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For the last one hundred years, Drosophila melanogaster has been a powerhouse genetic 

system for understanding mechanisms of inheritance, development, and behavior in animals. 

In recent years, advances in imaging and genetic tools have led to Drosophila becoming one 

of the most effective systems for unlocking the sub-cellular functions of proteins (and 

particularly cytoskeletal proteins) in complex developmental settings. In this review, written 

for non-Drosophila experts, we will discuss critical technical advances that have enabled 

these cell biological insights, highlighting three examples of cytoskeletal discoveries that 

have arisen as a result: (1) regulation of Arp2/3 complex in myoblast fusion, (2) cooperation 

of the actin filament nucleators Spire and Cappuccino in establishment of oocyte polarity, 

and (3) coordination of supracellular myosin cables. These specific examples illustrate the 

unique power of Drosophila both to uncover new cytoskeletal structures and functions, and 

to place these discoveries in a broader in vivo context, providing insights that would have 

been impossible in a cell culture model or in vitro. Many of the cellular structures identified 

in Drosophila have clear counterparts in mammalian cells and tissues, and therefore 

elucidating cytoskeletal functions in Drosophila will be broadly applicable to other 

organisms.

Drosophila as a model for the discovery of cytoskeletal genes, pathways, 

and mechanisms

In vitro and cell culture models have provided and continue to provide tremendous insight 

into the biophysical and biochemical properties of the actin cytoskeleton and its regulators. 

However, many questions remain regarding how these factors are employed in vivo to 

generate the incredible diversity of cytoskeletal structures and architectures that promote 

normal development and physiology. To fully understand the regulation and function of 

these cytoskeletal structures, we must (1) have a complete inventory of the molecules that 

regulate their construction, (2) understand the mechanisms that coordinate the activity of 

each regulator in space and time, and (3) understand how these regulators and resultant 

cytoskeletal assemblies affect (and are themselves affected by) the dynamic, multicellular 
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environment of a developing organism. Drosophila is a uniquely ideal system with which to 

answer these questions. Here, we will provide an overview of the technical capabilities that 

empower Drosophila as a model to investigate these questions, briefly noting several 

discoveries that have emerged from each, followed by more detailed case studies in 

myoblast fusion, oocyte polarity, and supracellular actomyosin cables (Table 1).

Drosophila has obvious advantages as a model system: low cost to culture, fast generation 

time, high degree of gene conservation with mammals (but with the benefit of limited gene 

redundancy), optically accessible embryos, and complex yet tractable development. These 

advantages have enabled decades of genetic screens to identify many of the key cytoskeletal 

proteins and their regulators [Nusslein-Volhard and Wieschaus 1980; Schupbach and 

Wieschaus 1989], resulting in a large collection of mutant alleles that are readily available to 

the Drosophila community from labs and stock centers. Further, an explosion of high-

throughput RNAi screens in Drosophila cell lines has identified many new potential 

cytoskeletal actors and regulators encoded by the fly genome [Rogers et al. 2003; Kiger et 

al. 2003]. These genetic approaches serve not only to identify genes, but also establish 

functional interactions amongst them, on the basis of similar phenotypes for specific 

mutants. For example, defects in the easily observed external mechanosensory bristles 

(Figure 1A), led to the identification and characterization of the actin crosslinkers forked 

and singed/fascin [Tilney and DeRosier 2005]. Other key actin regulators were identified 

through their requirement for oocyte maturation [Hudson and Cooley 2002]. This process 

involves the dumping of cytoplasm from a set of interconnected support or ‘nurse’ cells into 

the developing oocyte, through actin based ‘ring canal’ pores (Figure 1A). In addition to 

these ring canals, cables of bundled actin are required to restrain nurse cell nuclei and 

prevent clogging of the ring canals. Screens for defective oocyte maturation led to the 

identification of distinct sets of cytoskeletal regulators for each structure: the villin and 

fascin homologs Quail and Singed are required for F-actin bundle organization, while the F-

actin crosslinking proteins Filamin and Kelch are necessary components of the ring canals 

[Hudson and Cooley 2002]. These findings provided early clues for how specific groups of 

regulators might coordinate to produce specific actin-based structures.

In addition to identifying regulators of particular cytoskeletal structures, the range of well-

characterized developmental processes in Drosophila provides a means to identify novel F-

actin regulators that may be required only in a subset of cell or tissue contexts. In a genetic 

screen for mutants affecting border cell migration, an established model of collective cell 

migration (Figure 1A and [Montell et al. 2012]), the Montell lab identified the gene psidin 

as a novel F-actin binding protein required for normal protrusive dynamics in the migrating 

border cells. Importantly, they showed that the mammalian homolog of psidin, C12orf30, 

exhibited a similar requirement for collective migration of wounded MCF10A monolayers 

[Kim et al. 2011].

While the ease and power of Drosophila for discovering new pathways and mechanisms is 

clear, its value as a tool for biomedical research ultimately depends on the degree to which 

these discoveries apply to mammalian systems. Indeed, an incredible volume of work has 

consistently demonstrated that findings in flies greatly advance our understanding of human 

development, physiology, and disease (for an excellent discussion, see [Wangler et al. 
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2015]). Among cytoskeletal proteins and their regulators, this conservation is seen at the 

level of gene and protein structure and function [Rohn et al. 2011], as well as at the level of 

particular cytoskeletal structures. For example, the bundles of F-actin observed in the 

mechanosensory bristles and nurse cell cables (see above) share many structural similarities 

with brush border microvilli and hair cell stereocilia [DeRosier and Tilney 2000]. 

Furthermore, each structure depends upon the concerted action of at least two actin bundling 

proteins, each of which is conserved from flies to humans. It is worth noting that there is 

also value in systems for which there are no clear analogs of a cellular structure. For 

example, the dynamic actin cones that drive Drosophila spermatocyte individualization 

exhibit a complex, three-dimensional morphology, and require the concerted action of 

highly conserved regulators of both branched and linear F-actin [Fabian and Brill 2012]. For 

cases such as these, the differences between systems provide as much value for the cell 

biologist as the similarities, as they reveal the adaptability of conserved cytoskeletal 

regulators and structures. Thus, diversity is itself a tool that can provide valuable insights 

into the full range of molecular interactions that govern cytoskeletal structure and function.

Technical advances that have brought Drosophila developmental studies to 

the subcellular level

Toolkit for dissecting molecular mechanism in vivo

While genetic screens have identified critical cytoskeletal regulators by mutant phenotype, 

in order to fully explore their roles in complex developmental processes it is ultimately 

necessary to reverse engineer mutants and fusion proteins to perform mechanistic studies in 

animals. Historically, the relative inefficiency of homologous recombination has hampered 

the generation of allelic series via reverse genetics. However, recent advances in genome 

modification have made Drosophila an excellent developmental system for making targeted 

mutations to disrupt specific molecular interactions. First, the development of a site-specific 

integration system using the bacteriophage ΦC31 integrase allows Drosophila researchers to 

target transgenes to well-defined genomic “landing-sites”. Thus, a congenic allelic series can 

be generated to perform structure-function analyses, as was recently performed for the 

Drosophila α-catenin gene [Desai et al. 2013]. Second, bacterial recombineering can be 

performed using a library of Bacterial Artificial Chromosomes (BACs) in order to modify 

genomic loci in bacteria. Edited genomic regions as large as 120 kb can be integrated using 

ΦC31-mediated insertion. A limitation of this technique is the need to recombine transgenes 

with mutants in the endogenous gene locus. Third, RNAi can be an effective mechanism for 

silencing Drosophila genes in the context of the animal, especially in genetic backgrounds 

with increased Dicer activity [Mohr and Perrimon 2012]. Finally, the synthesis of these 

existing technologies with new genome editing techniques such as TALENs and CRISPR 

will facilitate engineering of endogenous loci, rendering Drosophila an even more powerful 

system for dissecting molecular functions [Liu et al. 2012; Ren et al. 2013; Port et al. 2014].

