtubule
cytoskeleton. Both the plus- and minus-end directed microtubule motor proteins, Kinesin
and Dynein, respectively, as well as several mator protein regulators are necessary to
position myonuclei.1242:44.45 One of the first studies of myonuclear movement showed that
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loss of the microtubule-associated protein, Ensconsin (Ens), leads to a single cluster of
myonuclei that persists throughout development.12 Ens and its mammalian counterpart,
MAP7, were identified as necessary linkers between the microtubule cytoskeleton and the
stalk region of Kinesin.12 This work proposed that Ens enables Kinesin to crosslink
microtubules. By securely binding its cargo domain to one microtubule and processing its
motor domain along the other, Kinesin effectively slides two microtubules past one another,
which increases the distance between the nuclei bound to those microtubules!? (Figure 4(a),
gray and pink).

Kinesin also works in cooperation with Dynein to position myonuclei via two distinct
mechanisms separated by intracellular location: (1) at the nuclear surface, and (2) at the cell
cortex. In the first mechanism, Kinesin exerts a pulling force on the front of a moving
nucleus, while Dynein activity toward the rear of the nucleus is necessary to complete a
translocation step and facilitate forward motion.#> These activities deform the shape of the
nucleus (Figure 4(a), white teardrop), likely allowing myonuclei to navigate around
obstacles in dense cellular environments, as observed in other systems.46

In the second mechanism, Kinesin is required to relocate Dynein from the nuclear periphery
to the cell cortex.4244 There, cortically anchored Dynein generates pulling forces on
microtubules that move myonuclei into place,*2 analogous to the mechanisms of spindle
positioning observed in budding yeast4’ (Figure 4(a), far right). Multinucleated myofibers
uniquely exhibit pericentriolar material around the entire periphery of the nuclei.*® This
results in a radial array of microtubules in which the minus-ends originate at the nuclear
periphery, while the plus-ends extend outward toward the cell membrane.#® This facilitates
Kinesin-dependent localization of Dynein to the cell cortex#244 similar to the manner in
which Kinesin targets Dynein to microtubule plus-ends in other contexts.49:50

Regulation of Motor Proteins

The precise coordination of Kinesin and Dynein activities requires a host of motor protein
adaptors, including Kinesin light chain (Klc), Dynein light chain (DIc), pL°%/Glued,
Inscuteable (Ins), Rapsynoid (Raps, or Partner of inscuteable (Pins) in mammals),
cytoplasmic linker protein-190 (CLIP-190, or CLIP-170 in mammals), and Sunday Driver
(Syd, or INK-interacting protein 3 (JIP3) in mammals).#2:44.45 Specifically, Klc and Glued
are respectively required to mediate Kinesin and Dynein as they deform the nucleus to
promote forward movement.*> Analogous to Pins function in other contexts,®! Raps is
required to anchor Dynein to the cell cortex to facilitate Dynein-mediated pulling of
myonuclei into final position#? (Figure 4(a), purple). CLIP-190 aids in microtubule search-
and-capture mechanisms®2 to promote and maintain the integrity of the microtubule
cytoskeleton upon which these motors act#2:53 (Figure 4(a), orange), and other regulators
support general motor function.#2:46:54.55 Additionally, there are likely many more proteins
that influence motor protein function in this context that have yet to be identified.

The most interesting finding, however, was that Syd (JIP3) influences motor activity in
response to induction of the JNK signaling pathway.** While this characteristic of JIP
family proteins has been well documented,6:57 this finding was the first identification that
the process of myonuclear positioning is regulated in a JNK signaling-dependent manner.
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Both loss and over-activation of the JNK signaling pathway leads to similar defects in
myonuclear position, owing to the mislocalization of motor proteins (albeit differently) in
each scenario.** Specifically, JNK signaling and Syd are required to promote Kinesin-
dependent translocation of Dynein to the cell cortex** (Figure 4(a), red and light blue).
Moreover, these findings suggest that Kinesin and Dynein are both initially perinuclear,
where the motors are known to impact nuclear shape to promote myonuclear translocation.
How JNK signaling, relayed via Syd, segregates and coordinates the two mechanistically
distinct Kinesin- and Dynein-dependent pathways and how JNK signaling is activated in this
context are important topics for future research.

KASH and SUN Proteins

Another set of proteins shown to be important for nuclear positioning in Drosophila muscle
are the SUN and KASH transmembrane proteins, Klaroid (Koi) and Klarsicht (Klar), of the
inner and outer nuclear membranes, respectively.*3 SUN proteins are defined by a Sad1p-
UNC-84 (SUN) homology domain®8 that binds to the characteristic Klarsicht-Anc-1-Syne
homology (KASH) domain®? of KASH proteins within the perinuclear space of the nuclear
envelope. SUN proteins span the inner nuclear membrane, while KASH proteins span the
outer nuclear membrane, effectively linking the nucleoskeleton to the cytoskeleton.80:61
While the mechanistic details regarding Koi and Klar function in the context of myonuclear
positioning remain unclear, SUN and KASH domain-containing proteins have been shown
to interact with motor proteins.52 Thus, it is speculated that Koi and Klar may be involved in
motor-dependent nuclear positioning in muscle tissue despite that a direct connection
between SUN, KASH, and motor proteins has yet to be identified in this context (Figure

4(b)).

