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“The story so far: 

In the beginning the Universe was created. 

This has made a lot of people very angry and been widely regarded as a bad move.” 

-Douglas Adams, The Restaurant at the End of the Universe 

 

 

“If you look for the light, you can often find it. 

But if you look for the dark that is all you will ever see.” 

-Iroh, The Legend of Korra 
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CHAPTER 1: INTRODUCTION   

 

Life on earth has not only evolved highly complex biological systems but developed strategies to 

repair those systems when they become injured. This thesis will endeavor to briefly summarize a 

number of these repair strategies before delving deeply into two specific mechanisms that aid in wound 

closure in the fruit fly, Drosophila melanogaster.  

 

What is a wound and why repair it?  

 

 An organism is defined as a self-organizing, self-replicating, entity made up of at least one cell. 

So, an organism can be as small as a single bacterium, such as the Mycoplasma genitalium which is 

approximately 200-300 nm in size. This is about the distance between the peak and trough of a 

wavelength of ultraviolet light. On the opposite end of the spectrum, we have the Blue Whale, which is 

estimated to be made up of ~1 quadrillion cells. For scale, it would take approximately 1 quadrillion 

average burritos (5” x 3”) placed next to each other to cover the entire surface of the United States of 

America. To add further complexity, multicellular organisms are comprised of many different cell types, 

arranged in separate organs, with highly specific functions. These separate organs and the cells that 

make them up must work in concert with one another to perform the business of being alive. It should 

also be noted that organisms do not simply pop into existence as fully formed entities. The 1 quadrillion 

cells of a Blue Whale started as a single fertilized egg that developed by sequential programmed 

divisions. As they divided the cells took on new characteristics, behaviors, and functions as they became 

tissues that migrated, folded, deformed, and expanded into the organs that made up the whole blue 

whale.  

As it takes a considerable amount of effort to manufacture a fully developed organism, it is no 

surprise that defenses have been erected to protect them. Bacteria produce strong outer walls made of 

peptidoglycans that protect them from microscopic assaults (Silhavy et al., 2010). Arthropods surround 

their bodies with a waxy cuticle (Vincent, 2002). This cuticle protects insects from dehydration and acts 

as a physical barrier preventing the invasion of microorganisms. In some insects this cuticle is reinforced 

to become fully fledged armor, such as the Ironclad beetle whose armor is so strong it can survive being 

run over by a car (Rivera et al., 2020)! A cursory glance at the side of the road will demonstrate that 

mammals generally have less success when being run over by a car, though some instances of success in 

this area have been colloquially noted. We are less resilient to high-speed vehicular encounters because 

mammals forgo an armored exoskeleton (it should be noted the armored armadillo is encased in bone 

not an exoskeleton (Chen et al., 2011)). All animals have an external barrier made up of epithelial cells 

including a layer of tight junction proteins (Anderson & Van Itallie, 2009; Mandel et al., 1993). These 

tight junction proteins create a seal that dissuades microbes and even water from passing between 

cells(Kovbasnjuk et al., 1998).    

However, despite investing in defenses, injury still comes in many forms. Exposed tissues are at 

the mercy of debris like stray sticks and sharp boulders (or a tenacious piece of paper) which can slice 

through the layers of epithelium. Predatory organisms have evolved many tools to cause injury like 
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microscopic spears, found in jellyfish tentacles, or sharp teeth of the defunct sabretooth tiger, 

mosquitoes and ticks have evolved needle like olfactory protrusions to stab into their victims and feast 

on a blood meal. In all these instances, the disruption of the outer barrier for the prey presents many 

problems. For larger injuries, the immediate threat is that the ability of the epithelium or exoskeleton to 

keep blood or hemolymph within the body is compromised. A resulting loss of bodily fluids and death 

can occur rapidly. Clotting factors in the blood of mammals (Palta et al., 2014), and the hemolymph of 

insects (Dushay, 2009), have evolved to clog the injury site, preventing bleeding out. After dealing with 

the immediate loss of bodily fluids, the next issue is that the microorganisms that the barrier layer had 

neatly kept in the outside, have now been invited to the inside. Some microbes like those in the gut work 

symbiotically with the host (Ghosh et al., 2022; Sasso et al., 2023). However, many of the microbes 

introduced through breaches in the barrier layer are terrible guests and launch full scale invasions 

(Doron & Gorbach). As these microbes proliferate, they disrupt the function and homeostasis of the 

tissues causing further cell death and destruction around the injury site. To combat invaders, 

multicellular organisms have evolved complex immune systems tasked with detecting and destroying 

problematic microbes (Chaplin, 2010). This thesis, will explore how epithelia reacts to injury.  

 

What are epithelial cells?  

 

Epithelial cells ‘did it first’ as they were the first organized tissues in evolution predating 

metazoans which evolved about 600 million years ago (Miller et al., 2013; Morris, 1993). They form the 

foundation for multicellularity because of their ability to form polarized sheets of cells, holding onto one 

another with specific attachments (Bryant & Mostov, 2008). These attachments are controlled through 

several proteins localized to the lateral domain of epithelia, most predominantly cadherin proteins 

(Chapter 1, Fig 1) (Miller et 

al., 2013). Cadherins are 

transmembrane proteins 

which embed into the plasma 

membrane bridging both the 

interior and exterior 

environments of the cell. The 

intercellular domain of 

cadherins connects to the 

actin-cytoskeleton via 

catenins (Buckley et al., 2014; 

Perez-Moreno & Fuchs, 

2006). The extracellular 

domain of cadherins bind to 

the extracellular domain of 

cadherins on neighboring cells 

mechanically holding the two 

cells together (Perret et al., 

2004).  

Chapter 1, Figure 1: Diagram of adherens junction. Extracellular E-

cadherin domains bind cell 1/2 together, while catenin proteins 

allow the intracellular domain of E-cadherin to interface with the 

actin cytoskeleton. Figure from (Baranwal & Alahari, 2009).   
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One of the main hallmarks of epithelia is that they are polarized, and this is one of the 

evolutionary inventions that allowed for multicellular life to flourish. Briefly, epithelial cell polarity is 

maintained by several core protein complexes. It should be noted that these core proteins are generally 

conserved through the animal kingdom (Assémat et al., 2008; Goldstein & Macara, 2007; Rodriguez-

Boulan & Macara, 2014; Tepass, 2012; Yamanaka & Ohno, 2008) but they are not necessarily required in 

every epithelium. Apical cell polarity is dependent on the Par and Crumbs complexes that establish and 

maintain the localization of the adherens junctions, which demarcate the apical-basal boundary 

(Bazellières et al., 2018; Halaoui & McCaffrey, 2015; Médina et al., 2002; Morais-de-Sá et al., 2010; 

Pieczynski & Margolis, 2011). More recently, the Crumbs complex has been implicated in the trafficking 

of Crumbs and cadherin to the apical domain, (Hao et al., 2020) and the regulation of the lipid 

phosphatase levels at the apical membrane (Lattner et al., 2019). Additionally, Crumbs and the Pak 

complex component aPKC have been implicated in regulating the correct apical/lateral membrane ratio 

in concert with a number of other factors to regulate cortical tension and subsequently allow for the 

formation of epithelial structures (Biehler et al., 2021). The basal compartment is defined by the Scribble 

complex, which has been implicated in the initial assembly of adherens junctions (Bonello et al., 2019), 

but has been better characterized as antagonizing apical and junctional proteins, preventing their spread 

into the basolateral compartment (Bilder et al., 2003; Bonello et al., 2019; Laprise et al., 2006; Laprise et 

al., 2009; Tanentzapf & Tepass, 2003). 

By holding onto each other through junctional proteins, and polarizing, epithelia allow for the 

formation of a critical structure in biology: tubes! Epithelial tubes are very common in the animal 

kingdom and have generalizable polarized domains: the apical side faces an internal lumen space, or the 

inside of the tube. Whereas the basal side connects to surrounding tissues or extracellular matrix 

holding the tissues in place. For example, the intestinal tract of Drosophila is made up of polarized 

intestinal epithelial cells. The apical domain faces into the gut tube and produces microvilli which have 

many roles including nutrient absorption. The basal domain faces out from the gut and through the use 

of integrins, connects the epithelium to the basement membrane providing stability to the tissue 

(Klunder et al., 2017). Although the exact architecture changes, similar mechanisms of polarized 

epithelia are observed in the podocytes of the kidney (Schlüter & Margolis, 2012), uroepithelium of the 

urinary tract (Khandelwal et al., 2009), multiple cells types of the respiratory epithelium in the lung 

(Mescher, 2018; Waters et al., 2012), uterine luminal epithelium (Ye, 2020), and hepatocytes of the liver 

(Tanimizu & Mitaka, 2017). Although epithelial tubes are frequently observed throughout the animal 

kingdom, we are generally most familiar with the epithelial tissues that forms our outer-most layers: our 

skin.  

Skin specification occurs very early during development, just after gastrulation (Fuchs, 2007) 

when a subpopulation of the neuroectoderm is essentially blocked from becoming a neuronal and 

instead become a single layer of epithelial cells. (Bleuming et al., 2007; Böttcher & Niehrs, 2005; Hu et 

al., 2018; Kashgari et al., 2018; M'Boneko & Merker, 1988; MacDonald et al., 2009; Moll et al., 1982; 

Stern, 2005). This single layer of epithelial cells eventually develops into the basal layer of the epidermis, 

the stratum basale (Hu et al., 2018). This layer contains the epidermal stem cells whose progeny 

differentiate and migrate up forming the other layers of the epidermis (Kuri et al., 2019). In the adult 

epithelium, the stratum basale is covered by the stratum spinosum, which is comprised of irregularly 

shaped keratinocytes linked together with desmosomes which help to maintain the structural integrity of 

the skin. Next the stratum granulosum is made up of flatter keratinocytes loaded with keratohyalin 
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granules which will be deployed in the next two layers. Thick tissues contain stratum lucidum which is 

characterized by the presence of eleidin, a product of keratohyalin and an intermediate for the final layer 

of the skin. The stratum corneum is the outer most layer, the keratohyalin granules expand to become a 

homogenous keratin matrix as the keratinocytes lose their organelles and nuclei forming a 

semipermeable barrier to UV radiation, toxins, and mechanical assaults. (Barbieri et al., 2014; Maynard 

& Downes, 2019).  

Outward-facing epithelia, are conserved throughout the animal kingdom, but unsurprisingly they 

do not all appear exactly like the mammalian skin. The epidermis of Drosophila melanogaster is one such 

case. One of the most striking differences is that Drosophila, and all holometabolous insects (Truman, 

2019; Truman & Riddiford, 1999), develop two epidermises during their lifetimes. The first is formed 

during embryogenesis via a process called cellularization whereby the approximately 5000 nuclei that 

make up the syncytial (or multinucleated) embryo become separated by plasma membranes (Loncar & 

Singer, 1995). The embryonic epidermis is maintained through to the larval stage of development. During 

this time the epidermis secretes the cuticle (Hillman & Lesnik, 1970; Kaznowski et al., 1985) which 

protect the embryo and larva from abrasion and dehydration. At the end of the larval stage, Drosophila 

undergo pupariation, whereby the larval cuticle is ejected and forms the opaque ridged pupal case. 

Underneath the case, the pupa undergoes impressive renovations, supplanting the original structures 

that made up the larval body plan by creating the new adult tissues from the imaginal discs. The 

imaginal discs are adult precursor cells embedded throughout the larva. During pupation the imaginal 

discs evert out of the larval body (Mirth, 2005; Riddiford et al., 2010), undergoing massive cytoskeletal 

reorganizations and expanding, as the larval tissues are removed, forming the adult body plan 

(Athilingam et al., 2021). The entire process of pupation is far too vast for the scope of this thesis, 

however, a brief review of how the epidermis of the pupal thorax forms will be relevant for future 

chapters.  

The dorsal epidermis of the pupa, the notum, forms during pupation as a result of the eversion 

of the wing imaginal discs (Fristrom, 1993). The early wing disc is essentially a flattened epithelial tube 

made up of cuboidal epithelial cells with a thin internal lumen. As the wing disc develops cells of one 

side of the tube stretch into large but thin peripodial epithelial cells (Auerbach, 1935; McClure & 

Schubiger, 2005). Cells of the other side divide becoming tightly packed and elongating along the apico-

basal axis, forming a columnar epithelium referred to as the disc proper (Tripathi & Irvine, 2022). 