Techniques for temporal and tissue-specific manipulation of gene function

Many mutants have tissue- and developmental stage-specific phenotypes that are obscured 

by mutant phenotypes at other stages or in other tissues. This is particularly an issue for the 

large number of cytoskeletal mutants that result in early embryonic lethality, precluding 
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studies of gene function in tissues that do not appear until later stages of development. 

Further, for many gene products, Drosophila embryos are heavily loaded with a maternal 

contribution of RNA or protein. In these cases, manipulation of the embryonic genome does 

not deplete the gene product. To overcome this obstacle, Drosophilists have developed 

multiple tools to manipulate both endogenous genes and transgenes with a high degree of 

spatiotemporal specificity.

The first widely used tool is the modular GAL4-UAS system, which is used to drive tissue 

and/or stage specific expression of transgenes (Figure 1B and [Brand and Perrimon 1993]). 

The system utilizes the yeast transcriptional activator GAL4 under the control of 

endogenous or synthetic Drosophila genomic enhancers, paired with transgenic constructs in 

which a gene of interest is fused to the Upstream Activating Sequence for GAL4 (UAS) 

(Figure 1B). Thousands of publicly available GAL4 drivers and UAS lines afford the 

Drosophila researcher tremendous flexibility in manipulating gene function simply by 

mating the desired GAL4-driver and UAS-transgene lines together. Additionally, use of a 

temperature sensitive inhibitor of GAL4 can enhance temporal control of gene expression 

[McGuire et al. 2003]. Moreover, complementary modular systems have been developed to 

allow for simultaneous manipulation of transgene expression in multiple tissues in the same 

animal [Venken et al. 2011]. The GAL4-UAS system also enables RNAi-mediated depletion 

of genes in a tissue-specific manner using RNA hairpins cloned downstream of the UAS 

sequence. To facilitate experiments using this approach, multiple publicly available genome-

wide collections of UAS-driven RNAi lines have already been generated [Dietzl et al. 2007; 

Ni et al. 2011], and can work against maternally provided as well as zygotic gene products 

[Sopko et al. 2014]. These technologies have enabled the execution of targeted screens to 

identify regulators of particular developmental processes or cytoskeletal structures. For 

instance, using a mechanosensory bristle specific GAL4 line in combination with UAS-

driven dominant negative constructs, Rab35 was identified as a novel regulator of the actin 

crosslinker singed/fascin. This unexpected functional relationship was found to be conserved 

in NIH 3T3 fibroblasts, where Rab35 mediated fascin recruitment and filopodia formation 

[Zhang et al. 2009].

A second widely used tool is a highly efficient method for generating homozygous mutant 

clones in heterozygous tissue, using FLP-mediated mitotic recombination (Figure 1B). The 

FLP recombinase induces efficient and specific recombination between FRT DNA 

sequences in flies. In this method, animals heterozygous for a mutant are induced to undergo 

mitotic recombination at FRT sites located near the centromere, producing homozygous 

mutant cells that can expand into clones within the otherwise heterozygous (and thus 

phenotypically normal) tissue [Xu and Rubin 1993]. This technique has been further 

extended with the MARCM (Mosaic Analysis with a Repressible Cell Marker) technique, 

which combines the FLP/FRT system with GAL4/UAS [Lee and Luo 2001] to improve the 

system in two ways. First, MARCM allows for greatly improved visualization of mutant 

cells, which has been particularly advantageous in the study of cytoskeletal process such as 

neurite outgrowth and branching [Ng et al. 2002]. Second, the MARCM system allows 

researchers to combine clonal loss of function analysis with a UAS mediated transgene or 

RNAi overexpression for more sophisticated experimental designs. In addition, FLP-
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mediated recombination allows generation of mutant germline clones within the ovary, to 

produce mutant oocytes (and subsequently embryos) without a maternal load of RNA or 

protein [Chou et al. 1993].

Finally, several techniques have recently become available for acute manipulation of protein 

function in living Drosophila. These include photoactivatable proteins, in which a native 

protein is fused to a photosensitive inhibitory domain of a plant phototropin (e.g. paRac1 

[Wang et al. 2010]), and photo-degradation of a genetically tetracysteine-tagged protein of 

interest (chromophore-assisted light inactivation or CALI) [Marek and Davis 2002]. Finally, 

protein levels can be precisely controlled via inducible expression of a ubiquitin-ligating 

single-chain anti-GFP antibody, which targets a GFP-tagged protein of interest for 

degradation by the proteasome [Caussinus et al. 2012]. Thus, Drosophila researchers have at 

their disposal a number of tools for temporal and spatial control of gene expression and 

function in the animal.

Microscopy: Connecting molecules, cells, and tissues

The improvement in the quality of microscopes and the development of fluorescent probes 

to detect cellular structures have dramatically pushed forward our ability to visualize 

developmental events, and to connect multicellular behaviors with dynamic cellular and 

molecular processes. Drosophila embryos are ~200 μm in diameter and ~500 μm long, and 

fixed embryos (and other tissues) can be effectively imaged by confocal microscopy for 

most applications, without the need for deeper light penetration. Confocal imaging has 

therefore been the workhorse for Drosophila biology. In the past, Drosophilists relied most 

heavily on imaging fixed samples, but newer microscopy modalities, greater access to both 

single-photon and multi-photon confocals, and improved diversity of fluorescent proteins 

have placed a greater emphasis on live-cell imaging [Winter and Shroff 2014]. Recently, 

live imaging of developmental events that were previously studied extensively with fixed 

samples revealed novel mechanisms for cell and tissue morphogenesis. These include, but 

are not limited to: pulsatile cell contractions driving tissue contraction and epithelial sheet 

movement throughout embryogenesis [Martin et al. 2009; Solon et al. 2009; Rauzi et al. 

2010; He et al. 2010], polarized migration and revolution of a continuous epithelial sheet 

[Haigo and Bilder 2011], and dynamics of synapse assembly [Schmid et al. 2008]. The 

availability of many different wavelength fluorophores for multi-channel imaging has 

allowed dynamic changes in cell and tissue shape to be correlated with specific cytoskeletal 

structures [Kremers et al. 2011]. For instance, cell rearrangements that result in extension of 

the embryonic tissue during germband extension have been connected in real-time with the 

enrichment of junctional proteins and myosin motors to complementary domains [Bertet et 

al. 2004; Blankenship et al. 2006; Simoes et al. 2010; Rauzi et al. 2010]. Other innovations, 

such as photo-activatable and photo-convertible fluorophores (photoactivatable GFP (PA-

GFP), mEOS, Dendra, and Dronpa) have allowed for the analysis of protein dynamics 

during developmental processes, including the dynamics of adherens junctions during 

epithelial elongation, and of the plasma membrane during early cleavage divisions [Cavey et 

al. 2008; Mavrakis et al. 2009].
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The combination of genetic techniques with live imaging in Drosophila has particularly 

advanced our understanding of how complex multicellular environments influence actin 

based behaviors previously studied in cultured cells, such as cytokinesis and cell migration. 