Interestingly, loss of another KASH protein, MSP-300, specifically impairs myonuclear
spacing during larval stages of development without affecting embryonic nuclear
positioning.*3 This observation raised the possibility that, similar to nuclear positioning in
the Caenorhabditis elegans hypodermis,>9:61.63 there may be distinct sets of proteins
specifically required for moving nuclei and others for anchoring nuclei in place. In support
of this hypothesis, MSP-300 was shown to be important for nuclear anchoring during
Drosophila oogenesis,54 and similar to its orthologs,>9:6> MSP-300 contains a calponin
homology (CH) domain that facilitates binding to actin filaments.85 Thus, once myonuclei
reach their final positions, it is thought that MSP-300 securely anchors them in place by
tethering them to other cytoskeletal components*3 (Figure 4(b)).

Myonuclear Positioning and Muscle Function

Loss of any of the aforementioned proteins leads to decreased muscle function, as evidenced
by impaired larval locomotion,1242-44 mimicking muscle disease states in humans. These
data highlight the necessity for proper myonuclear positioning, despite that it remains
unclear how correct myonuclear spacing translates to efficient muscle function (Box 1).
These findings also beg the question of whether mislocalization of other organelles may also
contribute to cellular dysfunction. All organelles and cytoplasmic contents must be
reorganized following myoblast fusion, and it has been shown that mitochondria fail to
evenly distribute throughout the muscle cell when myonuclei are clustered together.12
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However, since the mitochondria are normally found around the nuclear periphery, it is
unclear whether these mitochondria are properly positioned (relative to the nuclei) or if they,
too, are actively mispositioned in these backgrounds. Conversely, these findings raise the
possibly that myonuclei are mispositioned as a result of other organelles being mislocalized.
Additional studies are necessary to answer these outstanding questions.

BOX 1
THE MYODOMAIN HYPOTHESIS

The biological necessity for proper myonuclear spacing is evidenced by impaired
locomotion in larvae with disrupted myonuclear distributions.1242-44 On the cellular
level, it is unclear how these defects impact muscle function; however, heterokaryon
studies in mammalian cell culture offer one possible explanation. Researchers fused a
human fibroblast to a developing mouse myotube and used species-specific antibodies to
detect human proteins within the resulting syncytium.56 Interestingly, proteins generated
by the human nucleus remained near that nucleus despite the shared cytoplasm
throughout the cell.56 This observation led to the myodomain hypothesis, which
postulates that each nucleus is responsible for maintaining the integrity of the tissue
within its immediate vicinity. This provided a mechanism by which large multinucleated
cells could be regulated by a series of smaller domains. According to this hypothesis,
myofibers with improper nuclear spacing would contain regions of muscle lacking the
proteins necessary to support muscle cell structure and function. While this hypothesis
has never been directly tested in Drosophila, muscles with mislocalized nuclei often
exhibit regions devoid of nuclei that are thinner and misshapen, as if they are beginning
to atrophy.1242-44 Furthermore, quantitative measurements of muscle width are
significantly decreased in myofibers depleted of microtubules, which are critical for
proper myonuclear positioning.8”

TENDON ATTACHMENT

Developing myofibers must attach to tendon cells in the epidermis and become innervated to
mature into functional muscles. Tendon attachment provides definition to the muscle
boundaries and is necessary for the transmission of force between the muscles and the larval
body. Thus, attachment and innervation must occur prior to embryo hatching, concurrent
with myonuclear positioning, to support movement during larval stages of development.

Early Tendon Cell Specification

Tendon cells are first specified in the epidermis during stages 11-12, the same
developmental time-frame in which muscle FCs are established.58 Tendons begin as a field
of tendon precursor cells, each with the same differentiation potential. After engaging in
myotube-dependent signaling, one cell within this field is selected to terminally differentiate
into the tendon cell that will attach to a particular muscle.59.70

Specification of tendon precursors is accomplished through Wingless (Wg) and Hedgehog
(Hh) signaling in ectodermal cells.58 Wg and Hh promote the expression of StripeB (SrB),
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the longer of the two protein isoforms produced by the stripe gene.”® SrB is an early growth
response (Egr)-like transcription factor that is expressed in epidermal cells at the segment
border of eachmesodermal hemisegment.8 Once activated, SrB positively regulates its own
transcription® as well as the transcription of the long isoform of the RNA-binding protein,
Held Out Wing (How(L)).”2 How(L) degrades stripe mRNA; thus, SrB and How(L)
participate in a negative feedback loop to temper the levels of SrB generated through auto-
regulation.” This maintains SrB at low levels in all tendon precursors, thereby inhibiting
further tendon cell differentiation until signals from an extending myotube are detected
(Figure 5(a)).

Terminal Differentiation, Guidance, and Muscle Attachment

Within the tendon precursors, SrB also regulates the expression of Slit and Leucine-rich
tendon-specific protein (Lrt), which guide extending myofibers to their attachment sites at
the segment borders’3:74 (Figure 5(a) and (b)). Slit is secreted by the tendon precursors,
acting as a chemoattractant, and Lrt is a transmembrane protein that mediates final targeting
of a myotube to a tendon precursor. Both Slit and Lrt physically interact with Roundabout
(Robo), a transmembrane protein that is expressed by the myotube’3:74 (Figure 5(a) and (b)).