Keeping to the hallmarks of epithelial cells, the disc proper is polarized on the apico-basal axis. Within 

the apical marginal zone of the epithelium, polarity factors such as the Crumbs and Par complexes work 

antagonistically with the basolateral Scribble complex to specify the location of the adherens junctions 

(Bazellières et al., 2018; Bilder et al., 2003; Bonello et al., 2019; Halaoui & McCaffrey, 2015; Laprise et al., 

2006; Laprise et al., 2009; Médina et al., 2002; Morais-de-Sá et al., 2010; Pieczynski & Margolis, 2011; 

Tanentzapf & Tepass, 2003). Concentrated microtubule and actin networks localize to the apical domain 

of the columnar epithelial cells near the adherens junctions (Eaton et al., 1995; Sui et al., 2012). On the 

basal side, the wing disc is surrounded by a basement membrane comprised of collagen, laminin, 

perlecan, and nidogen (Bonche et al., 2021; Hynes & Zhao, 2000; Ramos-Lewis & Page-McCaw, 2019). 

However, it is the transmembrane integrin proteins that connect the basal side of the epithelium to this 

basement membrane (Hynes, 2002) and loss of integrins is associated with a collapse of the wing disc 

into a cuboidal epithelium (Domínguez-Giménez et al., 2007). Upon pupation a strong ecdysone pulse 

arrests growth in the wind disc and signals for the eversion of the wing disc (Mirth, 2005; Riddiford et al., 



5 
 

2010). During eversion, the stalk cells at the dorsal tip of the wing disc in concert with the peripodial 

cells invade the larval epithelium. A pore is then created through which the notal epithelium migrates 

behind a wavefront of peripodial cells which crawl between the larval epithelium and the cuticle. As the 

new pupal epithelium migrates from the two wing discs on either side of the larva, the original larval 

epithelium delaminates and undergoes apoptosis.  (Aldaz et al., 2010, 2013; Athilingam et al., 2021; 

Fristrom, 1993; Martin-Blanco et al., 2000; Pastor-Pareja et al., 2004). The two migrating halves of the 

notum meet at the midline and fuse leading to thorax closure and a continuous monolayer epithelium 

(Martin-Blanco et al., 2000; Zeitlinger & Bohmann*, 1999). This pupal notum has become an excellent 

model system for studying how epithelia respond to injury (Chapter 1, Fig. 2).  

 

How do epithelial cells 

respond to injury?  

 

 The notum was first 

used as a wounding model 

in 2013 by Antunes et al. In 

this work they describe an 

actomyosin ‘flow’ where 

mCherry-labelled Moesin 

could be seen filling the 

apico-medial space within a 

ring of cells 3-4 cell 

diameters out from the 

wound site. This mCherry-

Moesin relocalization 

appeared to flow from distal 

cells in towards the wound 

and correspond with the 

apical contraction of the cells. This ‘wave’ of actin coalesced at the leading edge in an actomyosin purse 

string structure (Antunes 

et al., 2013). This purse 

string has been observed 

in a number of epithelia 

during wound repair and 

through its constriction 

helps to draw the wound closed. First observed in the epidermis of the chick embryo (Brock et al., 1996; 

Martin & Lewis, 1992), this structure has also been observed around wounds in the early embryo of the 

frog Xenopus laevis (Davidson et al., 2002), the mouse embryo (Martin et al., 1994), in vitro human 

intestinal epithelium (Bement et al., 1993a; Russo et al., 2005), the Drosophila embryo (Abreu-Blanco et 

al., 2012; Kiehart et al., 2000; W. Wood et al., 2002), and has also been observed in the jellyfish Clytia 

hemisphaerica (Kamran et al., 2017) a member of the phylum Cnidaria which evolved almost 600 million 

Chapter 1, Figure 2: Drosophila mounting for laser ablation. The 

Drosophila pupae is an immobile model system making it highly 

tractable for mounting, wounding, and monitoring for hours or days 

after injury. Figure from (O'Connor et al., 2022) 
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years ago, thus epithelial repair via purse strings has likely been utilized by species for hundreds of 

millions of years.  

Wood et al. showed that purse string contraction drives an initial stage of wound closure which 

is then completed by filopodia protrusion at the last stages of closure (W. Wood et al., 2002). However, if 

either the purse string or filipodia protrusions were inhibited the wounds still closed but on a longer 

time scale indicating that these behaviors can compensate for one another (W. Wood et al., 2002). This 

result is consistent with reports in Drosophila larva where a purse string was not observed and instead 

epithelial spreading, likely due to lamellipodial expansions, drove wound closure (Galko & Krasnow, 

2004). The use of lamellipodia and filipodia during would closure is also a highly conserved phenomenon 

observed in canine kidney epithelial cells (Cochet-Escartin et al., 2014; du Roure et al., 2005; Fenteany et 

al., 2000; Poujade et al., 2007; M. Tamada et al., 2007; Trepat et al., 2009), rat liver epithelial cells 

(Omelchenko et al., 2003) immortalized human corneal limbal epithelial cells (Klarlund, 2012), and 

Drosophila embryos (Abreu-Blanco et al., 2012; Meghana et al., 2011). So, many behaviors are deployed 

to bring cells into the wound bed. However, as cells migrate into the wound space becomes limited and 

another behavior, intercalation, is required to remove cells from the leading edge.  

Intercalation refers to coordinated reorganization of cell-cell contacts and is observed through 

development (Walck-Shannon & Hardin, 2014) and during wound repair (Razzell et al., 2014; Tetley et al., 

2019; White et al., 2023). In the context of injury, intercalations often occur between neighbors at the 

leading edge of repair, where the tricellular junctions of the intercalating cell are brought together 

establishing a single tricellular junction between its neighbors leading to the ejection of the intercalating 

cell from the leading edge and advancement of its neighbors. Without intercalation cells at the leading 

edge would need to continue elongating towards the wound drawing to a point like slices of a pizza. 

Instead, intercalation allows for cell removal at the leading edge allowing remaining cells to maintain a 

more typical shape during closure. Through modeling and experiments in the Drosophila wing disc, 

Tetley et al. were able to determine that intercalation is the rate limiting step in their system and by 

modulating purse string and junctional tension the tissue becomes more fluid, allowing for rapid wound 

closure (Tetley et al., 2019).  

Tension has long been implicated in the wound healing process, as early as 1861 guidelines for 

minimizing mechanical force exerted on wounds have existed to improve patient outcomes (Berry et al., 

2023; Carmichael, 2014). More recently, we are understanding that increased mechanical force on a 

healing wound correlates with increased scarring and reduced functionality in the healed tissue (Gurtner 

et al., 2011; Wong et al., 2012). Consistent with this, pathological scarring such as hypertrophic scars or 

keloids are more common in areas subject to higher mechanical strain (Akaishi et al., 2008; Ogawa et al., 

2012). The cells responsible for sensing and responding to mechanical forces during wound healing in 

mammals are mainly dermal fibroblasts (Chiquet et al., 2007; Duscher et al., 2014; Eckes et al., 2006; 

Kadi et al., 2008; Wang et al., 2005). Fibroblasts expand during the proliferative phase of wound closure 

(Thulabandu et al., 2018) and contribute to angiogenesis (Li et al., 2003; Tonnesen et al., 2000), and 

extracellular matrix remodeling (Mirastschijski et al., 2010). Fibroblasts then differentiate into 

myofibroblasts which regulate many of the processes of the remodeling phase of wound healing 

(Desmoulière et al., 2005). Interestingly, this differentiation has been linked to tensile forces in an in vitro 

microtissue model (Kollmannsberger et al., 2018). Myofibroblasts continue to remodel the extracellular 

matrix, stiffening it while also taking on contractile properties by generating stress fibers (Bernardo & 

Fibbe, 2013; Grinnell & Petroll, 2010; Sawant et al., 2021). As the tissue recovers and the extracellular 
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matrix stiffening restores, in part, the tissues tensile strength, cellularization within the scar begins to 

decrease through apoptosis (Bainbridge, 2013). Thus, mechanical tension plays a critical part in the 

wound closure process either through the active migration of cells, or as signaling mechanism that cells 

can use to coordinate the phases of wound closure.  

Mechanical tension has also been theorized to play a role in early wound detection (Antunes et 

al., 2013; Cao et al., 2017; Enyedi & Niethammer, 2015; Franco et al., 2019; Xu & Chisholm, 2011). Our 

lab has begun to explore tension changes early during wound closure (Han et al., 2023). Ivy Han who was 

an undergraduate mentee in the lab performed, in an exceedingly diligent and meticulously impressive 

manner, hundreds of laser recoil experiments in the pupal notum after wounding. We were able to 

determine that after wounding there was a loss of tension uniformly around the wound. We were then 

able to determine that tension is restored after injury beginning distal to the wound and moving inward 

toward the wound center over time. At ~135 µm from the wound it took 5-6 min for tension to be 

restored, whereas at the ~70 µm mark it took 15-18 min for tension to be restored to normal levels. 

Unwounded samples had uniform tension across the control and experimental pnr domain (an hourglass 

stripe in the middle of the pupal thorax) in which we were able to express gene knockdowns. When RNAi 

against Rok was expressed in the pnr region tension was lost uniformly across 70 - 110 - 210 µm 

measurements. Given the similar timing and dynamics of this tension restoration we explored its 

relationship to the actomyosin 

wave that had been previously 

observed (Antunes et al., 2013). 

Interestingly, tension was restored 

after the wave of cellular 

contractility passed through. We 

also determined that the 

restoration of tension was 

dependent on the G-protein-

coupled receptor Methuselah-like 

10 (Mthl10). Our lab previously 

characterized Mthl10s role in the 

protease initiated intracellular 

calcium release after wounding and 

following large wounds. Depletion 

of Mthl10 by RNAi resulted in a 30% decrease in survival (O'Connor et al., 2021).  When Mthl10 RNAi 

was expressed in the pnr region, the contractile wave still passed through the tissue, but tension was not 

restored. Thus, Mthl10 is not required for the actomyosin wave initiation, however, it is required to 

maintain high tension in the wake of the wave (Chapter 1, Fig. 3). Further studies will be needed to 

elucidate the mechanisms of how Mthl10 maintains tension in the wake of the actomyosin wave. 

However, these studies highlight how fundamental mechanical tension is during the wounding process, 

not just for a cell’s ability to physically migrate into the wound bed, but as a critical part of restoring 

homeostasis after injury.  

 

 

Chapter 1, Figure 3: Mthl10 is required to restore tension in 

epithelial cells after wounding. From (Han et al., 2023) 
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Wound healing, cancer metastasis, and polyploid giant cancer cells  

 

Mechanisms of wound healing allow organisms to resist an often-hostile world, repairing 

damage, defeating infection, and restoring function and homeostasis. However, this suite of behavioral 

and molecular tools cells deployed during injury proves catastrophic when they become dysregulated. In 

fact, the proliferative, invasive, and migratory behaviors that are critical for rapid wound closure, become 

the hallmarks of metastatic tumors.  

Metastatic tumors occur when cancer cells from a primary tumor within the body escape their 

original location and invade other parts of the body (Dymerska & Marusiak, 2023). The processes of 

tumor formation and metastasis are extremely complicated, as different tissues throughout the body 

utilize different mechanisms to know what cell type they are supposed to be, and thus the nature of 

their dysregulation is often also different. It is becoming appreciated that metastasis can be driven by the 

induction of M2 like macrophages within the tumor which help to stimulate epithelial to mesenchymal 

transition of the primary tumor cells (Duan & Luo, 2021; Pan et al., 2020; Takase et al., 2016; Zhou et al., 

2020). This is similar to the role M2 macrophages play during mammalian wound healing where they 

promote the loss of epithelial characteristics in wounded epithelia (Landén et al., 2016; Sindrilaru & 

Scharffetter-Kochanek, 2013; Sorg et al., 2017). Namely, the loss of apico-basal polarity, cell-cell 

adhesions, and the induction of shape changes and migratory behaviors(Nieto et al., 2016). When these 

M2 like macrophages form in the tumor environment they promote metastasis presumably through 

similar molecular programs as in wound healing. The current diagnostic approach to combat both 

primary tumors and metastasis are chemotherapeutics and surgical removal. However, recent 

investigations have revealed a subpopulation of cancer cells that help tumors to escape treatments (Jiao 

et al., 2024).   