By utilizing a diverse range of clonally expressed fluorescent proteins to analyze cell 

division within an epithelium, it was shown that cytokinesis of epithelial cells is not a 

unicellular process driven exclusively by the cytokinetic ring, but rather is a multicellular 

process involving at least three distinct actin based structures [Founounou et al. 2013; 

Guillot and Lecuit 2013; Herszterg et al. 2013]. Another striking example of coordinated 

cell behavior is seen in the collective cell migration of border cells (Figure 1A). In this 

system, protrusive dynamics are largely restricted to the leading cell. A FRET based 

biosensor revealed that leader cells exhibit higher levels of Rac activity than trailing cells. 

Spatiotemporal manipulation of Rac activity using photoactivatable constructs confirmed 

that Rac activity in a single cell is sufficient to polarize the entire border cell cluster [Wang 

et al. 2010]. To understand how this polarization is coordinated amongst cells, subsequent 

studies utilized cell specific genetic manipulations with the GAL4/UAS system to show that 

this coordination requires a feedback loop between Rac and E-Cadherin-based adhesion of 

migrating border cells and the surrounding nurse cells [Ramel et al. 2013; Cai et al. 2014].

In addition to confocal microscopy, Drosophila is amenable to other microscopy techniques, 

which have expanded the range of spatial scales that can be studied by light microscopy. A 

recent study used total internal reflection microscopy to analyze the resorption of microvilli 

at the onset of gastrulation [Fabrowski et al. 2013]. Super-resolution techniques such as 

structured illumination have been used to examine cytoskeletal structures at junctions, and 

the organization of large ribonucleoprotein-containing structures that are trafficked by the 

cytoskeleton to set up embryonic polarity [Roper 2012; Weil et al. 2012]. The application of 

newer “super-resolution” technologies, such as STORM (stochastic optical reconstruction 

microscopy) or STED (stimulated emission depletion) is allowing Drosophilists to bridge 

the gap between molecular events and multicellular behaviors [Kittel et al. 2006; Ehmann et 

al. 2014]. Finally, the emergence of selective-plane illumination microscopy (SPIM) and 

lattice light-sheet microscopy promises to increase the scale of imaging, in some cases 

allowing entire organisms or organs to be viewed undergoing morphogenesis with sufficient 

resolution to view cellular and subcellular changes [Keller et al. 2010; Rebollo et al. 2014; 

Chen et al. 2014]. Similar advances in the analysis and modeling of live imaging data have 

allowed researchers to functionally link these spatial scales, identifying reciprocal 

interactions between the molecular cues that establish polarity at the subcellular level and 

tissue level mechanical forces and morphological dynamics [Aigouy et al. 2010; Bosveld et 

al. 2012].

In summary, the low cost and 'open source' nature of Drosophila allow for the execution of 

both broad and targeted screens, permitting saturating identification of genes and 

characterization of genetic pathways that control particular cytoskeletal based processes. 

Molecular genetic techniques allow for mechanistically directed reverse engineering of 

genes, as well as increasingly precise tissue and stage-specific functional dissection of these 

pathways. Finally, advances in imaging and quantitative analysis synergize with these 

capabilities to render Drosophila a tool uniquely suited to understand not only the functions 
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of particular cytoskeletal regulators, but also the effect of cell and tissue context on the 

output of these regulatory networks. We will now discuss in detail three case studies in 

which these strengths facilitated discoveries that would have been impossible using other 

systems.

Case studies in Drosophila cell biology

1. Cooperation of actin assembly factors in myoblast fusion

Cell-cell fusion is a fundamental process that is critical for the development and 

regeneration of many syncytial tissues, and requires multiple cell types and positional cues 

that have been difficult to fully recapitulate in cultured cells [Abmayr and Pavlath 2012; 

Kim et al. 2015a]. Recent studies have taken advantage of the powerful tools in Drosophila 

to illuminate how the actin cytoskeleton drives these fusion events in vivo. Syncytial muscle 

formation in the Drosophila embryo depends on cell-cell fusion, and occurs when fusion-

competent myoblasts (FCM) fuse with a single muscle founder cell (FC) or a growing 

myotube (Figure 2 and reviewed in [Abmayr and Pavlath 2012; Kim et al. 2015a]). This 

process of myoblast fusion begins with cell migration and heterotypic cell-cell adhesion, and 

culminates in the formation of a “fusogenic synapse” [Doberstein et al. 1997; Kesper et al. 

2007; Richardson et al. 2007; Sens et al. 2010]. During this process, F-actin structures called 

“actin foci” become enriched at the center of a ring of cell adhesion molecules in the FCM, 

forming a ~2 μm dimple with dynamic finger-like projections that invade the FC or growing 

myotube [Kesper et al. 2007; Richardson et al. ; Sens et al. 2010; Haralalka et al. 2011l; 

Haralalka et al. 2014], (Figure 2A). These structures at the fusion site have been termed 

“podosome-like structures” (PLS; [Sens et al. 2010]) due to their structural and functional 

similarity to extracellular matrix-remodeling podosomes and invadopodia, which are 

observed in cultured cells and are also defined by a core of branched F-actin surrounded by 

a ring of cell adhesion molecules [Schachtner et al. 2013]. On the FC side of the fusion site, 

a thin actin sheath forms around the PLS to increase mechanical tension at the junction 

between the cells [Kim et al. 2015b]. After 5-30 min, fusion pores form as the actin foci 

disappear, followed by pore expansion and complete cell fusion [Richardson et al. 2007; 

Sens et al. 2010]. The discovery of this series of events was made possible by a powerful 

combination of genetic screens to identify the molecular players (reviewed in [Abmayr and 

Pavlath 2012; Kim et al. 2015a].), tissue-specific live and fixed imaging that differentiated 

the organization and dynamics of actin in the FC compared to the FCM [Richardson et al. 

2007; Sens et al. 2010; Haralalka et al. 2011; Jin et al. 2011], and ultrastructural analysis of 

the fusing cells [Doberstein et al. 1997; Kim et al. 2007; Sens et al. 2010]. Here, we will 

focus only on the cytoskeletal mechanisms underlying actin foci in the FCM, as they 

illustrate the power of using Drosophila for cytoskeletal discovery.

Extensive genetic screens and directed tests have identified mutants defective in myoblast 

fusion, including mutations in the actin-nucleation promoting Actin-related protein 2/3 

(Arp2/3) complex [Massarwa et al. 2007; Richardson et al. 2007; Berger et al. 2008]. The 

Arp2/3 complex itself is inactive, and requires stimulation by nucleation promoting factors 

(NPFs) to assemble branched actin networks (Figure 2B and [Rotty et al. 2013]). Two 

distinct NPFs, from the Wiskott-Aldrich syndrome protein (WASP) and WAVE (WASP-
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family verprolin homology protein) families, are required for PLS function. Mutations in 

WASp and its regulator dWIP/Solitary/Sltr (the homolog of WASp-interacting protein 

(WIP)) lead to fusion defects [Schafer et al. 2007; Kim et al. 2007; Massarwa et al. 2007; 

Berger et al. 2008; Gildor et al. 2009], as do mutations in SCAR (the homolog of WAVE), 

and its regulator kette (the homolog of NAP1) [Schroter et al. 2004; Richardson et al. 2007; 

Berger et al. 2008; Gildor et al. 2009]. Several lines of evidence suggest that WASp and 

SCAR function together in the FCM. First, dWIP is detectable only in the FCM [Kim et al. 