Robo receptors respond to Slit by stimulating the myotubes to secrete Vein, a neuregulin-
like ligand for the epidermal growth factor (EGF) signaling pathway’® (Figure 5(b)). Vein
secretion is regulated by Moleskin (Msk), a nuclear import protein,’® and once secreted,
Vein binds to Drosophila EGF receptors (DERs) on the tendon precursor that is selected for
attachment. This binding activates the Egfr signaling pathway in only that tendon precursor
cell and causes neighboring cells to lose the expression of tendon cell markers®®:7> (Figure
5(b)). DER-mediated Ras signaling upregulates the expression of the short form of How,
How(S), which simultaneously reduces the levels of inhibitory How(L) and stabilizes stripe
transcripts.’2 These functions elevate the expression of both SrB and the more active
isoform of stripe, StripeA (SrA).”2.75.77 Activation of SrA induces the expression of the
tendon-specific proteins, pL-tubulin (A1-tub) and Delilah (Dei), facilitating terminal
differentiation into a tendon cell and the formation of a secure attachment to an extending
myofiber’77 (Figure 5(c)).

Additional Mechanisms of Muscle Attachment

Additional mechanisms of muscle guidance to tendon cells have been identified for certain
muscle subsets. Specifically, the LT muscles are unique, as they do not attach to the segment
border (Figure 1) and do not express high levels of Robo.”3 Ectopic expression of Robo in
the LT muscles induces the formation of incorrect attachments at the segment border,”3
suggesting that the LT muscles target internal tendon cells by a different mechanism.

Indeed, the LT muscles express Derailed (Drl), a receptor tyrosine kinase (RTK).”® Without
Drl, extending LT muscles bypass the available field of SrB-expressing tendon precursors
and fail to make the proper myofiber-tendon attachments.’8 It is currently unknown how this
pathway is specifically activated in the LT muscles or what downstream targets are
phosphorylated by Drl.
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The VL muscles also target tendon cells by a unique mechanism. Although the VL muscles
attach to the segment border (Figure 1), interactions between Robo, Slit, and Lrt are
insufficient to mediate proper attachment. Interactions between the transmembrane protein,
Kon-tiki (Kon, also known as Perdido, or Perd), its cytoplasmic partner, Grip (a PDZ
domain-containing protein), and the cell-surface protein, Echinoid (Ed), are necessary for
targeting the VL muscles to their appropriate attachment sites at the segment borders.”9-82
Kon expression is not detected in other extending muscles,8! suggesting that this mechanism
is specific to the VL muscles. To date, it remains unclear why the VL muscles target tendon
cells via a different mechanism from other muscles that also attach at the segment border,
but these various mechanisms likely contribute to the diversity observed in the final muscle
pattern.

Formation of the Myotendinous Junction

Once the myotubes form preliminary attachments to tendon cells, both cells secrete
extracellular matrix (ECM) proteins that promote the formation of the myotendinous
junction (MTJ) (Figure 5(d)). Tendon cells deposit Thrombospondin (Tsp) and Laminin
(Lam), while the myotubes contribute Tiggrin to the ECM.83-86 Tendons also secrete
Slowdown (Slow), which prevents premature and incorrect MTJ formation by temporarily
sequestering Tsp until its appropriate binding partners are present.8” Each cell type then
expresses common and unique transmembrane proteins known as Integrins, adhesion
molecules that mediate attachment to the ECM. In tendon cells, the Integrin proteins, aPS1
and fAPS, are encoded by multiple edematous wings (mew) and myospheroid (mys),
respectively. These proteins form an aPS1-/PS heterodimer that binds to Lam?0:84 (Figure
5(d)). In contrast, the myotube binds to the ECM using the protein products of inflated (inf)
and mys,”9 which form an aPS2-4PS heterodimer that interacts with both Tiggrin8® and
Tsp8® (Figure 5(d)). Interactions between Integrins and their binding partners are stimulated
by intracellular Talin, a FERM domain-containing protein that binds and induces
conformational changes in the Integrin molecules in a process known as Integrin
activation.88:89 Additionally, Zasp (Z-band alternatively spliced PDZ-motif protein), which
was first identified as a necessary structural component of the sarcomeres (see Sarcomere
Assembly below), is also required for Integrin activation.%? Subsequent heterotypic
dimerization of Integrin molecules and binding to ECM components establishes the Integrin
adhesion complexes (I1ACs) that effectively crosslink the muscle and the tendon cell.