Polyploid giant cancer cells (PGCC) have been observed in tumors for at least 180 years, 

however, only recently has their role in tumor survival been appreciated (Amend et al., 2019; Casotti et 

al., 2023; Kasperski, 2022; Mukherjee et al., 2022; Niculescu, 2022). PGCC’s can be induced by 

chemotherapy, antimitotic drugs, radiotherapy, hypoxia, and deficiencies in the tumor microenvironment 

(D. Zhang et al., 2014). They form via their own cell cycle, the giant cell cycle. The giant cell cycle starts 

with the initiation phase, where following an immense stressor a subset of diploid cells in G2 at the time 

of the stressor become decoupled from the mitotic cell cycle, and its cell cycle checkpoints, and enter a 

tetraploid or polyploid state. From this polyploid state they enter the self-renewal phase where they 

have many directions to go in and can execute them in multiple combinations. They can become 

endomitotic duplicating and dividing the genome creating a multinucleated PGCC and they can continue 

endoreplication to create a larger single nucleus. During the termination phase they can undergo 

reductive division by nuclear budding, nuclear fragmentation, or nuclear fission to create diploid 

daughter cells. These daughter cells enter the stability phase where due to mutations and genomic 

reorganizations they have acquired a new genome, with mitotic competency and a stable karyotype (Liu, 

2020; Niu et al., 2016).  

Through the giant cell cycle, PGCC’s are able to survive the genotoxic stresses of our current 

cancer treatments like chemotherapy by escaping from premature senescence in a polyploid state 

(Bharadwaj & Mandal, 2020; Bharadwaj et al., 2018; Mirzayans et al., 2018; Mirzayans & Murray, 2020a, 

2020b). As they are often aneuploid, they have a high degree of genetic diversity, which is thought to 
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promote tumor microenvironment evolution (Pienta et al., 2022). This evolution allows daughter cells of 

PGCC’s to have a higher degree of therapy resistance (Amend & Pienta, 2015; Amend et al., 2019) and 

PGCC associated tumor regrowth has been observed in response to radiation therapy (Erenpreisa et al., 

2008; Erenpreisa et al., 2000), chemotherapy (Puig et al., 2008; Rohnalter et al., 2015; Sundaram et al., 

2004; S. Zhang, I. Mercado-Uribe, et al., 2014; S. Zhang, I. Mercado-Uribe, et al., 2014) and RAS 

oncogene activation (Leikam et al., 2015). PGCC’s have also been implicated in tumor metastasis (Zhang 

Weihua et al., 2011), and form their own tumors when implanted into mice (Fujiwara et al., 2005). Thus, 

PGCC’s are induced by the very treatments meant to eliminate tumors and allow them to survive, 

reproliferating and metastasizing after the removal of the treatments. Understanding exactly how PGCC’s 

form, and the molecular mechanism they use to evade genotoxic stress will be critical for developing 

more effective chemotherapeutics. One way to understand how polyploidy becomes dysregulated in 

cancer, is to understand how tissues are able to induce and control it during wound healing.    

 

Wound induced polyploidy.  

 

The occurrence of polyploid cells following injury has been noted for some time, however, we 

have only just begun to elucidate its roles, and decipher in what contexts it aids or impedes repair (Bailey 

et al., 2021; Gjelsvik et al., 2019; Lang & Schnittger, 2020; Øvrebø & Edgar, 2018). One organ where this 

dichotomy is most stark is the heart. In mammalian systems cardiomyocytes are diploid during 

development (Porrello et al., 2011) but become polyploid either through endomitosis in the murine 

heart (Liu et al., 2010; Soonpaa et al., 1996) or endoreplication in human hearts (Mollova et al., 2013). 

Interestingly, neonatal mammalian hearts have a high regenerative capacity (Porrello et al., 2011), 

whereas adult hearts have a poor regenerative capacity exhibiting increased scarring (Ebert & Pfitzer, 

1977; Senyo et al., 2013; Soonpaa & Field, 1997). Further, mouse strains with a greater proportion of 

diploid cardiomyocytes to polyploid showed a higher regenerative capacity to those with a higher 

number of polyploid cardiomyocytes (Patterson et al., 2017). Thus, it has been inferred that polyploidy is 

likely induced in the mammalian heart as an adaptive response to achieve repair in a tissue that has lost 

its capacity to mitotically regenerate. Consistent with this, the cardiomyocytes of the adult zebrafish 

heart show a high degree of regenerative capacity, but they are diploid not polyploid and retain their 

proliferative capacity (Jopling et al., 2010; Kikuchi et al., 2010). Inducing ectopic polyploidy in the 

cardiomyocytes of the zebrafish limit their regenerative capacity (González-Rosa et al., 2018). However, 

polyploidy is induced in the mitotically capable zebrafish epicardium by mechanical tension. These 

endomitotic and endoreplicating cells form a wavefront of repair leading diploid cells to encompass the 

zebrafish heart and if this polyploid wavefront is ablated a new polyploid wavefront is formed. Once the 

heart is re-encompassed the polyploid cells then undergo apoptosis leaving a diploid tissue behind (Cao 

et al., 2017). Additionally, new studies are highlighting that polyploidy in the mammalian heart does 

have a beneficial role (Bradley et al., 2021; Chakraborty et al., 2023). Further studies will be required to 

elucidate the exact contexts in which polyploidy is beneficial or harmful during heart regeneration (Derks 

& Bergmann, 2020).  

Another organ with well characterized and conserved injury induced polyploidy is the liver 

(Carriere, 1969; Matsumoto, 2022; Wheatley, 1972). Similar to the heart, mammalian hepatocytes are 

diploid at birth and become polyploid with age (Celton-Morizur et al., 2009; Duncan et al., 2012; Guidotti 
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et al., 2003; Hsu et al., 2016; Kudryavtsev et al., 1993; Matsumoto et al., 2021; Severin et al., 1984; 

Toyoda et al., 2005a). It has been hypothesized that increased ploidy of hepatocytes allows for increased 

metabolic activity, and some metabolic genes are differentially expressed between diploid and polyploid 

hepatocytes (Richter et al., 2021). However, blocking hepatocyte polyploidy did not have an impact on 

liver differentiation, zonation, or metabolism in one study (Pandit et al., 2012). Despite this, many types 

of liver injury increase hepatocyte ploidy (Gentric et al., 2015; Madra et al., 1995; Muramatsu et al., 

2000; Sigal et al., 1999; Toyoda et al., 2005a; Wilkinson et al., 2019). Interestingly, polyploidization of 

hepatocytes does not block them from dividing (Duncan et al., 2009). In fact, they are able to undergo 

multipolar reductive mitosis (Duncan et al., 2010) and transplantation of labeled polyploid hepatocytes 

into recipient livers resulted in the formation of labeled diploid cells (Duncan et al., 2010).  It has also 

been noted the diploid progeny of polyploid hepatocytes can undergo re-polyploidization (Matsumoto et 

al., 2020). Further studies will be required to understand the benefits of hepatocyte ploidy, some studies 

have suggested that highly polyploid livers function normally (Lin et al., 2020; Sladky et al., 2020) and 

suppress tumor formation (Zhang et al., 2018), whereas others see enhancements in disease like states 

(Dewhurst et al., 2020; Ow et al., 2020).  

Studies have also characterized other tissues which increase ploidy after injury, but less is known 

about these examples. The kidney induces polyploidy and this increased ploidy helps to maintain kidney 

function during injury (De Chiara et al., 2022; Lazzeri et al., 2018). Injured urothelial cells of the bladder 

induce polyploidy and the increase in genomic material in the absence of division is hypothesized to 

preserve the integrity of the uroepithelial barrier during repair (Jia Wang et al., 2018). Injury to the 

alveolar epithelium of the lung induces polyploidy and is a mechanism to maintain barrier function 

without excessive cell numbers (Leach & Morrisey, 2018; Weng et al., 2022; Zemans, 2022). Multiple 

tissues within Drosophila induce polyploidy in response to injury: the hindgut pylorus endoreplicates in 

response to apoptotic damage (Cohen et al., 2018; Losick et al., 2013; Xiang et al., 2017). There has also 

been significant work exploring the induction of polyploidy in the epidermis of Drosophila.  

Polyploidy was first observed in the Drosophila larval epidermis (Galko & Krasnow, 2004) and 

then in the adult epidermis after puncture wounding (Losick et al., 2013). Adult epidermis polyploidy has 

been well characterized by Dr. Vicki Losick, first through her work in the Spradling lab and then through 

the work of her own independent laboratory. She first demonstrated that following wounding nuclei re-

enter the cell cycle but do not divide and cells also fuse with neighbors to form syncytia. Nuclear 

polyploidy was dependent on Yorkie (the Drosophila homologue of Yap/Taz) and Cyclin E, whereas cell-

cell fusion was dependent on the Rac GTPase (Losick et al., 2013). In a later study she was able to 

determine that the Yki tunes the degree of endoreplication downstream of the hippo pathway. The JNK 

component AP-1 was found to inhibit Yki activity to control the degree of post-wound endoreplication. 

She then showed the conservation of this process in a mouse model of Fuchs dystrophy where corneal 

cell loss was compensated for by endoreplication in a Hippo / JNK dependent manner (Losick et al., 

2016). They were able to further characterize that Yki induced endoreplication through its downstream 

effectors Myc and E2f1, and Myc alone was sufficient to induce endoreplication in even unwound tissue 

(Grendler et al., 2019). They then forced nuclei in the wounded epithelium to enter the mitotic cell cycle 

via overexpression of String and concomitant knockdown of fizzy-related, which had been previously 

shown in the literature (Schaeffer et al., 2004). Forcing the wounded epithelium to undergo mitosis 

instead of endoreplication resulted in gaps in the epithelium, partial wound closure failure, and thinner 

epithelial membranes. Additionally, mitotic errors were observed such as chromatin bridging between 
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nuclei and micronuclei. In the presence of additional UV damage, polyploid capable epithelia were able 

to successfully repair, whereas forced mitotic epithelia could not (Grendler et al., 2019). Previous studies 

had shown that Hippo-Yap signaling was regulated by focal adhesion proteins (Elbediwy et al., 2016; Kim 

& Gumbiner, 2015). Thus, the Losick group explored the expression and localization of focal adhesion 

proteins and found that Integrin, Talin, and Focal Adhesion Kinase were all required for endoreplication. 

Inhibition of focal adhesion proteins reduced the activity of Yki downstream targets and also reduced the 

degree of cell-cell fusions leading to smaller syncytia around wounds (Besen-McNally et al., 2021). Most 

recently, they characterized that in the unwounded epithelium syncytia form via cell-cell fusion in an 

age-dependent process, not linked to apoptosis. Interestingly, age related polyploidy correlated with 

reduced mechanical function which could be rescued by inhibiting cell-cell fusion. Given the connection 

to mechanical function they explored the role of the adherens junction associated mechanosensory 

protein α-catenin in flies and mice and found that α-catenin suppresses cell-cell fusion. They also found 

that inhibiting the Drosophila epithelial cadherin shotgun increased the degree of cell-cell fusion by ~10-

fold (Dehn et al., 2023). Thus, through a decade of work, Losick et al. robustly characterized the 

induction of endoreplication and cell-cell fusion in a Yki- and Rac-dependent manner revealing some of 

the key upstream and downstream regulators of this process and connecting it to the mechanics of the 

tissue.  

When I started my thesis work in the Page-McCaw lab, the available literature suggested 

polyploidy was likely a wound induced behavior relegated to quiescent and post-mitotic tissues. Thus, I 

set out to explore how wounds induced mitosis by assaying a mitotic tissue, specifically the mitotically 

capable pupal notum. This tissue is easily accessible with a simple dissection and is stationary facilitating 

long-term microscopy (O'Connor et al., 2022). Additionally, during development the notum undergoes 

sequential round of mitosis over the first 28 hours after puparium formation (Guirao et al., 2015). As the 

future chapters will detail, when I performed wounding experiments 12-16 hours after puparium 

formation, I did not observe wound induced mitosis. Instead, the pupal notum induced individual 

nuclear polyploidy and cell-cell fusions resulting in syncytia which invaded the wound site and repaired 

the epithelium. These results indicate that even mitotically capable tissues opt for polyploidy during 

repair. Given the frequent occurrence of wound induced polyploidy throughout the animal kingdom and 

in human organs, future experiments should robustly explore the factors governing their induction and 

regulation. This would not only lead to the potential for translational benefits during wound repair but 

elucidate how the process of polyploidy is utilized in the tumor microenvironment to escape therapeutic 

treatments, expand tumor cell populations, and induce metastasis.  
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CHAPTER 2: DISSECTING, FIXING, AND VISUALIZING THE DROSOPHILA PUPAL NOTUM 

 

AUTHORS AND AFFILIATIONS:  

 

This chapter is adapted from White, J., Hodge, K., Page-McCaw, A., Dissecting, Fixing, and Visualizing the 

Drosophila Pupal Notum. J Vis Exp. 2022 Apr 6;(182):10.3791/63682. doi: 10.3791/63682. My 

contributions to this publication were conceptualization, formal analysis, investigation, writing – original 

draft, and visualizations.  