2007], suggesting that it functions there and not in the FC. Further, tissue-specific rescue 

experiments utilizing FC and FCM specific GAL4 lines demonstrated that dWIP and WASp 

are required primarily in the FCM [Schafer et al. 2007; Massarwa et al. 2007; Sens et al. 

2010], while SCAR is required in both the FC and the FCM for normal fusion.

WASp and SCAR represent functionally distinct activators of actin polymerization through 

the Arp2/3 complex, with different potencies of Arp2/3 activation and different cellular 

regulatory mechanisms (Figure 2B, reviewed in [Rotty et al. 2013]). Therefore, the 

discovery that both are involved in the F-actin focus during myoblast fusion raised the 

important question of how their activities were coordinated. The formin Diaphanous (Dia), 

which stimulates the formation of unbranched actin filaments, has also been implicated in 

myoblast fusion, and localizes to finger-like protrusions from the PLS [Haralalka et al. 

2014]. This system provides a unique model to study the interplay between these converging 

actin assembly regulators in a novel cytoskeletal ultrastructure, distinct from the widely 

studied leading edge of migrating cells. Here we will focus on the distinct functions of 

SCAR and WASp.

Both SCAR/Kette and WASp/WIP modules localize to actin foci. Though both are thought 

to stimulate actin assembly via Arp2/3 complex, WASp and SCAR mutants surprisingly fail 

to disassemble actin foci. Further, mutations in each gene yield different phenotypes: loss of 

SCAR/Kette causes enlargement rather than depletion of actin foci, while loss of WASp has 

no effect on focus size [Richardson et al. 2007; Gildor et al. 2009, Sens, 2010 #1507; 

Mukherjee et al. 2011]. These results suggest that WASp and SCAR play specific roles in 

the function, and not just assembly, of the focus. Examination of double mutants between 

these two NPFs revealed both shared and separable roles. dWIP SCAR and SCAR WASp 

double mutants exhibit enhanced fusion defects and actin focus defects, suggesting additive 

roles for the WASp and SCAR modules in the function of actin foci [Berger et al. 2008; 

Gildor et al. 2009; Sens et al. 2010; Bothe et al. 2014]. However, a closer look demonstrated 

that single mutants in the two NPFs have distinct ultrastructural phenotypes. The PLS of 

WASp or dWIP mutants fails to efficiently invade the FC, and finger-like protrusions 

observed by electron microscopy are short or collapsed. Further, dWIP mutants exhibit an 

accumulation of secretory vesicles [Kim et al. 2007]. In contrast, the ultrastructure of the 

PLS in kette mutants appears normal, though subsequent fusion is blocked, likely due to the 

requirement of the Scar complex in founder cells [Sens et al. 2010].

Mechanistic insights into the role and function of WASp in actin foci have come from recent 

studies of blown fuse (blow) mutants [Jin et al. 2011]. These were originally identified based 

on a myoblast fusion defect [Doberstein et al. 1997], but the molecular function of Blow, a 

PH (pleckstrin homology)-domain containing protein, was unknown. Consistent with a role 
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in the PLS, Jin et al. found that Blow interacts indirectly with the FCM specific cell 

adhesion molecule Sticks and Stones (Sns), and interacts directly with dWIP [Jin et al. 

2011]. WIP binds to tightly to WASp and regulates its stability and targeting to cellular 

structures [Anton et al. 2007]. Interestingly, Blow competes with WASp for dWIP binding, 

locally destabilizing the WASp-WIP complex. However, blow mutants do not simply cause 

an increase in the steady state accumulation of WASp-WIP and F-actin. Instead, an elegant 

set of cell specific genetic rescue experiments combined with FRAP of WASp, dWIP, and 

F-actin within the PLS, revealed that blow mutants dramatically decrease the dynamic 

turnover of all three components [Jin et al. 2011]. This important and surprising result 

suggests that rapid turnover of the WASp/dWIP complex and actin structures, rather than 

actin assembly alone, is required to maintain function of the PLS. This may be due to a need 

to recycle WASp for additional rounds of Arp2/3 activation, or alternatively to alleviate 

inhibition of filament elongation by the previously characterized actin filament barbed end-

capping activity of WASp near the plasma membrane [Co et al. 2007; Khanduja and Kuhn 

2014].

Additional insights into the role of SCAR in fusion came recently with the development of a 

heterologous assay for cell fusion in Drosophila S2R+ cells, which do not normally undergo 

fusion [Shilagardi et al. 2013]. S2R+ cells can be induced to fuse very efficiently by co-

expression of the C. elegans fusogenic protein Eff-1 with the FCM-specific cell adhesion 

molecule Sns, or with α-PS2 integrin, which is not thought to be involved in myoblast 

fusion in vivo. Sns drives efficient S2 cell fusion, and is required in only one of the fusion 

partner S2 cells to promote fusion, much like its role in myoblasts. The authors used 

STORM to investigate the structure of the fusing cells. They found that the F-actin foci 

generated by Sns consist of Sns-containing invasive fingers extending from one cell into its 

fusion partner, while α-PS2 integrin-dependent fusion generates numerous separated hair-

like projections along a broad contact zone, anchored at their basal side by α-PS2. 

Interestingly RNAi of WASp, SCAR or WIP abolishes Sns-dependent cell fusion, while 

only SCAR is required for α-PS2 integrin-dependent fusion, further indicating distinct 

functions for NPFs. While SCAR alone can promote protrusion formation and fusion at 

adhesion sites, the additional activities of the WASp/WIP complex permit formation of a 

broad contact zone and a large, robust focus. These different properties may arise from 

previously described inherent differences in the NPF and branching activities of WASp and 

SCAR [Zalevsky et al. 2001; Yarar et al. 2002; Kang et al. 2010; Sweeney et al. 2014], from 

additional effects on the actin network (e.g. barbed end capping by WASp [Co et al. 2007; 

Khanduja and Kuhn 2014]), or perhaps on differential efficiency or spatial control of 

activation for each NPF.

In conclusion, studies in Drosophila have demonstrated that myoblast fusion is asymmetric, 

driven primarily by a protrusive, podosome-like structure emanating from the fusion 

competent myoblasts. Assembly of a robust, dynamic F-actin network requires the combined 

activities of SCAR and WASp/WIP. SCAR functions together with WASp/WIP (and 

perhaps other NPFs) to generate a functional actin focus, while a dynamic WASp/WIP 

complex, regulated by Blow, is required to maintain rapid turnover within the PLS, forming 

a dynamic structure that can effectively invade the FC. Filopodia-like structures emanating 

Rodal et al. Page 9

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2016 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



from the focus could also involve the activities of formins such as Dia. Finally, SCAR may 

be involved in the final steps of fusion pore formation, though more work needs to be done 

to resolve its exact function at this step. In addition to defining the molecular roles of actin 

regulators, these studies have suggested several new functions for dynamic branched actin 

networks in cell fusion, including driving robust invasion of the FC, increasing apposed 

surface area for pore generation, exocytic vesicle traffic, extracellular matrix remodeling, 

and potentially in formation of the fusion pore itself (Figure 2C).