The intracellular tails of the Integrins are then linked to the cytoskeletons of both the tendon
cell and the myotube (Figure 5(d)). Talin directly links Integrins to actin filaments®1-92 and
recruits proteins such as Integrin-linked kinase (ILK), PINCH (also known as Steamer
Duck, Stck), and Tensin,?* which aid in maintaining secure connections between IACs and
the cytoskeleton.%* Zasp is also thought to strengthen the interactions between Integrins and
the actin cytoskeleton after Talin establishes these initial contacts.%°

The correct construction of the MTJ is critical for adequate force generation and the
maintenance of stable muscle-tendon attachments during muscle contraction.83:93 However,
during larval growth and development, these attachments are periodically rebuilt to both
recycle IACs and form additional IACs as muscles increase in size. MTJ turnover is
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influenced by tensile stress brought on by muscle contraction;%6 however, the precise
mechanisms of MTJ turnover have not yet been clearly elucidated. Despite some
uncertainties, evidence suggests that clathrin-mediated endocytosis of IAC components®’ as
well as the activation of EImo/Rac signaling via nuclear import proteins®”:98 are necessary
to recycle IACs and support continued muscle function during larval growth.

INNERVATION

Once the MTJ is first established, the muscles become innervated to receive signals from the
central nervous system (CNS) and facilitate movement. In Drosophila, the efferent system
of motor neurons originates in the ventral nerve cord of the CNS.%9 Within each
hemisegment, groups of axons extend projections out from the CNS in two distinct bundles,
known as the segmental nerve (SN) and the intersegmental nerve (ISN). As the SN and ISN
extend dorsally, these nerves branch at stereotypic positions within the hemisegment and
smaller bundles of axons will target specific subsets of muscles.10 Information encoded by
muscle FCs is necessary and sufficient to direct individual axons to specific innervation sites
on each muscle.190 Once the axon reaches its target muscle, the axonal growth cone
develops into a functional synapse between the muscle and the terminal branch of the
neuron. 99

Of the three types of motor neurons in Drosophila, Type-1 glutamatergic neurons directly
influence their postsynaptic partners and form classical neuromuscular junctions (NMJs) to
regulate muscle contraction.191-103 Type-I nerve terminals adopt a stereotypic morphology
with reproducible branching patterns and terminal-specific numbers of boutons,102-104
Boutons are the presynaptic structures that mediate excitatory signal transduction to the
muscles. Both bouton size and the total number of boutons at each NMJ are tightly regulated
to control the strength of the excitatory signals that are transmitted to the muscles.10°
Modulating these aspects of bouton organization via continued signaling between the muscle
and the nerve terminall96.197 hecomes particularly important during larval development
when significant organismal growth occurs.4108

To respond to signals transmitted via Type-I glutamatergic terminals, muscles locally
express glutamate receptors (GIuRs) at the postsynaptic membrane. GluRs become activated
upon the release of the neurotransmitter, Glutamate, from the presynaptic membrane of the
nerve terminal. When activated, the ion channel of the GIuR facilitates the influx of Na2*
into the muscle, which leads to Ca%* release from stores in the muscle, causing the muscle to
contract. There are different types of GIuRs, distinguished by the identities of the subunits
that comprise each receptor.199 Distinct GluRs exhibit different activities and localization
patterns at the synapse;110 thus, they are thought to be involved in modulating signal
transmission and synaptic growth. Furthermore, the postsynaptic adaptor protein, Disks
Large (DIg), also impacts the distribution of these GluRs,11 providing an additional level of
synaptic regulation.

The first coordinated stimulatory muscle contractions are observed at embryonic stage 17.3
Prior to stage 17, involuntary uncontrolled muscle twitches can be observed during muscle
development. However, these twitches are myogenic in origin, as loss of GIuRs only
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disrupts the organized muscle contractions observed during stage 17.3 Thus, the developing
embryo receives neural inputs following innervation at stage 17 of development. These
coordinated contractions result in compressions of individual muscle hemisegments in the
dorsoventral body axis as well as accordion-like waves of forwards and backwards
movements along the anterior-posterior body axis (peristalsis). These movements facilitate
embryo hatching and subsequent larval movement.

SARCOMERE ASSEMBLY

Concurrent with muscle-tendon attachment and innervation, the myotubes terminally
differentiate and build the conserved contractile apparatus that structurally supports muscle
contraction from flies to mammals. This is accomplished by constructing a highly ordered
array of sarcomeres, individual contractile units of multi-protein complexes concatenated
together along the length of the muscle. Sarcomeres are composed of intercalated thick and
thin filaments of myosin and actin, respectively, that slide past one another. This sliding
action compresses the muscle in the longitudinal direction, thereby generating force and
movement (Figure 6(a)).

Across species, sarcomeres in muscle tissue consist of four basic structural components:
actin thin filaments, myosin thick filaments, the Z-disk, and the M-line (Figure 6(a)). One
sarcomere is defined as the region between two Z-disks. Z-disks are composed of a number
of proteins, including a-actinin, and Zasp. a-Actinin crosslinks actin thin filaments,114 and
Zasp secures the Z-disk to the membrane via interactions with Integrin adhesion
molecules.% Similarly, the M-line crosslinks myosin thick filaments via Myomesin,
Obscurin, and Titin. Myomesin and Obscurin are necessary for M-line organization and may
aid in linking the M-line to the sarcolemma, the cell membrane of the muscle.11>116 D-Titin
is a component of both the M-line and the Z-disk that is thought to structurally connect the
two to maintain sarcomere organization during contraction by modulating changes in
sarcomere length117 (Figure 6(a)).