 

ABSTRACT:  

 

The pupae of Drosophila melanogaster are immobile for several days during metamorphosis, 

during which they develop a new body with a thin transparent adult integument. Their immobility and 

transparency make them ideal for in vivo live imaging experiments. Many studies have focused on the 

dorsal epithelial monolayer of the pupal notum because of its accessibility and relatively large size. In 

addition to the studies of epithelial mechanics and development, the notum has been an ideal tissue to 

study wound healing. After an injury, the entire epithelial repair process can be captured by live imaging 

over 6–12 h. Despite the popularity of the notum for live imaging, very few published studies have 

utilized fixed notum samples. Fixation and staining are common approaches for nearly all other 

Drosophila tissues, taking advantage of the large repertoire of simple cellular stains and antibodies. 

However, the pupal notum is fragile and prone to curling and distortion after removal from the body, 

making it challenging to complement live imaging. This protocol offers a straightforward method for 

fixing and staining the pupal notum, both intact and after laser-wounding. With this technique, the 

ventral side of the pupa is glued down to a coverslip to immobilize the pupa, and the notum is carefully 

removed, fixed, and stained. The notum epithelium is mounted on a slide or between two coverslips to 

facilitate imaging from the tissue's dorsal or ventral side.  

 

INTRODUCTION:  

 

The pupal notum of Drosophila melanogaster has been increasingly used for live imaging studies 

in the last decade because the animal is both immobile and has a transparent cuticle at this stage(Besson 

et al., 2015; Couturier et al., 2017; Couturier et al., 2019; Fujisawa et al., 2020; Koto et al., 2011; R. 

Levayer et al., 2016; Valon et al., 2021). However, the pupal notum is challenging to dissect and fix, 

making it difficult to complement live imaging studies with antibody and cell staining. The overall goal of 

this work is to create a reproducible protocol for dissecting and fixing the pupal notum for antibody and 

cell staining on new or previously live-imaged samples. 
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As larvae begin metamorphosis, the epidermis pulls away from the larval cuticle, forming a hard 

pupal case(Bainbridge & Bownes, 1981). The larval body plan is broken down, and the new adult body 

plan is developed. During this time, pupae are immobile, making them ideal for live imaging. One 

commonly imaged tissue is the pupal notum, an adult monolayer epithelium that forms in the dorsal 

thorax. The notum is visually accessible; after a simple dissection to remove the pupal case(Moreira et 

al., 2011). The whole animal can then be mounted, and the notum can be live imaged for hours or days, 

making it an ideal tissue to study epithelial cell behaviors during development, homeostasis, and 

following wounding(Bellaïche et al., 2001; Cristo et al., 2018; Guirao et al., 2015; O'Connor et al., 2021; 

E. K. Shannon et al., 2017). However, the notum is challenging to dissect and fix because it is fragile and 

covered with a thin transparent adult cuticle that is hydrophobic. This hydrophobic cuticle makes it 

prone to curling in aqueous solutions when removed from the rest of the body. Thus, notum dissection 

and fixation has been reported only rarely and the dissection is often not described(Hartenstein & 

Posakony, 1989; Kawamori et al., 2012; Loubéry et al., 2014; Yeh et al., 2000). Without a detailed 

protocol in the literature, it is prohibitively difficult for a Drosophila researcher to complement live 

imaging with staining of pupae.  

This technique aims to reproducibly dissect and fix samples that have been previously live-

imaged, including those that have been laser-wounded. Because live imaging requires removal of the 

pupal case, this dissection technique begins by removing the anterior pupal case, unlike previous 

protocols that pin down or bisect pupae within the pupal case(Au - Wang & Au - Yoder, 2011; Couturier 

et al., 2019; Couturier & Schweisguth, 2014). The notum is a fragile tissue, and wounding may 

exacerbate its fragility. Thus, to support this delicate tissue, the integument (the epithelium and attached 

transparent adult cuticle) of the notum and part of the head and abdomen are dissected away from the 

rest of the pupa while always submerged in an aqueous environment. This method reduces the 

likelihood of the tissue curling and being unusable. This technique has successfully stained wounded 

notum tissue as early as 30 min post wounding (Chapter 2, Figure 1E–H) and at 3 h post wounding 

(Chapter 2, Figure 1I–L). This protocol is expected to be effective for the duration of notum development 

or wound repair. The current technique will be helpful for researchers wishing to unite the live-imaging 

capabilities of the pupal notum with the abundance of available immunohistochemistry reagents. 

 

PROTOCOL:  

 

Drosophila melanogaster (fruit flies) were maintained at 25 °C on a standard cornmeal-molasses 
medium. The studies were conducted on EGFP-tagged histone H2A pupae. The flies were 
obtained from a public stock center (see Chapter 2, Table of Materials).  
 
1. Pupae immobilization 
 
1.1. Apply a 2" strip of double-sided tape to a microscope slide. 
 
1.2. Identify white pupae in vials raised at 25 °C, and use a marker to indicate their location 
outside the vial. Return the vials to 25 °C. 
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NOTE: White prepupae are characterized by their immobility, white color, and everted spiracles. 
These form 0–1 h after puparium formation (APF), or stage P1(Bainbridge & Bownes, 1981).  
 
1.3. 12-15hr later carefully remove 3–4 of the indicated pupae (without popping them) using 
a dissection scope and collect them on the microscope slide next to the tape.  
 
NOTE: Pupae will now be stage P5 with an everted head sac visible at the pupae's anterior end 
(Bainbridge & Bownes, 1981).  
  
1.4. Place the pupae at least one pupa width apart onto the tape with their ventral sides down.   
 
1.5. Place a drop of adhesive glue on a paraffin film (see Chapter 2, Table of Materials) or in a 
centrifuge tube lid. Dip the end of a 0.1–10 µL pipette tip (no pipette) in the drop of adhesive 
glue. Tap the pipette tip twice on a 24 mm x 60 mm (1.5 thickness) coverslip, 1 cm x 1 cm away 
from a corner, creating a line of adhesive glue ~1/2 the length of the pupa.  
 
1.6. Preset a 0.2–2 µL (P2) pipette to 2 µL, and a 200 µL (P200) pipette to 200 µL, and fit them 
with tips so they are ready to be filled with 1x PBS + 0.1 mM Ca2+, which will rapidly solidify the 
adhesive glue on contact.  
 
1.7. Insert forceps (see Chapter 2, Table of Materials) near the side of the head and gently 
remove the case from the anterior to posterior (Moreira et al., 2011). Remove as much of the 
case as possible. Grasp the pupa's developing legs with a pair of blunt forceps and carefully pull 
the pupa from its case. 
 
NOTE: A small rupture on the ventral portion of the pupae will not be detrimental to this 
procedure.  
 
1.8. Lay the pupa in the corner of the coverslip.  
 
1.9. Grasp the pupa at the posterior abdomen or the developing wing with blunt forceps, lift, 
and place the ventral side of the pupae down into the line of adhesive glue.   
 
1.10. Quickly fill the P2 pipette with 2 µL of 1x PBS + 0.1 mM of Ca2+, and holding it in the air, 
expel just enough to form a small bubble at the tip (0.25–0.5 µL).  
 
1.11. Touch the small bubble of the solution to one side of the pupae at the base of the thorax, 
then repeat on the other side.  
 

NOTE: This will solidify a small amount of the adhesive glue to hold the pupa in place. Generally, 
all the solution will not be used. 
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1.12. Fill the P200 pipette with 200 µL of 1x PBS + 0.1 mM of Ca2+, then place the pipette's tip 
over the thorax and expel the contents to submerge the pupae completely. The remainder of the 
adhesive glue will solidify immediately.  
 
1.13. Remove ~100 µL of the PBS solution, so the pupa is barely submerged before proceeding 
immediately to the next step. 
 
NOTE: For unwounded samples, start from step 1.1. For wounded partially dissected samples, 
start at step 1.5. Wounding via laser ablation has been described previously (Kiehart et al., 2006; 
O'Connor et al., 2021). Immobilization, dissection, and mounting steps need to be performed 
using a dissection microscope.  
 
2. Dissecting the notum 
 
2.1. Grasp a pair of microdissection scissors bracing one side of the handle against the 
dominant hand's index finger and middle finger, so the thumb of the dominant hand applies the 
cutting force (Chapter 2, Figure 2A,B).   
 
2.2. Stabilize the neck of the scissors against the middle finger of the non-dominant hand 
while bracing the coverslip with the ring finger of the non-dominant hand.  
 
2.3. Snip at the middle of the dorsal abdomen to create a small hole, ~0.2–0.5 mm. Some 
hemolymph will usually spill out and is a good indicator of the breach. 
  
2.4. Make small 0.5–0.75 mm cuts through the integument from the posterior to anterior, 
encircling the dorsal tissue to isolate it. To create a tissue as flat as possible, avoid cutting too 
ventrally; only the dorsal 'dome' of the thorax should be removed along with small sections of 
the head and abdomen.  
 
2.5. Repeat posterior to anterior cuts on the other side of the pupa.  
 
2.6. Rotate the dissection stage to allow for a clean cut through the head if necessary.  
 

NOTE: At this stage, the dorsal integument, or notum, will be separated from the rest of the pupa. 
If it appears separated but is not easily moved, a few cuts below the notum can help dislodge it.   
 
2.7. Add ~200 µL of 1x PBS to the center of the coverslip and make a channel connecting it to 
the original dissection droplet by gently dragging the pipette tip across the cover glass from the 
new droplet to the original. 
 
2.8. Using a pair of blunt forceps, gently push or drag the isolated notum to the center of the 
coverslip and rotate, so the interior side faces upward. Never remove the tissue from the droplet.  
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NOTE: It is essential to move the notum away from the original dissection site to avoid any 
remnants of the adhesive glue occluding the sample during later imaging.  
 
2.9. Hold the notum down with the blunt forceps by pressing into the abdominal or head 
sections. Using a pair of sharp forceps and/or gentle expulsions of 1x PBS from a 200 µL pipette, 
remove any remaining fat body, muscle bands, or hemolymph (if present) to fully expose the 
monolayer epithelium and make the eventual staining more even. The dissected notum should 
appear as in Chapter 2, Figure 3A. 
 
2.10. Once the tissue is clean, use a 200 µL pipette to remove as much of the PBS solution as 
possible (along with debris and the ventral part of the pupae), monitoring with a dissection scope 
to avoid aspirating the notum.  
 
2.11. Once most of the liquid has been removed, use an absorbent tissue to carefully wipe away 
the rest of the adhesive glue and pupa, as well as any other debris that lingers on the coverslip.  
 

NOTE: If some adhesive glue remains on the coverslip, it will not cause an issue so long as it is 
thinner than the dorsal tissue itself.   
   
2.12. Add 150–200 µL of 4% PFA (in 1x PBS) and fix for 20 min at room temp. Depending on the 
dissection speed, 1 or more pupae can be dissected during the first pupa's fixation. 
 
2.13. Remove the PFA and replace it with 1x PBS to wash the notum once for 30 s.  
 
2.14. If proceeding with antibody staining, perform 5 min washes (3 times) in 1x PBS or 1x PBST 
(Chapter 2, Supplementary File 1) to permeabilize the tissue if the antigen is intracellular.  
 
2.15. Store the sample in 1x PBS + 0.02% NaN3 overnight in a humidified chamber, or if planning 
to stain the tissue, incubate overnight in Blocking solution (Chapter 2, Supplementary File 1).  
 
3. Staining the notum 
 
NOTE: For staining using antibodies or cellular stains follow the steps below. The notum must not 
be removed from the solution, as this will likely cause the tissue to curl. Thus, adapt staining 
protocols to be conducted entirely on the coverslip and keep in a humidified chamber for any 
steps longer than 5 min. Monitoring the samples under a dissection microscope can help to 
prevent accidental aspiration of the tissue during washes. 
 