This case study exemplifies how Drosophila was used to determine how a unique 

cytoskeletal structure is remodeled by the coordinated actions of functionally distinct 

regulators, to produce an ordered series of events in the context of a developing tissue. Tools 

available in Drosophila enabled these studies, which used analysis of tissue specificity of 

gene function in FCs and FCMs, ultrastructural observations, and perhaps most importantly, 

live imaging of the PLS in wild type and mutant backgrounds. This foundational work in 

Drosophila has inspired similar studies in mammals [Abmayr and Pavlath 2012; Kim et al. 

2015a]. These insights could also enhance our understanding of analogous invasive 

structures, such as podosomes and invadopodia, which are structurally similar to the 

fusogenic synapse and also require WASp function [Linder et al. 2011]. Thus, myoblast 

fusion may provide one of the few in vivo systems where these structures, which are 

important in human physiology and disease, are experimentally accessible.

2. Big Cell polarity

Cell polarity is the fundamental process by which cells establish positional information 

within the cortex and cytoplasm. In the Drosophila oocyte, mRNAs encoding patterning 

genes must become polarized within the oocyte cortex to establish the dorsal-ventral (D-V) 

and anterior-posterior (A-P) axes of the future embryo (Figures 1A and 3A). For example, 

posterior localization of oskar and nanos mRNAs is critical for establishing posterior 

identity in the embryo and the eventual germline of the adult [Ephrussi et al. 1991; Gavis 

and Lehmann 1992]. Because the Drosophila oocyte reaches lengths of greater than 100 μm, 

diffusion-based mechanisms for establishing and maintaining cell polarity appear to be 

insufficient. Instead, efficient localization of oskar and nanos mRNA depends on the 

dynamic rearrangement and activity of the oocyte microtubule (MT) cytoskeleton (reviewed 

in [Riechmann and Ephrussi 2001]). Oskar mRNA is localized to the posterior pole during 

mid-oogenesis via directed transport along a gradient of MTs along the A-P axis, with their 

plus ends biased towards the posterior [Parton et al. 2011]. Then, at late stages of oogenesis, 

the MT cytoskeleton is reorganized into subcortical bundles that promote cytoplasmic 

streaming and mixing of the oocyte yolk, as cytoplasm is deposited from supporting nurse 

cells [Theurkauf et al. 1992]. Cytoplasmic streaming in the oocyte facilitates nanos mRNA 

delivery from the nurse cell cytoplasm to the posterior pole, where it becomes anchored 

[Forrest and Gavis 2003]. The timing of MT cytoskeleton reorganization is critical for 

polarity because premature induction of cytoplasmic streaming disrupts the anterior-

posterior MT gradient and oskar localization [Theurkauf 1994]. Here, we will focus on the 

interesting observation that the timing of MT reorganization is regulated by the actin 

cytoskeleton.
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Drosophila genetics served as a powerful tool to identify the important regulators of oocyte 

polarity, because maternal effect mutants that disrupt cell polarity result in clear 

morphological defects in the embryo [Schupbach and Wieschaus 1989]. Two genes 

identified in genetic screens, cappuccino (capu) and spire (spir), encode proteins that 

mediate actin filament assembly in the oocyte [Manseau and Schupbach 1989]. Capu is the 

sole Drosophila member of the FMN-family of formin proteins, which nucleate unbranched 

actin filaments while remaining associated with the barbed end, and enhance the rate of 

filament elongation in the presence of the abundant actin-monomer binding protein profilin 

[Goode and Eck 2007]. Capu can also bind to MTs and cross-link MTs and actin filaments 

[Rosales-Nieves et al. 2006; Quinlan et al. 2007]. Spir nucleates actin filament assembly, via 

tandem actin-binding WH2 domains that stabilize actin oligomers [Quinlan et al. 2007; 

Bosch et al. 2007; Rasson et al. 2015]. Removal of either Capu or Spir results in premature 

cytoplasmic streaming, which disrupts the localization of mRNA to the posterior pole 

[Theurkauf 1994]. An important advance came with the identification of unexpected a 

cytoplasmic actin mesh network and cortical actin bundles [Dahlgaard et al. 2007; Wang 

and Riechmann 2008], whose disappearance correlates with MT bundling and the onset of 

cytoplasmic streaming (Figure 3B) [Dahlgaard et al. 2007; Wang and Riechmann 2008]. 

Both Capu and Spir were shown to be required for formation of this mesh [Dahlgaard et al. 

2007] (Figure 3B). The cytoplasmic actin mesh and/or cortical bundles appear to anchor 

MTs with their minus ends embedded in the cortex [Wang and Riechmann 2008], and may 

passively restrict MT bundling by functioning like a sieve. Because MT bundle formation in 

capu mutants is suppressed by kinesin heavy chain mutants, Spir-Capu actin assembly 

and/or actin-MT cross-linking appear to restrict MTs from being swept into alignment by 

motor-driven cytoplasmic flows [Dahlgaard et al. 2007].

Critical insights into the mechanisms of actin mesh formation came from combining in vivo 

and in vitro studies to answer the following questions: How and why are two nucleators 

needed to assemble a cytoplasmic actin mesh? Are there separate requirements for the 

different activities (e.g. nucleation and elongation) of these actin regulators? Because Spir 

and Capu loss of function mutants share the same phenotype, it came as a surprise that Spir 

potently inhibits both the actin nucleation and actin-MT cross-linking activities of Capu in 

vitro [Rosales-Nieves et al. 2006; Quinlan et al. 2007] (Figure 3C). Spir interacts directly 

with the Capu tail through its KIND domain (with nanomolar affinity) to inhibit Capu 

nucleation, MT binding, and F-actin bundling [Quinlan et al. 2007; Vizcarra et al. 2011]. In 

contrast, Spir nucleation activity is enhanced by Capu binding, even when Capu itself is 

blocked from nucleation [Quinlan et al. 2007]. Further, Capu is autoinhibited through an 

interaction between its N-terminus and a site at its C-terminal tail that overlaps with the Spir 

binding site [Bor et al. 2012]. Thus, Spir binding could also help release Capu from 

autoinhibition, or regulate the processivity of Capu at the barbed end ([Vizcarra et al. 2014] 

and Figure 3C). It is tempting to speculate that the Spir-Capu complex functions as a unit to 

nucleate an actin filament whose barbed end is then handed-off to Capu to elongate (Figure 
3C); however, the signal for triggering such a handoff after nucleation has not yet been 

identified.
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Systematic phenotypic analysis of a congenic allelic series of Capu and Spir mutants 

provided insight into how interactions between these proteins might regulate actin network 

assembly and cytoplasmic streaming in the oocyte. Expression of Spir or Capu point 

mutants that disrupt their interactions (Figure 3C) fail to rescue fertility in spir and capu 

null mutants, respectively, demonstrating that their interaction is required in vivo [Quinlan 

2013]. In addition, capu point mutants isolated in forward genetic screens were sequenced, 

and the mutant proteins biochemically characterized, revealing that in vivo phenotypes did 

not correlate directly with nucleation activity. However, Capu alleles with relatively wild-

type nucleation activity, but with reduced barbed end elongation rate and processivity, 

exhibited defects in oocyte development [Yoo et al. 2015]. These results suggest a model 

where Spir and Capu physically interact, but then separate, such that Capu-mediated 

enhancement of actin elongation can assemble a cytoplasmic actin mesh [Quinlan 2013; Bor 

et al. 2014]. This model has recently been supported by in vitro observations for Spir and 

Capu's mammalian homologs, Spire and Formin 2. These two proteins work together to 

produce large numbers of short filaments through a suggested sequential “handoff” 

mechanism in which the actin filament barbed end oscillates between phases of elongation 

(formin-bound) and phases of paused growth (Spire-bound) ([Montaville et al. 2014] and 

Figure 3C). In fact, Spire and Formin 2 are required for the generation of an actin mesh in 

mouse oocytes that is responsible for asymmetric spindle positioning and polar body 

formation [Pfender et al. 2011]. Thus, the importance of Spire and formin proteins to oocyte 

development, elucidated in the powerful Drosophila system, is likely conserved throughout 

metazoan evolution.