All of the components of the sarcomeres are necessary to respond to signals from the CNS
and support muscle contraction. Furthermore, the coordinated development of stable muscle
attachments, proper innervations, and functional sarcomeres promotes final muscle
maturation. Once these aspects of muscle development are completed, each myofiber
constitutes a single muscle in the fully formed embryonic/larval musculature. Subsequently,
the embryo hatches into a larva and crawls toward a food source.

During larval stages of development (5 days), a significant amount of organismal growth
occurs. Larvae consume 3-5 times their body weight and increase in size by nearly 80-100
fold.# Importantly, the accompanying increase in muscle mass is not due to additional
myoblast fusion events, but rather to an increase in myonuclear size as a result of insulin
signaling and endoreplication.® As the muscles grow, the length of each sarcomere remains
constant, but additional sarcomeres are added to the existing lattices to accommodate
changes in muscle length18 (Yu and Baylies, unpublished data). Continued sarcomere
function and muscle contraction is necessary for larvae to feed, reach a critical mass, and
undergo pupariation, which initiates metamorphosis into an adult fly.4>:118
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ADULT MUSCLE MORPHOGENESIS

After reaching a critical mass, the larva crawls away from the food source and begins to
pupate. Following puparium formation, metamorphosis takes place over 4 days, during
which a majority of the larval tissues, including muscle, are histolyzed, and new adult
tissues are formed from precursor cells set aside during embryogenesis. Whereas the larval
musculature formed during embryogenesis is required for hatching, crawling, larval feeding,
and pupariation,® the adult musculature is necessary for activities such as walking, flying,
adult feeding, and mating. These distinct sets of somatic muscles are uniquely fine-tuned to
fit their functions.

Less is known about adult myogenesis compared to embryonic/larval myogenesis due, in
large part, to the difficulties of applying traditional Drosophila genetics to adult settings. For
example, mutants with null or severe loss-of-function alleles often result in embryonic
lethality, limiting studies during adult development. However, recent work using RNA.
expressed in spatially and temporally controlled manners is beginning to overcome these
obstacles.11® As this work continues, the knowledge gap between embryonic/larval and
adult myogenesis narrows, and data show that many of the morphological events that lead to
proper muscle formation are shared between these two developmental programs.

Most of what is known about adult myogenesis in Drosophila arises from studies of the
muscles in themesothoracic segment. Within the mesothorax, the larger indirect flight
muscles (IFMs) elevate the wings and provide most of the power required for flight,120
while the smaller direct flight muscles (DFMs) aid in depressing the wings, and the tergal
depressor of the trochanter (TDT, or ‘jump’ muscle) facilitates jumping.2121 The IFMs
constitute the majority of the muscle tissue in the mesothorax and are consequently the most
well studied adult muscles. Thus, we focus on the adult IFMs for our review of adult muscle
morphogenesis. Additional information on other adult muscles can be found elsewhere.122

Adult Myoblast Fusion

The IFMs are composed of two distinct muscle subsets: the dorsal longitudinal muscles
(DLMs) (Figure 7(d)) and the dorsoventral muscles (DVMs). These IFM subtypes are
established via different mechanisms of myoblast fusion.12! Similar to embryonic
myogenesis, the DVMs are formed from de novo fusion events between two distinct
populations of myoblasts (Figure 2).121 During the specification of embryonic muscle FCs
earlier in development, asymmetric cell division led to one FC and one adult muscle
precursor (AMP) cell.2 AMPs are set aside in a quiescent state until the larval stages of
development when they begin to proliferate. AMPs associated with the wing imaginal disks
give rise to the adult muscle FCs and FCMs that form the thoracic muscles.124-127 Then, as
in the embryo, the DVMs are formed via the founder mechanism: fusion between FCs and
FCMs (Figure 2).124-127

In contrast, the DLMs form by a unique mechanism. During histolysis, three larval muscles
in the second mesothoracic hemisegment are spared. These are known as the persistent
larval muscles, each of which elongates, splits in two, and serves as a positional template for
the proper development of the six DLMs (Figure 7).121 Concurrent with fiber splitting, the
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naive imaginal myoblasts (adult FCMs) fuse with the persistent larval muscles and organize
into multiple myofibers.128 This highlights an important difference between larval and adult
muscles. While larval muscles each consist of a single myofiber, adult muscles are
composed of many myofibers, similar to mammalian muscle architecture.

Despite the different organizational properties of the larval and adult muscles, recent work
has demonstrated that adult myofiber formation requires many of the same factors required
for embryonic myoblast fusion, including Duf, Rst, Sns, WASp, SCAR, Arp2/3, and
others129.130 (Figure 3). Furthermore, these components are necessary regardless of whether
the imaginal myoblasts fuse with adult FCs or persistent muscles. Thus, although some
aspects of adult myoblast fusion have not yet been defined due, in part, to functional
requirements of certain proteins earlier in development, the cellular mechanisms underlying
myoblast fusion are most likely universal.