3.1. To visualize the cell borders, incubate in 200 µL of anti-FasIII primary Mouse IgG2a 

antibody (see Chapter 2, Table of Materials) at 1:8 concentration diluted in Blocking Buffer + 
0.02% NaN3 overnight at 4 °C.  

 
3.2. Wash out excess primary antibody (3 times) with 200 µL of 1x PBS + 0.02% NaN3 for 1 h 
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per wash at room temperature.  
 
3.3. Perform secondary antibody incubation with 200 µL of 1:200 concentration anti-mouse 

IgGa2 in Cy3 in Blocking Buffer + 0.02% NaN3 for 2 h at room temp.  
 
3.4. Wash out excess secondary antibody (3 times) with 200 µL of 1x PBS + 0.02% NaN3 for 1 

h per wash at room temperature. 
 
3.5. To visualize the nuclei, incubate samples in 1 µg/mL of DAPI for 45 min to allow sufficient 

time for the stain to penetrate through muscle bands; fixing in a DAPI-containing mounting 
medium is not effective with this tissue.  

 
3.6. Wash out excess DAPI (3 times) with 200 µL of 1x PBS + 0.02% NaN3 for 5 min per wash 

at room temperature, then leave in 200 µL of 1x PBS + 0.02% NaN3 overnight at 4 °C, or mount 
immediately.  

 
4. Mounting and visualizing the notum 
 
4.1. Following staining, prepare a new 24 x 60 mm coverslip (topper) with supports.  
 
NOTE: Because the notum is dome-shaped, flattening it completely results in distorted wrinkled 
tissue. Creating a gap between the two coverslips allows the notum to retain its normal shape. 
   
4.2. Create a gap of ~200 µm by using spacers made from 22 x 22 coverslips (No. 0 thickness, 
~100 µm thick), adhered ~1 cm apart with nail polish in the middle of the topper.  
 
4.3. To adhere, place the spacers on the topper and paint the distal edges of the spacers with 
a thin layer of nail polish. Let dry.  
 

NOTE: Only use a nail polish that is thin and runny; thick nail polish will add unnecessary 
additional space between the coverslip and topper.  
 
4.4. Remove as much of the aqueous solution as possible from the sample.  
 
4.5. Immediately apply two drops (~100 µL) of anti-fade mounting medium (see Chapter 2, 
Table of Materials) to the sample. 
  
4.6. If necessary, use clean, sharp forceps to position the notum in the center of the anti-fade 
mounting medium droplet.   
 
4.7. Place the coverslip with the notum onto a ~10 x 40 mm support, such as a piece of thin 
foam (cut from the packing material inside coverslip boxes), to elevate the sample so it will not 
adhere to the work surface. 
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4.8. Under a dissection scope, slowly lower the topper onto the sample. Once the anti-fade 
mounting medium meets the topper, gently release and allow capillary action to pull the topper 
down.  
 

NOTE: Within the first few seconds, minor adjustments can be made to the coverslip position 
without damaging the notum.  
 
4.9. Place another piece of foam onto the topper and use a standard microscope slide as a 
weight to gently coax the anti-fade mounting medium between the sample coverslip, topper, and 
spacers. 
 
4.10. After 5–10 min, use an absorbent tissue to wick away any excess anti-fade mounting 
medium by gently touching the edges of the coverslip. 
  
4.11. Gently apply nail polish to each corner of the coverslips to adhere them together. Once 
dry, paint all edges of the coverslips to seal. Avoid coating all edges first, as this can often shift 
the coverslip and damage the dorsal tissue. 
 
4.12. Visualize the notum under fluorescence microscopy (see Chapter 2, Table of Materials) 
through the dorsal and/or the ventral side.  
 

REPRESENTATIVE RESULTS: 
 

The presented technique works well on the unwounded notum (Chapter 2, Figure 1A–D), 

allowing for investigation of the development and homeostasis of the tissue, e.g., the formation of the 

polyploid mechanosensory bristle cells(Kawamori et al., 2012), or the anterior to the posterior flow of 

epithelial cells(Guirao et al., 2015). This protocol is also applicable to a laser-ablated notum (Chapter 2, 

Figure 1E–L), where the cellular response to injury can be analyzed live with endogenous fluorophores 

such as Histone2-EGFP (Chapter 2, Figure 1B,F,J). Post-staining with immunohistochemistry (step 3) can 

reveal many features, such as Fasciclin III, which labels cell borders (Chapter 2, Figure 1C,G,K). 

Additionally, quantitative stains such as DAPI (Chapter 2, Figure 1A,E,I) can be used to assess DNA 

content changes, including wound-induced polyploidy(Au - Bailey et al., 2020).  

The current protocol is particularly beneficial as it can be used following long-term live imaging 

experiments. As pupae are immobile, they can be imaged for hours (Chapter 2, Figure 4A,B). Importantly, 

this protocol does not cause considerable changes to the wound epithelium's overall architecture or 

morphology following dissection (Chapter 2, Figure 4B,C). Thus, features within the tissue could be 

imaged long-term and then further investigated with immunohistochemistry or cellular stains.  

Imaging deep within tissues is complex due to their opacity, and Drosophila are coated in a waxy 

cuticle(Bainbridge & Bownes, 1981) making deep imaging even more difficult. However, with this 

technique, a dissected notum can be placed between two coverslips allowing for imaging of the 
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epithelial monolayer from either side: the apical side through the cuticle (Chapter 2, Figure 5A–D) and/or 

the basal side of the epithelium which faces the body cavity (Chapter 2, Figure 5E–H). These diametric 

views are ideally suited to visualize different structures within the tissue. For instance, the apical view is 

ideal for visualizing epithelial cell borders and nuclei that lie just below the cuticle (Chapter 2, Figure 5A–

D). With the basal view, these apical signals are less visible (Chapter 2, Figure 5E–H). However, basal 

structures are observed at the wound margin (Chapter 2, Figure 5J,L yellow, white arrows). These basal 

structures are much brighter as there is less occlusion in the basal view than in the apical view.  

 

CHAPTER 2 FIGURES:  

 

 

Chapter 2, Figure 1: Dissected, fixed, and stained Drosophila pupal nota. (A–D) Unwounded notum. (E–

H), Wounded notum 30 min after laser ablation. (I–L) Wounded notum 3 h after laser ablation. (A,E,I) 

DAPI stain shows nuclei. (B,F,J) Transgenic Histone2-EGFP, used in live imaging, is visible after fixing and 

staining. (C,G,K) The anti-FasIII antibody shows that antibody stains work well on the fixed notum. 

(D,H,L) Merged image. The images are captured with 40x objective using spinning disc microscopy, 

maximum intensity projections of Z-stacks are shown with 0.3 µm Z-slices.  A–D represents 263 Z-slices. 
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E–H represents 195 slices. I–L represents 53 Z-slices. The orange dashed line denotes wound margin. 

Scale bar in L is 25 µm, applicable to A–L.  

 

 

Chapter 2, Figure 2: Hand placement for notum dissection. (A–B) Left and right views of hand 

placement for holding the microdissection scissors. To prevent hand shaking, the neck of the scissors is 

placed against the middle finger of the non-dominant hand. Scissors need to be parallel to the 

microscope slide to avoid the warping of the notum tissue. 

 

 

Chapter 2, Figure 3: Correctly dissected notum vs. curled notum. (A) Pupal notum post dissection and 

cleaning uncurled and ready for fixation. (B) Pupal notum curled on itself after being removed from 1x 

PBS, thus rendering it unusable.  
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Chapter 2, Figure 4: Pre and post-fixed images are largely similar. A pupal notum expressing Histone2-

EGFP in the nuclei was imaged (A) live before ablation and (B) 3 h after laser-ablation. (C) The notum was 

retrieved, dissected, and fixed as mentioned in the protocol and re-imaged after fixing. The wound site is 

labeled with a red star. The images were captured with 40x objective using spinning disc microscopy, Z-

slices were taken every 0.3 µm. Maximum intensity projections of 34 Z-slices pre-wounding (A), 48 Z-

slices 3 h after wounding (B), and 103 Z-slices post dissection, fixation, and staining (C) are shown. Scale 

bar in C is 25 µm, applicable to A–C.   
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Chapter 2, Figure 5: Imaging apical and basal sides of a wounded notum. The same wounded pupal 

notum is shown in all panels.  The wound is marked with a red star. The orange dotted line indicates the 

wound margin. (A–D) The notum is imaged from the apical side, through the cuticle. (E–H) The notum is 

imaged from the basal interior side. (I–L) The top panels show an X-Z image of the notum, apical side up, 

with the epithelial sheet designated by a white triangle. The orange line denotes the apical-basal plane 

of the X-Y slice, shown in the lower panels. Within the lower panels, the orange line shows the plane of 

the above X-Z image. (I) Apically imaged notum – apical slice. The top X-Z view shows precise imaging of 

the apical epithelial sheet (white triangle). This view is equivalent to a live imaging view. (J) Apically 

imaged notum – basal slice, partially obstructed by apical tissue. Other tissues denoted by yellow arrow 

(possible muscle band) and white arrows (possible blood cells) are visible on the basal side. (K) Basally 

imaged notum - apical slice, partially obstructed by basal tissue and wound scab (dark central area). (L) 

Basally imaged notum – basal slice. This view best shows the basal tissues denoted with yellow and 

white arrows. A,E: DAPI stain, B,F: Histone-EGFP, C,G: FasIII staining. The images were captured with 20x 

objective with spinning disc microscopy. Z-slices were taken every 0.9 µm.  A–D shows the maximum 

intensity projection of 19 slices. E–H represents the maximum intensity projection of 17 slices. 25 µm 

scale bars in D,H,L apply to A–D, E–H, I–L, respectively.    

 

DISCUSSION:  

 

Critical steps 

 

Optimizing three steps will dramatically increase the success of this protocol. First, in step 1.5, be 

sparing with the adhesive glue applied to the coverslip. If too much adhesive glue is added, the pupae 

can become entombed in a thick layer of solidified adhesive glue, which will make dissection impossible, 

and if it covers the notum itself, the adhesive glue will occlude the light from the sample. Second, during 

steps 2.3–2.6, ensure to remove only the top dome of the notum, excluding as much of the lateral tissue 

as possible. If included, the lateral tissue will become compressed during mounting and cause the middle 

of the notum to buckle inward, often placing it outside of the working distance of high numerical 

aperture objectives. Third, during the cleaning step 2.9, extreme care must be taken not to damage the 

monolayer epithelium. If the tissue has large portions missing or no signal can be detected, this step is 

likely to blame.   

 

Troubleshooting  

 

Issue 1: Following mounting, the pupa comes away from the double-sided tape during 

dissection.  This is a common issue, especially for beginners. The best remedy is to ensure that the 

outside of the pupae case is completely dry/free of food debris. Removing food with a pair of blunt 

forceps and allowing the case to air dry for 10–15 min will help adhere to the tape. Alternatively, use the 

non-dominant hand and a pair of blunt forceps to hold the pupae down against the tape during 
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dissection. If the problem persists, applying a small, 5–10 µL drop of nail polish to the base of the 

posterior end of the case and allowing it to harden generally provides enough adhesion for even the 

unruliest of pupae. 

Issue 2: Notum collapses during step 2.3, or the initial breach through the integument is not 

smooth. If the integument is difficult to breach, there may be too much adhesive glue from the 

immobilization steps. Placing the dissected pupae into less adhesive glue will improve this issue. Further, 

ensure that the microdissection scissors are sharp. Blunt scissors will not be able to cut into the 

integument and tend to cause it to collapse inwards. Once hemolymph spills out of the pupae, ensure 

one of the cutting blades can enter the pupa without causing the notum to deform. If the notum 

collapses and the blade does not enter the pupa, continue snipping until a blade enters the pupae.  

Issue 3: During step 2.4, scissors catch or drag the integument. If the scissors begin to catch or 

drag the integument, it often helps to switch to the opposite side of the pupae and proceed to 'loosen' 

the integument. Further blunt microdissection scissors will make it difficult to achieve clean cuts through 

the integument, and sharpened scissors must be used.  