A critical outstanding question is what regulates the timing of Capu and Spir activity and/or 

protein levels in the oocyte. Cortical Spir disappears at the onset of streaming and Spir 

overexpression prevents streaming, suggesting that destruction or delocalization of Spir 

determines the timing of the observed changes in the actin cytoskeleton [Dahlgaard et al. 

2007; Quinlan et al. 2007]. The Drosophila RhoA GTPase can bind Capu and Spir [Rosales-

Nieves et al. 2006]. Thus, RhoA activation could control distinct activities of the Capu/Spir 

complex. It will be important to establish where and when RhoA is activated in the oocytes 

and how RhoA activity modulates the Capu/Spir complex. One possible mechanism 

involves the RhoA effector Wiskott-Aldrich Syndrome Protein and SCAR Homolog 

(WASH), an Arp2/3 complex activator that interacts with Capu, Spir, and RhoA and is 

important to prevent premature streaming [Liu et al. 2009]. WASH-family proteins mediate 

actin assembly in endosomal compartments, suggesting a possible platform for cytoplasmic 

mesh assembly or a role for vesicle trafficking in regulating a cortical signal. An intriguing 

possibility is that changes in actin network architecture involve a switch from unbranched 

actin to branched actin polymerization.

This case study illustrates how a novel and conserved cytoskeletal structure was discovered 

in Drosophila, and how cell biological and genetic tools were used to lay the foundation for 

discovering its mechanism of assembly and function. These findings inspired 

complementary studies of the mammalian proteins in vitro and in vivo, and set the stage for 

discovery of the full complement of actin structures that are synthesized in Drosophila and 

mammalian oocytes.
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3. Supracellular actomyosin cables

During development, epithelial cells of different cell types can sort into lineage-restricted 

compartments that fail to intermix, despite the continuous cellular rearrangement and cell 

division that occurs in growing tissues. Compartment boundaries are often not obviously 

demarcated in a tissue, but do deviate from the normal hexagonal packing of epithelia by 

forming a straight, smooth interface that minimizes contact area between different cell types 

(Figure 4A and B). Because of the precise apposition of different cell types, compartment 

boundaries often serve as sources for morphogens that provide in-plane positional 

information to pattern the surrounding epithelial tissue [Dahmann et al. 2011]. In addition, 

smooth interfaces similar to compartment boundaries are found to encircle organ primordia. 

The encircled primordia can undergo out-of-plane bending to form tubular structures, 

suggesting a possible mechanical role for interfaces between different cell types during 

morphogenesis [Laplante and Nilson 2006; Nishimura et al. 2007; Osterfield et al. 2013; 

Roper 2012]. Cell sorting and boundary formation has most commonly been attributed to 

differential adhesion between different cell types (for review of models for boundaries see 

[Fagotto 2014]). However, investigation of multiple types of boundaries in Drosophila has 

identified actomyosin cables that are assembled at the interface between tissue types (Figure 
4A) [Kiehart et al. 2000; Jacinto et al. 2002; Major and Irvine 2006; Laplante and Nilson 

2006; Nishimura et al. 2007]. Thus, in addition to differential adhesion, the juxtaposition of 

different tissue types can induce the assembly of a specialized cytoskeletal structure that 

may play important roles at the boundary between the two cell types.

The range of approaches available to Drosophila biologists has been invaluable to identify 

actomyosin cables at boundaries, dissect their function, and identify possible mechanisms 

that trigger their assembly. In this case, biophysical approaches have been applied in 

combination with Drosophila genetics, tissue specific gene expression, and live cell imaging 

coupled with quantitative image analysis. This combination has led to physical models for 

actomyosin cable function at boundaries, illustrating the versatility of Drosophila as a cell 

biological and biophysical system. Similar to myoblast fusion, Drosophila compartment 

boundaries provide a physiological system to understand how cross talk between cell-cell 

adhesion and the cytoskeleton is used to polarize cytoskeletal activity within a cell. In 

addition, boundary-specific actomyosin cables provide a unique system to investigate how 

cytoskeletal assembly and dynamics are coordinated between cells to form a supracellular 

cytoskeletal structure.

For many years cell sorting and boundary formation were explained by the differential 

adhesion hypothesis (DAH), which posits that cells express different levels of adhesion 

molecules that result in different cell affinities and lead to cell sorting, similar to separation 

of immiscible liquids [Steinberg 1963]. However, in most cases, Drosophila genetics failed 

to identify clear differences in levels of adhesion molecules that function in boundary 

formation in vivo. For this developmental problem, cell biological and biophysical 

approaches provided a key insight. Actin and non-muscle myosin II (MyoII) were found 

enriched at compartment boundaries at different developmental stages (Figure 4A) and 

inhibition of MyoII activity resulted in the mixing of cells across the boundary (Figure 4C) 

[Major and Irvine 2005; Major and Irvine 2006; Landsberg et al. 2009; Monier et al. 2010]. 
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Furthermore, laser-cutting experiments revealed that the actomyosin cable had a clear effect 

on the mechanical properties of the boundary. This method employs a UV laser to ablate 

cytoskeletal structures, and the resulting recoil velocity of the surrounding tissue is 

proportional to tension in the cable immediately prior to cutting [Hutson et al. 2003]. These 

experiments revealed that the tension of interfaces at compartment boundaries is higher than 

interfaces within either compartment, suggesting that MyoII contractility increases 

interfacial tension specifically along the boundary interface [Landsberg et al. 2009; Aliee et 

al. 2012]. These studies provided some of the first experimental evidence that cortical 

tension is a key mechanism of cell sorting and boundary formation, beyond differential 

adhesion. Importantly, myosin contractility has also been implicated in cell sorting and 

boundary formation in Xenopus and zebrafish, suggesting that cortical contractility is a 

conserved mechanism for maintaining a compartment boundary [Krieg et al. 2008; Rohani 

et al. 2011; Fagotto et al. 2013].

How could increased tension on interfaces shared by two different cell types prevent mixing 

between compartments? One model proposes that the cable serves as a barrier that prevents 

cells from pushing into and invading the opposing compartment during cell division (Figure 
4C - Model 1) [Monier et al. 2010]. To dissect the specific role for MyoII at the 

compartment boundary, chromophore-assisted laser inactivation (CALI) was used to inhibit 

MyoII activity specifically and acutely at the boundary interface [Monier et al. 2010]. 