MTJ Formation and Adult Muscle Attachment

Formation of the MTJ in adult myogenesis is similar to MTJ formation in the embryo:
expression of Sr in the epidermis determines the site of tendon cell differentiation and
muscle attachment, and interactions between common and cell-type-specific Integrin
adhesion molecules physically mediate secure attachments between the muscles and tendon
cells. 131

Following puparium formation, Sr expression is first detected in discrete groups of cells in
the wing and leg imaginal disks.23 These clusters of Sr-expressing cells give rise to the
thoracic cuticle and mediate adult muscle insertions into the epidermis.131:132 To make these
attachments, filopodial extensions from developing adult myofibers can be observed making
contacts at specific positions within these Sr-expressing clusters of cells.133 Thus, it is
thought that, similar to embryonic myogenesis, myofiber-derived signals likely influence the
final differentiation of the tendon cells that ultimately mediate adult muscle attachment

(Figure 5(a)—(c)).

As in the embryo, continued Sr expression induces tendon cells to express aPS1 and fPS
Integrins, while the myofiber expresses aPS2 and APS integrins.131 Within each cell type,
these Integrins form heterodimers that then bind to the heterodimeric Integrin complexes on
the opposing cell to mediate final attachment to a myofiber (Figure 5(d)).

Despite that relatively little is known about MTJ formation in adult myogenesis, the
identified roles of Sr and PS Integrins during this process suggest that embryonic and adult
muscle attachment proceed via conserved regulatory programs. Interestingly however,
viable hypomorphic mutations in sr cause late muscle detachment defects only in the
DLMs.134 Similarly, a viable allele of mys results in adult flies that lack a properly formed
TDT jump muscle.13% These findings suggest that, while many features of MTJ formation
and muscle attachment are developmentally conserved between embryonic and adult
myogenesis, there may be additional muscle type-specific features of adult myogenesis that
will be interesting to uncover in future studies.
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Adult Muscle Innervation

Unlike embryonic myogenesis, in which muscle innervation is one of the final stages of
muscle development, innervation in adult myogenesis occurs simultaneously with initial
muscle formation. Furthermore, innervation actually influences the final muscle
pattern,136-140

At the onset of puparium formation, most motor neurons undergo denervation. Additionally,
the larval ISN, which remains in contact with the persistent larval muscles, exhibits
significant regression of synaptic contacts with its muscle targets. These neurons are then
remodeled, adopting more elaborate arborisation patterns to accommodate the new pattern
of adult muscles that will form.140

Following disk eversion, the imaginal myoblasts associate with motor neurons.121.140 Thys,
it is thought that, as the motor neurons create new branching patterns toward specific sites in
the thorax, they serve as guides to direct myoblasts to the sites of future muscle
formation.138 Indeed, laser ablation of flight muscle nerves strongly impairs the de novo-
derived DVMs.140 Interestingly, ablation of the same nerves does not affect DLM
development, but in the absence of larval scaffolds, the DLMSs adopt a DVM fate.140 This
suggests that maintaining the connection between the persistent larval muscles and the ISN
motor neuron is critical for DLM development. Together these data demonstrate that motor
neuron arborisation and innervation are a vital for adult muscle patterning.

Sarcomere Formation

Until recently, very few studies of sarcomerogenesis had been conducted in the adult
muscles. However, large-scale RNAI screens have uncovered a number of genes that, when
inhibited, give rise to a variety of interesting phenotypes that specifically affect the structure
of the sarcomeres in the adult muscles.119 Classes of gene products identified by this screen
included those with disorganized Z-lines, no M-lines, or no identifiable sarcomeres at all.119
The same study further identified mutants with disorganized muscle structure, which may
also reflect defects in sarcomere formation.

Capitalizing on the power of Drosophila genetics has also led to the identification of
proteins such as Lasp (Nebulin), which serves two distinct roles during sarcomere function
to maintain thin filament spacing and attachment to Z-lines.141 Other recent work has
focused on understanding how tensile stress and mechanical strain contribute to sarcomere
arrangement and function in the adult fly. Interestingly, this work demonstrated that Kon, a
protein specifically required for VL muscle attachment in the embryo, is necessary for
simultaneous IFM attachment and myofibrillogenesis, both of which impact sarcomere
function.142 These findings highlight the multifunctional roles of Drosophila proteins,
suggesting that other proteins with previously identified functions may also be utilized again
during adult development.

Additional work has examined the fiber-type differences between the tubular muscles that
control movement throughout the head, leg, abdomen, and thorax, and the fibrillar IFMs that
control flight.243 Tubular muscles contract synchronously, while the IFMs contract
asynchronously. Their cellular structures reflect their distinctive contractile needs and
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function. Recent work has identified genes regulating the choice between a tubular or
fibrillar morphology.144 Further study of these promising candidates will undoubtedly shed
light on adult myogenesis and reveal both similarities and differences between larval and
adult sarcomerogenesis.

CONCLUSION

Morphogenesis, the process by which individual cells change and develop into complex
tissues, requires careful coordination of numerous proteins, signaling cascades, and
cytoskeletal filaments. Elucidating the precise details of the cellular events governing
morphogenesis will answer many pressing questions in development and disease. However,
studies of this nature are difficult to address in complex organisms. Drosophila
melanogaster is a simple model system for many conserved aspects of muscle development,
and from studies in Drosophila embryos, larvae, and adults, we can now describe cellular
processes such as myoblast fusion, nuclear positioning, tendon attachment, innervation, and
sarcomere formation with a great level of detail.