Issue 4: The sample is accidentally aspirated during staining (steps 3.1–3.6). The dissected notum 

is challenging to see because it is transparent. It can be helpful to place a dark blue or black sheet below 

the coverslip to provide contrast (an old pipette tip holder rack works well.) Additionally, all solution 

changes can be performed under a dissection microscope.      

Issue 5: No signal is detected/patchy signal is detected. After ruling out stain-specific problems, if 

no signal is detected or it is patchy, step 2.9 (cleaning) is likely the culprit. An absent or patchy signal can 

originate from damage and removal of the epithelial tissue during cleaning. Conversely, a poor signal can 

be caused by occlusion from the muscle bands/fat body cells if they are not removed, as they can limit 

the diffusion of stains and antibodies into the notum relative to the surrounding tissue. If the tissue is 

damaged, being gentler during cleaning is the best solution. If, instead, the stain is visible but patchy, 

increasing the vigor/time dedicated to the cleaning step is recommended to remove as much of the 

muscle and fat body as possible. Further, increasing the stain duration can help resolve this problem with 

better cleaning. 

Issue 6: The notum tissue has a warped/wrinkled appearance during imaging. Warping and 

wrinkling of the tissue come from two sources. First, compressing the notum during mounting will cause 

it to buckle and warp. The best solution is to remove as much of the lateral tissues as possible so the 

dome is as short as possible and can fit between the coverslip spacers. Second, if the notum is bent 

during dissection, this bend will not straighten out during mounting, so extra care must be taken not to 

warp the notum during dissection. Accidental bending of the notum is most common when cutting the 

integument away from the rest of the pupae. It is tempting to have the dissection scissors at an angle 

relative to the pupae instead of keeping them in the sample plane as the pupae. However, angled 

scissors cause the integument to buckle upwards when cut instead of remaining flat.   
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Existing methods, limitations, and future applications 

 

Wang et al.20 reported a comparable dissection protocol for the isolation of pupal epithelium. 

This technique requires that the pupa remains within its case and be rapidly bisected with a scalpel. This 

protocol is incompatible with previously live-imaged samples, as live imaging requires removing a large 

section of the pupal case. Because pupae lack rigidity, pupal bisection outside of the case mangled the 

tissue, inspiring the creation of this protocol. The technique detailed here allows for isolation and 

fixation of the notum, and it could be used as the first step for a wide array of other methods such as 

cryosectioning, in situ hybridization, or electron microscopy. 

This technique has some limitations.  First, dissecting, fixing, and staining the notum is more 

time-consuming than live-imaging fluorescently tagged proteins in the notum, which requires only a 

simple dissection to remove the pupal case(James T. O’Connor, In revision at STAR Protocols; Moreira et 

al., 2011). Secondly, compared to dissections of other Drosophila tissues, this dissection is more difficult 

because of the thin, fragile tissue and hydrophobic cuticle. For simply visualizing proteins in Drosophila 

epithelia, immunohistochemistry on fixed embryos, larval wing discs, or ovaries is easier. However, this 

technique allows the power of live imaging to be paired with fixation and staining, making it a powerful 

tool once mastered.      

A dissection/fixation technique has some advantages over live imaging. Basal (interior) 

structures can be better resolved with a basal view (Chapter 2, Figure 5 L,J). Most importantly, live 

imaging is limited to fluorophores that must be genetically supplied, often requiring lengthy genetic 

crossing schemes.  In contrast, the present protocol allows the application of stains, 

immunohistochemistry, and other techniques which require dissection and fixation. This dramatically 

increases the number of signals probed in the tissue while potentially decreasing the time to 

experimental results. 
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CHAPTER 3: WOUNDING INCREASES NUCLEAR PLOIDY IN WOUND-PROIXIMAL EPIDERMAL CELLS OF 

THE DROSOPHILA PUPAL NOTUM 

 

This chapter is adapted from White, J., Hutson, MS., Page-McCaw, A., Wounding increased 

nuclear ploidy in wound-proximal epidermal cells of the Drosophila pupal notum. microPublication (in 

review) My contributions to this publication were conceptualization, formal analysis, investigation, 

writing – original draft, and visualizations.  

 

ABSTRACT:  

 

After injury, tissues must replace cell mass and genome copy number. The mitotic cycle is one 

mechanism for replacement, but non-mitotic strategies have been observed in quiescent tissues to 

restore tissue ploidy after wounding. Here we report that nuclei of the mitotically capable Drosophila 

pupal notum enlarged following laser ablation. Measuring DNA content, we determined that nuclei 

within 100 µm of a laser-wound increased their ploidy to ~8C, consistent with one extra S-phase. These 

data indicate non-mitotic repair strategies are not exclusively utilized by quiescent tissues and may be an 

underexplored wound repair strategy in mitotic tissues. 

 

DESCRIPTION:  

 

Epithelia maintain barriers to the outside environment, but after epithelial injury the loss of 

barrier integrity allows pathogens to invade. To re-establish the barrier and restore homeostasis, cells 

must cover the wound area. The mitotic cell cycle replaces cell mass as well as genetic material, and 

mitosis is observed in epithelial cells near a wound in mouse skin (Park et al., 2017). In the adult fly 

epidermis, however, epithelial cells are post-mitotic, and there is no stem cell pool to contribute new 

cells to close wounds.  Previous studies have determined that in response to a wound, adult fly 

epidermal cells utilize endoreplication, which includes both growth (G) phases and S-phases but omits 

mitosis, resulting in larger cells with increased nuclear ploidy that close the wound (Losick et al., 2013; 

Losick et al., 2016). These large polyploid cells not only endocycle but also fuse with each other to form 

syncytia (Besen-McNally et al., 2021; Grendler et al., 2019; Losick et al., 2013; Losick et al., 2016). Similar 

non-mitotic repair strategies have been observed in other tissues (Cao et al., 2017; Edgar & Orr-Weaver, 

2001; Gentric et al., 2015; González-Rosa et al., 2018; Lee et al., 2009; Orr-Weaver, 2015; Sigal et al., 

1999; J. Wang et al., 2018; Q. Wang et al., 2013; Wilkinson et al., 2019).  

We have previously investigated wound responses in the Drosophila pupal notum (O'Connor et 

al., 2021; Erica K Shannon et al., 2017). Although this tissue is mitotic, we previously reported that 

epithelial cells near laser wounds fuse with their neighbors to form giant syncytia (White et al, 2023). 

Here, to investigate the cell-cycle response to wounds, we laser-ablated Drosophila pupae expressing the 

Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI). FUCCI is designed to provide a live readout 



26 
 

of cell-cycle state where green fluorescence from GFP-E2F1 corresponds to a cell in G1, red fluorescence 

from CycB-RFP corresponds to a cell in S-phase, and both fluorophores are present in G2/M. The 

epithelial cells of the unwounded pupal notum undergo waves of mitosis (Guirao et al., 2015); we 

wounded at 12-15h APF, when most cells were in G2 (yellow), some are in M (fluorophores lost after 

nuclear envelope breakdown) and G1 (green), with very few in S phase (red) (Fig. 1Ai). Post-wounding, 

wound-proximal nuclei did not progress through the cell cycle but rather maintained both fluorophores 

over the course of wound closure (Fig. 1 Aii,Aiii). Interestingly, at 6 h post wound, nuclei had an increased 

nuclear volume compared to immediately after wounding (Fig. 1B), suggesting these nuclei may be 

polyploid.  To assess the ploidy of nuclei post-wound, we fixed and DAPI-stained the notum epithelium 

using a protocol we developed (White et al., 2022), normalizing to haploid spermatids that were fixed 

and DAPI-stained along with the dissected notum (Fig.1 Di-Dii). Within 3 h after wounding, nuclei within 

100 µm from the wound averaged ~8C, consistent with one extra S-phase (Fig. 1C). In contrast, most 

nuclei further from the wound had ploidy levels within the diploid range, comparable to unwounded 

controls (Fig. 1C). Thus, even though the pupal notum epithelium is mitotic (Guirao et al., 2015; White et 

al., 2023), laser ablation induces nuclear polyploidy as well as cell fusion. 

Previous studies investigating developmental polyploid cells using the FUCCI system observed 

green (G1) or red (S) nuclei, as expected for endoreplication (Burbridge et al., 2021; Wang et al., 2021); 

thus, it is noteworthy that we observed a different signature of both fluorophores together. However, 

these previous studies analyzed unwounded tissues. In the context of injury, a previous study using 

FUCCI indicated G2 stalling followed injury in the diploid cells of the Drosophila wing imaginal disc 

(Cosolo et al., 2019). It may be relevant that in our laser-ablation system, wound-proximal nuclei 

undergo significant damage after laser ablation (O’Connor et al., 2021). Most of these nuclei were in G2 

when damaged, and they may not be able to execute mitosis in their damaged state, perhaps because 

they fail the G2/M checkpoint, or perhaps because the mechanical environment around the wound is 

not suited to mitosis (Han et al., 2023). Thus, these cells may enter S-phase directly, resulting in a 

different FUCCI signature than developmental polyploid cells.  We note that the G1 (green) marker is 

based on E2F1, usually destroyed during S phase; but in mammals DNA damage activates and stabilizes 

E2F1 (Lin et al., 2001; Wang et al., 2004; Zhang et al., 2009), recruiting E2F1 to DNA damage sites (Choi & 

Kim, 2019). The role of E2F1 in the DNA damage response of Drosophila, however, has not been 

explored.  

Our results indicate that even a mitotically active tissue can induce nuclear polyploidy in 

response to damage.  Why would a mitotic tissue do this?  Note that these wounds are healed rapidly, 

within 3-6 hours, and we speculate that polyploidization may increase both cell mass and the amount of 

genetic material faster than the available mitotic cell cycle in a damage context. 
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Chapter 3, Figure 1: Wounding affects the cell-cycle and ploidy in the Drosophila pupal notum. 

A: FUCCI fly indicating cell cycle state pre-wound, 3 hr, and 6 hr post wound in the Drosophila pupal 

notum (green nuclei = G1, red = S-phase, yellow = G2/M) Most nuclei are in G2 before wounding. Bar is 

50 µm; inset bar in Aiii is 5 µm. B: Nuclear volume of G2 (yellow) FUCCI nuclei segmented in 3D using NIS 

elements from 3 independent samples. Mean and standard deviation shown (black bars), Mann-Whitney 

test indicates p < 0.0001 (****) between 0 min and 6 hr post wounding. C: DNA content of nuclei at 3 h 

after wounding. DAPI intensity was measured in 3D-segmented nuclei then normalized to DAPI intensity 

in haploid spermatids. Each dot represents a nucleus, and data from 4 biological replicates (wounded 

nota) are combined. Results are binned into 50 µm distances from wound center with n total nuclei 

within each bin shown. For reference, ploidy was measured in an unwounded control sample. Solid lines 

indicate the mean of each category, dotted line indicated 4C cutoff. A one-way ANOVA with multiple 
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comparisons comparing the unwounded control to distance bins resulted in p < 0.0001 to each bin. D: 

Nuclei increase in DNA content and size closer to the wound. Di shows DAPI-stained nuclei 3 hr post-

wounding. W=wound center. Dii shows DAPI-stained spermatids used to normalize DNA content. Both 

Images are max intensity projections, preprocessed with rolling ball correction before projection, 19 Z-

slices in Di and 24 Z-slices in Dii. Bar is 50 µm. 

 

Methods:  

 

Flies:  

 

Figure 1 A,B: w1118; KrIf-1/CyO, P{ry+t7.2=en1}wgen11; P{w+mC=Ubi-GFP.E2f1.1-230}5 P{w+mC=Ubi-

mRFP1.NLS.CycB.1-266}12/TM6B, Tb1 (Bloomington stock 55124)  

Figure 1 C: P{Ubi-p63E-shg.GFP}5 / CyO ; pnr-Gal4, UAS-mCherry.NLS, tubP-Gal80ts / TM3 (Flybase unique 

identifiers: FBti0004011, FBti0151829, FBti0147460, FBti0027797) 

 

Wounding:  

 

Flies were mounted and wounded as described previously (O'Connor et al., 2022; White et al., 2023).  

 

Live imaging the cell cycle:   

 

Cell cycles were visualized with the Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) fly 

(Zielke et al., 2014). Images were captured pre-wounding, immediately post-wound, and every ten 

minutes on a Nikon Ti2 Eclipse with X-light V2 spinning disc (Nikon, Tokyo, Japan) using a 60x oil-

immersion objective.  