Inhibition of MyoII at parasegment boundaries in the Drosophila embryo allowed cells from 

one compartment to mix with the opposite cell type, in a manner that depended on cell 

division. This result suggested that a polarized increase in tension at the compartment 

boundary functions to restrict cell mixing that normally results from cell division (Figure 
4C – Model 1). An alternative model is that cell mixing occurs in the absence of cell 

division by cell rearrangements (e.g. cells intercalate and change neighbors). This model 

emerged from studies of cell dynamics at compartment boundaries of the abdominal 

epidermis. In this different tissue, the authors combined live imaging with automated image 

analysis and modeling to determine that cell mixing was associated with neighbor exchanges 

between cells (Figure 4C – Model 2). Increased tension along the compartment boundary 

biased the directionality of cellular rearrangements such that a straight interface was 

preserved without cell mixing [Umetsu et al. 2014a]. One or both of these mechanisms 

could operate in different tissues to maintain boundaries.

What is the instructive signal that triggers polarized actomyosin cable assembly along 

boundary interfaces? While differential cell affinity has not been shown to directly 

contribute to cell sorting at Drosophila compartment boundaries, as formulated in the DAH, 

differential expression of cell adhesion molecules (CAMs) has been shown to regulate 

actomyosin cable formation during tissue morphogenesis. Expression of a protein that 

mediates homophilic adhesion has been shown to result in the formation of an actomyosin 

cable at the boundary between cells expressing the homophilic adhesion molecule and those 

not expressing the molecule (Figure 4D). This situation has been demonstrated for two 

different CAMs shown to exhibit homophilic adhesion, the immunoglobulin (Ig) domain-

containing CAM, Echinoid (Ed, nectin homologue) [Wei et al. 2005; Laplante and Nilson 

2006], and the apical domain protein Crumbs (Crbs) [Roper 2012]. Because of the 
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homophilic binding properties of Ed and Crbs, there is an intrinsic polarity to Ed+ or Crbs+ 

cells at a boundary with cells not expressing the CAM (Figure 4D). Ed is depleted at 

interfaces between Ed+ and Ed− cells, and ectopic Ed expression in tissue that is normally 

Ed− cells results in uniform Ed localization and the loss of actomyosin cable formation 

[Laplante and Nilson 2011]. The intracellular domains of homophilic CAMs such as Ed and 

Crumbs could recruit negative regulators of MyoII to non-boundary interfaces, resulting in 

polarized MyoII assembly at the boundary between cell types. In contrast to differential 

expression of a homophilic adhesion molecule, a recent study of the early Drosophila 

embryo demonstrated that interfaces between cell types expressing different Toll family 

receptors assemble actomyosin cables, presumably through heterophilic interactions that 

activate MyoII contractility (Figure 4D) [Pare et al. 2014]. Thus, differential expression of 

either homophilic or heterophilic cell surface receptors could instruct the polarized assembly 

of an actomyosin cable at interfaces between different cell types. Further supporting such a 

model, heterophilic interactions between membrane-linked ephrin receptors and Eph 

receptor tyrosine kinase promote boundary formation between anterior and posterior 

domains of the Drosophila imaginal disc and between segments of the vertebrate hindbrain 

[Umetsu et al. 2014b; Cooke and Moens 2002]. Notably, boundary formation in the 

hindbrain was recently shown to depend on supracellular actomyosin cable formation as 

well, in a study likely inspired by findings in Drosophila [Calzolari et al. 2014].

A striking feature of actomyosin cables at boundaries is that the cables connect between 

cells to form a continuous supracellular structure. Thus, while CAMs could provide an 

initial cue for myosin cable assembly, it is possible that other mechanisms operate to 

reinforce this cue and coordinate myosin assembly between cells. A recent Drosophila study 

of supracellular myosin cable formation during cell-cell intercalation suggests that tension 

can modulate myosin dynamics and coordinate myosin assembly between cells. During 

germband extension, a process that drives the elongation of the embryonic tissue, multiple 

cell interfaces align to form supracellular myosin cables. The supracellular cables 

connecting the interfaces between 5 or more cells contract to form a pizza-pie-like 

arrangement of cells (called a rosette) that contact each other at a central point, where cells 

then establish new contacts to extend the tissue [Blankenship et al. 2006]. A combination of 

live imaging and biophysical perturbations has provided compelling evidence that cable 

tension coordinates myosin recruitment: Laser ablation experiments revealed that 

mechanical tension is higher in supracellular cables than in isolated myosin-containing 

interfaces [Fernandez-Gonzalez et al. 2009]. Further, FRAP studies using myosin::GFP 

showed that myosin in supracellular cables is less mobile than in isolated interfaces, 

suggesting that tension modulates myosin dynamics. Consistent with this, laser ablation 

causes a loss of myosin intensity, and microaspiration of the tissue increases myosin 

intensity. The mechanical sensitivity of myosin dynamics could result directly from the 

mechanical properties of the myosin motor itself. For instance, MyoII exhibits a stress 

dependent cortical stabilization in regions of cell stress [Ren et al. 2009]. Future experiments 

in which the myosin motor is molecularly perturbed will be needed to dissect the mechanism 

of this feedback. Alternatively, other processes could contribute to polarized myosin 

assembly. A recent structure-function analysis of the myosin activator Rho-associated and 

coiled-coil kinase (ROCK) identified the Shroom-binding domain of ROCK as being critical 
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for ROCK polarity in cells [Simoes et al. 2014]. Shroom is an actin-binding protein that is 

essential for neural tube closure and appears to function as a key regulator of ROCK in 

combination with RhoA [Nishimura and Takeichi 2008]. Shroom localization requires 

binding to F-actin, suggesting that actomyosin assembly could reinforce a polarity cue by 

recruiting Shroom and thus ROCK.

In contrast to the previous examples, the finding that mechanical tension serves as a physical 

barrier to cell mixing emerged not from genetic screens, but rather from the novel 

observation of actomyosin cables in a range of developing tissues. A combination of incisive 

genetic manipulations, mechanical perturbations, and quantitative live imaging demonstrate 

that in a broad range of contexts, boundary formation between tissues depends upon 

increased interfacial tension mediated by a supracellular actomyosin cable. The range of 

experimentally accessible developmental processes in Drosophila provides attractive model 

systems to continue to investigate the mechanisms that coordinate adhesion, cytoskeletal 

assembly, and biomechanical feedback during tissue development. As in other systems, 

emerging findings that the physical mechanisms of boundary formation are similar in 

vertebrate development [Fagotto et al. 2013; Calzolari et al. 2014] suggest that discoveries 

in the fly will continue to shed light on mechanisms of development and physiology in more 

complex organisms.

Conclusion

The three case studies described in this review illustrate the power of the Drosophila system 

for cytoskeletal discovery. While in vitro and cellular studies have elucidated many 

important mechanisms for cytoskeletal control of cell shape, motility, and subcellular 

compartmentalization, these phenomena only describe a small fraction of the roles of the 

cytoskeleton in unique and diverse tissues in an animal. Recent advances in microscopy and 

genetic manipulation have launched Drosophila into position to uncover the many roles of 

the cytoskeleton in assembling the diverse cellular and multicellular structures that have 

enabled the explosion of eukaryotic life.
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Figure 1. 
(A) Schematic of developmental stages and cellular processes in Drosophila that are 

highlighted in this review; F-actin structures are highlighted in red. In the developing egg 

chamber, ring canals and border cell migration serve as important models to investigate the 

assembly of complex F-actin structures and collective cell migration, respectively. In the 

oocyte, an F-actin mesh is required to control the timing of cytoplasmic streaming and 

oocyte polarity (see Case Study 2). During myoblast fusion in the embryo, F-actin foci are 

required for the formation of multinucleate muscle fibers, and provide insight into the 

coordination of actin nucleator activities (see Case Study 1). Actomyosin cables (see Case 

Study 3) mediate cell sorting at the embryonic parasegment boundary, larval wing imaginal 

disc, and pupal abdominal epidermis (not shown), and contribute to epithelial sheet 

movements during embryonic dorsal closure. Lastly, the adult mechanosensory bristle is a 

highly accessible system that has been used to identify genes required for the formation of 

F-actin bundles similar to those found in brush border microvilli and hair cell stereocilia. 