Despite the large datasets acquired to date, our knowledge is far from complete, and many
important questions remain. For example, what counting mechanisms are in place to achieve
myofibers of the appropriate size during fusion? How do nuclei retain even spacing as the
muscles grow significantly during development, and why are clustered myonuclei
consistently smaller than normal?12:40-42:44 How do signaling cascades and Integrin
activation affect other aspects of myogenesis? What role does nuclear positioning play in the
adult musculature? Finally, what other intrinsic and extrinsic factors are involved in
regulating these highly reproducible cellular activities, and how are all of these
morphogenetic events temporally coordinated?

To answer these, and many other, questions, it will be important to elucidate the finer details
of these cellular processes. Advancements in in vivo imaging techniques, exploratory
screening approaches, 19 and the development of other useful protocols in Drosophilas’ will
facilitate more accurate descriptions of both embryonic and adult myogenesis with greater
precision than previously attainable. Such studies will answer many of these outstanding
questions, drive an era of new inquiry, and shed light on cases of muscle disease.
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FIGURE 1.

Drosophila larval body wall muscles. (a) Stage L3 Drosophila larva expressing tropomyosin

DO1 (9)\’jj
‘ZE_DOZ (10)

LL1 (4)
LO1 (5)

VL3 (6)
o—— VL4 (7)

T~

Internal view

VO4 (15)
VOS5 (16)
VOB (17)

(TM1)-GFP (grayscale). Anterior, left; Dorsal, up. (Left) Whole larva. Yellow box

highlights one hemisegment shown at higher magnification to the right. Scale bar, 1200 pm.

(Right) One hemisegment. Scale bar, 25 um. (b) Schematic diagram of the 30 distinct

muscles within each hemisegment. External view, as seen in A. (c) Internal view, internal-
most and external-most muscles in B reversed. Muscle identities are as follows: Muscle
position (D, dorsal; V, ventral; L, lateral) followed by orientation (A, acute; L, longitudinal;
O, oblique; T, transverse); SBM, segment border muscle. Former muscle numbering system

shown in parentheses.
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FIGURE 2.
Overview of myoblast fusion. (a) A founder cell (FC, purple) and a fusion-competent

myoblast (FCM, gray) recognize and adhere to each other via cell type-specific
Immunoglobin (1g) domain-containing transmembrane proteins (yellow/orange, blue/green).
Recognition between FCs and FCMs is thought to promote clustering of Ig domain-
containing proteins at the cell surface to facilitate adhesion. (b) Cytoskeletal rearrangements
(actin, red) in both cells lead to pore formation in the cell membranes. (c) Cytoplasmic
mixing occurs upon fusion. (d) The previously naive (white) nucleus of the FCM adopts the
transcriptional profile of the FC nucleus (pink), aiding in the development of a particular
muscle fate. (e) The FC/growing myofiber recycles Ig domain-containing transmembrane
proteins to the cell surface to prepare for additional rounds of myoblast fusion.
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FIGURE 3.
Intracellular signaling cascades necessary for cytoskeletal remodeling and myoblast fusion.

The extracellular domains of cell type-specific Immunoglobin (Ig) domain-containing
proteins (blue) on both the founder cell (FC, left) and the fusion-competent myoblast (FCM,
right) interact to adhere to each other. P1(4,5)P2 (PIP,, yellow) becomes enriched in the
membranes at the contact site, and via adaptor proteins (orange), the intracellular domains of
the Ig domain-containing proteins induce downstream signaling events (green) that lead to
activation of the Arp2/3 complex, which mediates branched actin polymerization. These
activities facilitate the formation of a dense actin focus (red) in the FCM and a thin sheath of
actin (red stripe) in the FC that apposes the focus. Continued actin remodeling, mediated by
proteins required to dissolve the actin focus (white), induces actin filaments to protrude into
the FC, leading to pore formation in the cell membranes and fusion of the two cells. Duf,
Dumbfounded; Rst, Roughest; Sns, Sticks-n-stones; Hbs, Hibris; Crk, Crack; Dock,
Dreadlock; Rols, Rolling pebbles; Blow, Blown fuse; Sltr/dWIP, Solitary/Drosophila
WASp-interacting protein; WASp, Wiskott-Aldrich Syndrome protein; Mbc, Myablast city.
Not shown is Pak1 and Pak3 activity downstream of Rac, which regulates further actin
rearrangements for invasive podosome formation.
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FIGURE 4.
Overview of myonuclear positioning. (a) In multinucleated myofibers (green), microtubules