 

Volume of FUCCI nuclei:  

 

FUCCI nuclei with both E2F1-GFP and CycB-RFP were segmented in 3D using NIS Elements GA3. 

Brightspots segmentations were made for both E2F1-GFP and CycB-RFP and only nuclei that contained 

both fluorophores were analyzed to exclude the smaller G1 green-only nuclei. Volume measurements 

were performed both immediately after wounding and 6 h post-wound, exported to excel, and graphs 

were generated using GraphPad Prism 10.   
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DAPI staining and measurement: 

 

ShgGFP / CyO ; PnrGal4, Gal80ts, UAS-nuc-mCherry / TM3 pupae were mounted, wounded, and allowed 

to recover for 3 h. Spermatids were dissected from healthy unwounded male flies and allowed to dry on 

a 24x60 mm coverslip. Two wounded pupae were isolated on the coverslip with dried spermatids, then 

dissected and fixed as previously described (O'Connor et al., 2022; White et al., 2022). Pelts and 

spermatids were incubated with 1 µg/ml DAPI for 45 min to allow the stain to completely penetrate the 

tissue, then washed and mounted as described previously (White et al., 2022).  

DAPI intensity was assessed by creating an NIS elements macro to segment epithelial nuclei in a 3D 

volume. To create the segmentation macro, we used NIS elements General Analysis 3. Nuclei were 

segmented in 3D based on a nuclear-localizing mCherry fluorophore. mCherry signal was enhanced with 

the Local Contrast preprocessing and then segmented with Brightspots detection. Single voxel 

Brightspots were grown to fill the whole mCherry labeled nucleus. Nuclear segmentations were then 

filtered based on volume to exclude erroneously small and large objects, as well as sphericity to remove 

erroneously fused objects. Subtle variance in mCherry signal intensity across nuclei meant a single 

Brightspots setting would miss many nuclei. So, three Brightspots detections were run in parallel each 

with subtly different thresholding parameters to capture most nuclei. Outputs of the three Brightspots 

segmentations were merged into one binary image which was used to obtain DAPI intensity within 

nuclei. Some areas of DAPI stain were contaminated by an underlying bright muscle band signal. So, the 

DAPI channel was thresholded by eye for each sample so only nuclei within uncontaminated areas were 

included. Basal immune and blood cell nuclei are not entirely removed during dissection. To exclude 

these nuclei, only nuclei near the apical epithelial border marker E-cadherin GFP (ShgGFP) were 

analyzed. E-Cad GFP signal was refined with rolling ball and local contrast pre-processing and then 

thresholded to create a binary E-Cad sheet. The threshold was filtered by volume to remove small 

artifacts not connected to the E-Cad tissue sheet. The E-Cad Sheet was then dilated and only nuclei that 

fell within the dilated E-Cad sheet were analyzed. Nuclei were then assigned a distance from the wound 

bed by thresholding the dim E-Cad signal within the wound bed, which was refined by erosion and 

filtering by volume to leave only a single wound bed object. All nuclei were then assigned a distance 

from the center of the wound bed object. Finally, the sum intensity of the DAPI signal was determined 

for all nuclei collated with the distance from the wound and then output to a CSV file.  

A 1C (haploid) standard was created by imaging spermatids on the slide with the same conditions as the 

pupae. Spermatids were thresholded and filtered by volume and elongation to remove erroneous 

objects. Sum DAPI intensity was taken for all filtered spermatids and exported as a CSV. Within the CSV, 

the average intensity of spermatids was determined, corresponding to a haploid genome or 1C. All nuclei 

intensity values were divided by the average spermatid value resulting in the ploidy in C for nuclei and 

their distance from the wound. Within the CSV nuclei were sorted by distance from the wound and 

exported to prism.  

 

  



30 
 

CHAPTER 4: WOUND-INDUCED SYNCYTIA OUTPACE MONONUCLEATE NEIGHBORS DURING 
DROSOPHILA WOUND REPAIR  

 

This chapter is adapted from White, JS., Su, JJ., Ruark, EM., Hua, J., Hutson, MS., Page-McCaw, A., 
Wound-Induced Syncytia Outpace Mononucleate Neighbors during Drosophila Wound Repair. eLife (in 
review) My contributions to this publication were conceptualization, formal analysis, investigation, 
writing – original draft, and visualizations. 

 

ABSTRACT:  

 

All organisms have evolved to respond to injury. Cell behaviors like proliferation, migration, and 
invasion replace missing cells and close wounds. However, the role of other wound-induced cell 
behaviors is not understood, including the formation of syncytia (multinucleated cells). Wound-induced 
epithelial syncytia were first reported around puncture wounds in post-mitotic Drosophila epidermal 
tissues, but have more recently been reported in mitotically competent tissues such as the Drosophila 
pupal epidermis and zebrafish epicardium. The presence of wound-induced syncytia in mitotically active 
tissues suggests that syncytia offer adaptive benefits, but it is unknown what those benefits are. Here, 
we use in vivo live imaging to analyze wound-induced syncytia in mitotically competent Drosophila 
pupae. We find that almost half the epithelial cells near a wound fuse to form large syncytia. These 
syncytia use several routes to speed wound repair: they outpace diploid cells to complete wound 
closure; they reduce cell intercalation during wound closure; and they pool the resources of their 
component cells to concentrate them toward the wound. In addition to wound healing, these properties 
of syncytia are likely to contribute to their roles in development and pathology. 

 

INTRODUCTION 

 

Injury is a constant reality of life, and survival requires all organisms to repair wounds. Wound-
induced cell behaviors like proliferation, migration, and invasion replace missing cells and close wounds 
(Cao et al., 2017; Park et al., 2017). Other cell behaviors are induced around wounds, but their 
contribution to wound healing is not well understood, e.g., the fusion of cells into syncytia. Syncytia are 
one type of polyploid cell, and it is generally appreciated that increases in ploidy – number of genomes 
per cell – is a common response of post-mitotic tissues and cells to injury (Losick et al., 2013; 
Nandakumar et al., 2020; Tamori & Deng, 2013). Wound-induced epithelial syncytia were first observed 
around epidermal puncture wounds in Drosophila larvae and adults (Galko & Krasnow, 2004; Losick et 
al., 2013), consistent with the idea of polyploidy induction in non-proliferative cells. However, recent 
studies have observed syncytia around wounds in mitotically competent tissues: around laser-ablation 
wounds in Drosophila pupal epidermis (Wang et al., 2015) and in zebrafish epicardium damaged by 
endotoxin, microdissection, or laser ablation (Cao et al., 2017). Further, injury associated with the 
surgical implantation of biomaterials can cause immune cells to fuse into multinucleated giant cells, 
which are associated with rejection (S. Al-Maawi et al., 2017). Similarly, injury induces bone marrow-
derived cells to fuse with various somatic cells to promote repair (Alvarez-Dolado et al., 2003; Corbel et 
al., 2003; Davies et al., 2009; Nygren et al., 2004). The many instances of syncytia being induced by 
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wounds raise the possibility that syncytia offer an adaptive benefit. It is not clear, however, what that 
benefit is. 

Syncytia can form either by endomitosis – mitosis without cytokinesis – or by cell-cell fusion. 
Such fusion is widely observed throughout development in both vertebrates and invertebrates: for 
example myoblasts fuse into muscles (Kim, Jin, et al., 2015; Lehka & Rędowicz, 2020), and fusions occur 
in the lineages of the C. elegans hypodermis (Podbilewicz & White, 1994) as well as vertebrate 
trophoblast (Renaud & Jeyarajah, 2022), myoblast, and osteoclast (Søe, 2020). Cell fusions are also 
observed in disease: pathogen-induced epithelial fusion allows spreading of many viruses including 
human respiratory syncytial virus and SARS-CoV-2 (Leroy et al., 2020); and the fusion of cancer cells with 
bone-marrow derived cells is implicated in metastasis (Pawelek & Chakraborty, 2008).  

Here, we use live imaging and clonal analysis to understand the behavior of syncytia following 
wounding in the Drosophila pupal notum. The unwounded notum is a monolayer epithelium composed 
of mononuclear diploid cells that are mitotically competent. Nonetheless, during the first several hours 
after wounding, many of the surrounding cells fuse to form giant syncytia. Some fusions are obvious with 
apical borders breaking down, while others appear only as shrinking of a cell’s apical surface. Altogether, 
fusion is a common fate of cells near wounds: about half the cells fuse to form syncytia within 70 µm of a 
wound with 30 µm radius.  Compared to their mononuclear neighbors, syncytia have dramatically 
improved wound-repair abilities: they outpace smaller mononuclear cells to the leading edge, they limit 
the need to negotiate cell intercalations as the wound closes, and they mobilize and transport actin from 
distal cells to reinforce the wound margin.  

 

RESULTS:  

 

A mitotic tissue utilizes cell-cell fusions during wound repair. 

 

The pupal notum is a monolayer columnar epithelium composed of diploid cells that undergo 
regular mitotic cycles (Guirao et al., 2015) (Chapter 4, Figure S1A-C). To analyze cell behaviors around 
wounds, we live-imaged after laser ablation. Epithelial cell borders were labeled by the adherens 
junction protein p120ctnRFP (Ogura et al., 2018) and nuclei were labeled with histone His2GFP. Two 
hours after wounding, we observed prominent syncytial cells around the wound (Chapter 4, Figure 1A, 
Chapter 4, Movie S1). Some syncytia appeared to contain over a dozen nuclei within epithelial borders. 
For both syncytial and mononuclear cells, it was difficult to assign nuclei precisely to cell borders 
because notum epithelial cells are not rectangular and are not arranged at right angles with respect to 
the surface; in 2-D projections, a nucleus was frequently observed outside the cell’s apical border 
(Chapter 4, Figure S1D). Accordingly, using apical area and nuclear density, we estimated the number of 
nuclei within the 3 largest syncytia in different wounds. The number of nuclei in these syncytia increased 
over time: at 1 h after wounding the three largest syncytia contained an average 3-13 nuclei, and 2 h 
after wounding they nearly doubled to 6-20 nuclei (Chapter 4, Figure 1B). Interestingly, larger wounds 
generated syncytia with larger apical areas and more nuclei, proportional to wound size, suggesting 
syncytium formation is a dynamic and scalable response to injury (Chapter 4, Figure 1C-E).  

Live imaging of cells after wounding revealed the gradual loss of p120ctn between some 
epithelial cells followed by syncytial rounding (Chapter 4, Figure 1F), suggesting epithelial cell fusion. As 
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p120ctn was lost, the epithelial cadherin E-cadherin was also lost (Chapter 4, Figure S1E-H) indicating the 
disassembly of adherens junctions between the cells. We called this phenomenon “border breakdown”. 
Border breakdowns were found spatially clustered in the first three to four rows of cells, 30-50 μm from 
the wound center, and they occurred primarily within the first hour after wounding, some within 10 
minutes after wounding (Chapter 4, Figure 1G,H). To test whether border breakdowns represented cell 
fusions, and not loss of adherens junctions caused by epithelial to mesenchymal transitions, we analyzed 
cytoplasmic mixing. Individual GFP-labeled cells were generated at random locations using the flip-out 
Gal4 technique (Pignoni & Zipursky, 1997). Before wounding, the level of cytoplasmic GFP fluorescence 
was stable yet exhibited cell-to-cell variability, allowing some differentiation of cells by intensity. Minutes 
after a nearby laser ablation, GFP was observed to diffuse from labeled cells into neighboring unlabeled 
cells. GFP mixing between two cells was followed by the eventual loss of their shared p120ctn-labeled 
cell border, confirming that border breakdown is indeed cell fusion, but that cytoplasmic mixing occurs 
more than 10 minutes before the border breakdown is first observed to start (Chapter 4, Figure 1I, 
Chapter 4, Movie S2). Border breakdowns between labeled and unlabeled cells were always preceded by 
GFP mixing (n=11). Thus, epithelial fusion is a rapid local response to wounding.  

 

Cell shrinking is a second form of cell-cell fusion occurring later during wound closure. 