Together, these models provide a range of systems to investigate the complex regulation and 

activity of cytoskeletal regulators in vivo, and contribute to our understanding of highly 

related processes and structures in vertebrates (summarized in Table 1). (B) Schematic of 
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tools available for temporal and spatial regulation of gene function in Drosophila. (Left) The 

GAL4/UAS system consists of the heterologous transcriptional activator GAL4 and a target 

gene of interest under the control of the upstream activating sequence (UAS). (Center and 

Right) FLP/FRT and MARCM systems to induce mitotic clones. Both systems utilize the 

FLP recombinase and target FRT sites (red boxes) to induce homozygous mutant and wild 

type cells in an otherwise heterozygous background, but differ in how clones are marked. In 

the FLP/FRT example, heterozygous tissue is marked by one copy of GFP (green shading). 

Following recombination, one daughter cell receives two copies of the mutant allele (yellow 

star) and zero copies of GFP (green oval), resulting in a negatively marked clone (white). 

The other daughter cell forms a wild type ‘twin spot’ containing two copies of GFP (dark 

green) and two wild type alleles of the gene of interest. In the MARCM system, all cells 

contain a ubiquitously expressed GAL4, a UAS-GFP, and a single copy of the GAL4 

inhibitor GAL80 (orange oval). Following recombination, one daughter cell receives two 

copies of the mutant allele and zero copies of GAL80, thus allowing expression of GFP and 

resulting in a positively marked homozygous mutant clone (dark green). All other cells 

remain GFP negative due to the presence of one (heterozygous) or two (twin spot) copies of 

GAL80.

Rodal et al. Page 25

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2016 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
(A) Electron micrograph of high-pressure-frozen/freeze substituted wild type (wt) stage 13 

myoblast (pseudocolored pink) fusing with a myotube. The boundaries of the F-actin focus 

are indicated with a dashed green line. Inset shows actin filaments and n indicates myotube 

nuclei. Scale bar is 500 nm. ©2010 Sens et al. Originally published in Journal of Cell 

Biology. 191:1013-1027. doi:10.1083/jcb.201006006. (B) Schematic of regulatory 

mechanisms for the Arp2/3 NPFs WASp and SCAR/WAVE. GBD: GTPase-binding 

domain; VCA: Arp2/3-activating Verprolin-Central-Acidic Domain. (C) Schematic of a 

fusion-competent myoblast forming a podosome-like structure (PLS) on a growing myotube 

(nuclei in blue). Magnified area shows a model for the localization of various actin 

nucleators and cell adhesion proteins (Sns in the fusion-competent myoblast and Kirre in the 

founder cell/myotube) proximal to the actin focus, and potential roles for the PLS in fusion.

Rodal et al. Page 26

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2016 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Cross-talk between actin and microtubule cytoskeletons regulates oocyte cell polarity. (A) 

mRNA localization in the developing oocyte. mRNA is transported into the oocyte (blue 

arrows) and anchored to defined regions, establishing the polarity of the embryo. oskar 

mRNA localization to the posterior pole requires the microtubule cytoskeleton (not shown). 

Other mRNAs (i.e. nanos) deposited into the oocyte at a later stage require cytoplasmic 

streaming (mixing of nurse cell cytoplasm with oocyte yolk, red arrows) for efficient 

localization. (B) A cytoplasmic actin mesh is present in the oocyte prior to cytoplasmic 
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streaming. Image on left is a wild-type egg chamber stained with phalloidin (* indicates the 

oocyte). Image on right is a spir mutant egg chamber stained with phalloidin, which lacks 

the actin mesh and exhibits premature cytoplasmic streaming. Images courtesy of M. 

Quinlan. (C) Domain structure and interactions between Capu and Spir (top). The Spir 

kinase inactive domain (KIND) binds to the Capu tail domain and inhibits nucleation and 

processive elongation. This interaction also stimulates Spir nucleation activity via the WASp 

homology 2 (WH2) domains. Capu also has an N-terminal Capu inhibitory domain (CID), 

which binds to its tail domain (overlapping the Spir binding site) and inhibits Capu activity. 

Model for the function of Capu and Spir during actin assembly (bottom). Initially, Capu is 

bound to Spir, stimulating Spir nucleation activity and promoting the formation of an actin 

filament. Next, Spir releases Capu, relieving Capu inhibition and promoting Capu 

association with the actin barbed end, which enhances actin filament elongation. 

Subsequently, the barbed end cycles between Spir-bound (stalled) and Capu-bound 

(elongating) states. Images courtesy of Julian Eskin.
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Figure 4. 
A supracellular actomyosin cable is the basis for forming tissue compartments. (A) Images 

showing Myosin (green) and F-actin (red) in imaginal wing discs. The dorsal-ventral 

compartment boundary is indicated (white arrows). Image courtesy of K. Irvine. Originally 

presented in Major and Irvine, Dev. Dyn. 1996. (B) Cartoon illustrating shapes of cells 

along a compartment boundary. An actomyosin cable assembles along the compartment 

boundary (green) and presents cell mixing between compartments. (C) Models for how a 

supracellular actomyosin cable prevents mixing between compartments. Model 1 shows a 
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cell that has divided along the boundary (red dots indicate daughter cells) in an embryo with 

a normal functioning boundary (left) or an embryo in which myosin along the boundary has 

been inhibited by CALI (right). Model 1 is adapted from [Monier et al. 2010]. Model 2 

shows how tension along the boundary can bias cell-cell rearrangements. Model 2 is adapted 

from [Umetsu et al. 2014a]. (D) Homophilic or heterophilic interactions can trigger 

actomyosin assembly at interfaces between cell types. Homophilic interactions can polarize 

actomyosin contractility to an interface by inhibiting actomyosin in the rest of the cell. In 

contrast, heterophilic interactions that activate actomyosin can trigger cable formation at a 

boundary.
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Table 1

Examples of actin-based structures in Drosophila development, and their mammalian counterparts.

Drosophila Model Actin Structure/Process Related Mammalian Systems References

Myoblast fusion Podosome-like structure

Myoblast fusion [Abmayr and Pavlath 2012; Kim et al. 2015a].

Invadopodia [Linder et al. 2011]

Podosomes [Schachtner et al. 2013]

Oocyte cytoplasmic streaming Actin meshwork Oocyte spindle positioning
[Hudson and Cooley 2002]

[Pfender et al. 2011]

Nurse cell dumping
Ring canals Intercellular bridges

[Hudson and Cooley 2002]

[Haglund et al. 2011]

F-actin bundles Nuclear positioning [Luxton et al. 2010]

Compartment boundaries Actomyosin Cables Hindbrain segmentation [Lye and Sanson 2011]

Dorsal closure Actomyosin Cables Wound healing [Roper 2013]

Mechanosensory bristles F-actin bundles
Brush border

[Tilney and DeRosier 2005]
Hair cell stereocilia

Border cell migration
Group cell migration Neural crest migration [Montell et al. 2012]

Cancer metastasis
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