(black dotted lines) originate at the nuclear periphery (minus (=) ends) and extend outwards
(plus (+) ends). Following myoblast fusion, Kinesin (pink) and Ensconsin (Ens, gray
triangle) work together to separate adjacent myonuclei (white) by crosslinking microtubules
and sliding them past one another. Kinesin forces also extend the leading edge of moving
nuclei (white teardrop) while Dynein activity (dark blue) at the rear of the nucleus allows
forward motion to complete a translocation step. Activation of the JNK signaling pathway
(red, curved black arrows) phosphorylates (yellow) Sunday Driver (Syd, light blue rod),
which facilitates Kinesin-dependent relocation of Dynein to the cell periphery. Rapsynoid
(Raps, purple) anchors Dynein to the cell cortex, and cortical Dynein activity pulls
microtubules and the attached nuclei closer to the muscle end. During these movements,
CLIP-190 (orange) is necessary to support the integrity of the microtubule network by
ensuring proper contact with the cell cortex. Straight thin black arrows denote the direction
of motor protein activity. Large silver arrows highlight the direction of net force exerted on
nuclei. (b) Within the perinuclear space (PS) of the nuclear envelope, SUN proteins (light
green) in the inner nuclear membrane (INM) interact with KASH proteins (black, brown) in
the outer nuclear membrane (ONM) to link the nucleoskeleton (light blue, Lamin) and the
cytoskeleton (red, Actin) to anchor nuclei in place. It has also been proposed that SUN and
KASH proteins may directly link the nucleus to the motor proteins, Kinesin (pink) and
Dynein (blue).
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FIGURE 5.
Overview of muscle attachment to tendon cells. (a) Fields of tendon precursor cells are

specified by Wingless (Wg) and Hedgehog (Hh) signaling gradients in the overlying
ectoderm. All equally competent cells (blue) express StripeB (SrB, red), which auto-
regulates its own expression as well as the expression of How(L), a SrB inhibitor. A balance
of SrB and How(L) maintains a low level of SrB expression in all tendon precursor cells,
preventing further differentiation. Tendon precursor cells secret Slit (orange), a
chemoattractant for extending myofibers. The transmembrane receptor, Roundabout (Robo),
on the surface of the myofiber responds to Slit secretion, and the myofiber extends filopodia
toward the field of tendon precursor cells. (b) Upon Robo activation, the myofiber secretes
Vein (purple), an Egfr ligand that binds to DERs on one tendon precursor cell. Interactions
between Robo and Leucine-rich tendon-specific protein (Lrt), a transmembrane receptor
expressed by the tendon precursor cell, solidify the attachment to the extending muscle end.
(c) DER-mediated Ras signaling occurs in only the selected tendon precursor cell bound to
the muscle. This leads to dedifferentiation of neighboring cells (faded blue) and upregulation
of StripeA (SrA) and How(S) in the selected cell. How(S) stabilizes SrA transcripts, and
SrA mediates terminal differentiation into a mature tendon cell (dark blue). A preliminary
attachment between the tendon cell and the myofiber mediates the secretion of extracellular
matrix proteins from both cell types (Thrombospondin (Tsp), Laminin (Lam), and Tiggrin,
colored respectively), which contribute to the formation of the myotendinous junction (MTJ,
gray). (d) Both cells express fPS (purple) Integrin, while the tendon cell specifically
expresses aPS1 (pink) and the myofiber expresses aPS2 (orange) Integrin adhesion
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molecules. These transmembrane proteins heterodimerize on the surfaces of their respective
cell types and bind to ECM proteins (black). a-f Integrin dimers also bind to the
intracellular cytoskeletons of each cell type, forming stable connections between the tendon
cell, the MTJ, and the myofiber, which can withstand the contractive forces of the mature
muscle. Kon, Kon-tiki; Drl, Derailed (additional transmembrane proteins for targeting
muscles to tendon cells). Dei, Delilah; g1-tub, p1-tubulin (markers of terminal tendon cell
differentiation). Slow, Slowdown (secreted by tendon cell to ensure proper temporal
regulation of MTJ formation). (Modified with permission from Ref 145. Copyright 2010
Company of Biologists)
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FIGURE 6.

Diagram of sarcomere structure and formation. (a) Sarcomeres are composed of intercalated
actin thin filaments (red) and myosin thick filaments (yellow) that slide past one another to
compress the muscle in the longitudinal direction. Myosin filaments are held together by
Myomesin (light blue) and Obscurrin (gray) at a structure known as the M-line. Actin
filaments are held together by a-actinin (white) and Zasp (magenta) at a structure called the
Z-line (or Z-disk). The distance between two Z-lines constitutes one sarcomere. Zasp in the
Z-line also connects sarcomeres to the cell membrane by interacting with Integrin adhesion
complexes (purple/orange). D-Titin (dark blue, black) is a component of both of both the Z-
line and the M-line, connecting the two structures to modulate sarcomere length during
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contraction. (b) One proposed model of sarcomerogenesis in which individual components
are sequentially added.11 (c) Alternative model of sarcomerogenesis in which lattices of
actin or myosin filaments are formed separately and subsequently intercalated

together 112113
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FIGURE 7.
Myablast fusion in the adult Drosophila musculature. (a) Three muscles (blue) in the second

thoracic hemisegments (T2) persist into metamorphosis and serve as scaffolds for the
development of the dorsal longitudinal muscles (DLMs). Myoblasts are associated with the
wing imaginal disk. (0 h after puparium formation, APF) (b) A wave of histolysis destroys
the other larval muscles early in pupal development. The persistent muscles are surrounded
by myablasts (6-8 h APF). (c) The myoblasts begin to fuse and the larval muscles split to
give rise to the six DLM fibers (14-18 h APF). (d) The six DLMs grow to fill the thoracic
space and are one-third their adult size at 36 h APF. (Reprinted with permission from Ref
139. Copyright 1996 Company of Biologists)
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