 

Because border breakdowns occurred mostly within 1 h after wounding, it was unclear how 
syncytia grew between 1-2 h after wounding. However, an unexpected cell behavior was frequently 
observed during this time: the apical area of diploid epithelial cells shrank until they disappeared, which 
we termed “shrinking cells” (Chapter 4, Figure 2A). Although we first expected that shrinking cells were 
extruding, when we tracked the nuclei of shrinking cells, we were surprised that all nuclei moved 
laterally to join neighboring syncytia (n=7, Chapter 4, Figure 2B)), suggesting that shrinking cells are 
fusing cells. To better understand this behavior, we analyzed individual GFP-labeled cells. Like with 
border breakdowns, GFP mixing preceded the initiation of cell shrinking, although by a longer interval of 
one or more hours (Chapter 4, Figure 2C, Chapter 4, Movie S3). Additionally, X-Z projections through GFP 
labeled shrinking cells are consistent with cytoplasm moving into neighboring syncytia (Chapter 4, Figure 
2D). Shrinking cells were distributed similarly around wounds as border breakdowns but occurred later 
and were more numerous (Chapter 4, Figure 2E,F). Thus, both border breakdown and cell shrinking are 
indicative of cell fusion.  

To determine what percentage of cells around a wound will fuse, we analyzed over 100 
randomly-labeled single GFP cells within the radius of observed fusion (80 µm), tracking them for 6.5 h 
to assess their fate (Chapter 4, Figure 3A,B): a full quarter of the cells fused (25%), sharing GFP before 
breaking down borders or shrinking; 67% persisted as diploid cells, most with stable GFP, but 
infrequently (n=3) with GFP mixing and no subsequent cell fusion; the remaining 7% could not be 
tracked (Chapter 4, Figure S2A). Fusing cells were strongly skewed toward the center of the wound: 
within 70 µm, about half the cells (47%) underwent fusion (Chapter 4, Figure 3A, right). Fusion continued 
for over 300 min after wounding (Chapter 4, Figure S2B,C) whereas border breakdown is concentrated in 
the first hour after wounding (Chapter 4, Figure 1H, Chapter 4, Figure S2C). Shrinking accounts for more 
than half of all fusing cells (Chapter 4, Figure 3C), and the spatial distribution of fusing cells that shrank 
vs. lost borders was similar (compare Chapter 4, Figure 1G and 2E). However, shrinking began later than 
border breakdowns, continued for several hours after wounding (Chapter 4, Figure 2F, S2C), and took 
longer to complete (Chapter 4, Figure S2D). Thus, shrinking fusion accounted for continuing syncytial 
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growth after border breakdowns subsided. Further, cell fusion is a persistent behavior over the course of 
wound closure.  

 

Syncytia outcompete mononucleate cells at the leading edge of repair. 

 

Because about half the cells fused to form syncytia around wounds, we were able to compare 
the behavior of syncytial to non-syncytial cells. Comparing cell behaviors within the same wound 
provided a well-controlled environment for assessing how syncytia contribute to wound closure. Using 
live imaging, we observed that syncytia frequently overtook unfused cells as they moved toward the 
wound. Chapter 4, Figure 4A shows the fusion of seven cells, with non-fusing GFP-labeled cells both 
distal and proximal to the fusing cells (panel 4Aii, cells 1 and 4 respectively). Later the syncytium 
advanced beyond both unfused cells toward the wound; it even reached around and past wound-
proximal cell 4 to extend the leading edge toward the wound (Chapter 4, Figure 4Aiii). This behavior was 
evident even without GFP labeling: Chapter 4, Figure 4B-C show a group of cells at the leading edge of 
the wound, recognized by the lack of p120ctn. At 90 min after wounding, this area of the leading edge is 
composed of three mononuclear cells (the middle one outlined in orange and white) flanked on either 
side by syncytia (outlined in yellow). In panel 4Biii, both syncytia have pushed out the mononuclear cells 
from the leading edge. Thus, it appeared that syncytia were able to outpace mononuclear cells toward 
the leading edge.  

Further, we noticed that by several hours after wounding, the leading edge of the wound was 
occupied primarily by syncytia. To investigate how syncytia came to occupy this position at the front lines 
of wound healing, we expressed MyoIIGFP/Zip-GFP, which along with actin forms the contractile purse 
string and makes the leading edge visible, along with p120ctnRFP to label cell borders. We analyzed the 
persistence of all mononuclear and syncytia cells at the leading edge over the course of closure for three 
wounds, starting when the leading edge was first visible (Chapter 4, Figure 4D-F). As soon as the leading 
edge formed 30 min after wounding, about 75% of the perimeter was occupied by syncytia (Chapter 4, 
Figure 4G); the rest of the perimeter was occupied by 10-13 small cells (Chapter 4, Figure 4D). As the 
wound closed, the syncytia became larger and displaced all the small cells, with the last small cell 
removed from the leading edge well before closure, which occurred 20-160 min after removal of the last 
small cell (Chapter 4, Figure 4D,F). No small cell persisted at the leading edge through wound closure, 
indicating that syncytia are better able to close wounds than unfused cells.  

 

Syncytia reduce intercalations and move actin to the wound. 

 

 Why are syncytia better at closing wounds? To address this question, we considered the 
geometry of fusion. We observed that fusions sometimes occur between two adjacent cells equidistant 
from the wound, as diagramed in the top panel of Chapter 4, Figure 5A and exemplified in Chapter 4, 
Figure 1Iiii-Iiv (cells 1,2) We call this type radial border breakdown, and it produces a syncytium elongated 
along the wound edge. Alternatively, fusion may occur between adjacent cells at different distances from 
the wound, as drawn in the lower panel of Chapter 4, Figure 5A and exemplified in Chapter 4, Figure 1F 
(cells 3,4). We call this type tangential border breakdown, and it produces a spoke-like syncytium 
pointing into the wound. To analyze the frequency and timing of these two different axes of fusion, we 
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calculated the angles of all lost borders for all border breakdowns in four wounds, binning them into 
radial and tangential fusions. (The angle of the axis of fusion can be determined for border breakdowns; 
the axis of fusion for shrinking cells is difficult to analyze, although the geometry of the starting cells 
must be similar.) In four wounds, 235 border breakdowns were identified: fewer radial borders broke 
down than tangential borders (39 vs 196), and radial borders broke down a bit later (Chapter 4, Figure 
5B). However, the two types were similarly distributed around the wounds (Chapter 4, Figure S3A).  

These fusion orientations provide different benefits for wound repair. Radial border fusions 
reduce the requirement for cell intercalation: as a wound closes, fewer cells can occupy the leading 
edge, necessitating a rearrangement of cell adhesions to allow cell intercalation, as depicted in the top of 
Chapter 4, Figure 5C. Indeed, intercalation is known to be a rate-limiting step of wound repair (Tetley et 
al., 2019). However, fusion of radial borders remove the need for intercalation, as shown in the bottom 
of Chapter 4, Figure 5C. To consider the contribution of radial border fusions to wound closure, we 
analyzed the three wounds from Chapter 4, Figure 4D-G and asked how many leading-edge cells fused 
radially vs. intercalated: 16-41% of cells removed from the leading edge were removed through fusion, 
reducing the burden of intercalation substantially (Chapter 4, Figure 5D). Interestingly, the larger the 
percentage of cells that fused rather than intercalated, the faster the wound closed (Chapter 4, Figure 
5D). Thus, one mechanism syncytia use to promote wound closure is radial fusion. 

In contrast, tangential border fusions might provide a way for cellular resources that would be 
trapped in distal cells to move toward the wound to contribute to closure. To test this hypothesis, we 
generated small flip-out clones expressing actin-GFP and wounded such that unlabeled cells intervened 
between the labeled cell and the leading edge (Chapter 4, Figure 6). We envisioned that, upon fusion, 
actin would equilibrate throughout the newly fused cells, pooling their resources, and indeed we did 
observe actin-GFP to equilibrate between cells soon after fusing. For syncytia that did not have access to 
the leading edge (n =2), actin-GFP levels remained uniform (Chapter 4, Figure 6A,B). In contrast, syncytia 
with access to the leading edge (n = 10) first uniformly distributed actin (Chapter 4, Figure 6Cii), but once 
the leading edge was contacted, they redistributed actin-GFP to it (Chapter 4, Figure 6C-D). Kymographs 
of actin-GFP confirm that regardless of location, actin equilibrates between fusing cells within 5 minutes 
(Chapter 4, Figure 6Biii, Div); however, nearly all actin that originated in the distal cell is redistributed to 
the leading edge in a syncytium positioned there (Chapter 4, Figure 6Div). In one striking instance, actin-
GFP appeared to travel through three cells to arrive at the leading edge from its initial location three 
rows back (Chapter 4, Figure 6E-G, Movie S4). Importantly, although actin is labeled from only one of the 
fusing cells, it likely represents the total actin from all fusing cells, explaining why syncytia are better able 
to occupy the leading edge. We envision that other resources would also be concentrated as needed by 
syncytia. We conclude that syncytia formed by cell fusion are able to outcompete their mononuclear 
neighbors by reducing intercalation and by concentrating the collected resources of many cells.  
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DISCUSSION:  

 

Previous work established that polyploid cells – both cells with multiple nuclei and cells with 
single enlarged nuclei – are important for closing epithelial wounds in post-mitotic tissues (Losick et al., 
2013). Here we report that in a mitotic tissue, the epithelial monolayer of the pupal notum, syncytia 
form around wounds by cell fusion at a remarkably high rate, with almost half the epithelial cells within 
5 cells of the wound fusing with neighbors over the course of hours. Syncytial size increases with wound 
size, indicating syncytia formation is a dynamic and scalable response to wounding. Syncytia form via 
two temporally distinct processes, a rapid breakdown of epithelial borders within 40 min of wounding, 
and later cell shrinking which persists 30 min to 2 h after wounding. We confirmed that both border 
breakdown and cell shrinking are cell fusion events, rather than epithelial to mesenchymal transitions or 
extrusions, by generating small clones of cells labeled with cytoplasmic GFP and observing the diffusion 
of GFP from a source cell into neighboring cells after wounding, indicating cell fusion. Strikingly, although 
the resulting syncytia are fewer in number than persisting diploid cells, they completely displace unfused 
cells at the leading edge of the wound such that wounds are closed entirely by syncytia.  

We identified several factors that endow syncytia with wound closing abilities. Live imaging 
indicated that syncytia are faster than smaller cells at extending toward the wound, and once there, they 
maintain their positions at the leading edge, forcing out smaller cells. Epithelial wounds close by the 
cinching of an actin cable, sometimes called the purse string (Abreu-Blanco et al., 2012; Bement et al., 
1993b; Martin & Lewis, 1992; Masako Tamada et al., 2007); as the cable tightens and shortens, the 
leading edge becomes smaller, with room for fewer and fewer cells. Cells are removed from the leading 
edge by intercalation, a process that requires them to remodel their adhesions. A previous study found 
that intercalation is the rate-limiting step of wound closure; further, the greater the tension in cellular 
adhesions, the slower the wound closure, a finding both predicted by computational modeling and 
verified experimentally. Thus, fluidity promotes closure (Tetley et al., 2019). By fusing, cells reduce the 
need for adhesion remodeling and intercalation as the leading edge becomes smaller. Moreover, the 
resulting larger cell has significantly more fluidity and less epithelial tension than the diploid progenitors, 
as recently demonstrated in syncytia formed by age-induced epidermal cell fusion (Dehn et al., 2023).  

In addition to promoting wound closure by reducing the burden of intercalation, syncytia can 
redirect toward the wound cellular resources that would be trapped in individual diploid cells. We 
demonstrated this ability by visualizing labeled actin from one cell as it fused with an unlabeled cell. As 
expected after fusion, labeled actin diffuses and equilibrates throughout the new large cell. Remarkably 
however, when the syncytium is in contact with the leading edge, labeled actin from the distal cell is 
concentrated at the leading edge, even if the original cell is several cells away from the leading edge. 
This result suggests that syncytia can apply up to N times more actin to the leading edge, where N 
represents the number of cells that fused; considering that we observed syncytia with dozens of nuclei, 
this could represent a significant enhancement of actin at the leading edge. Increased actin can explain 
the ability of syncytia to outcompete diploid cells at the leading edge. In addition to the actin purse-
string, actin also forms filopodia and lamellipodia important for migration, offering an explanation for 
how syncytia extend more quickly than diploid neighbors toward the wound, and these structures also 
participate in closing the wound (Abreu-Blanco et al., 2012; Farooqui & Fenteany, 2005). Presumably, 
other resources such as mitochondria and ribosomes could also be pooled and concentrated by syncytia 
at cellular locations where they promote wound healing. It is known that mitochondrial fragmentation 
promotes the repair of single-cell wounds, with more fragmentation correlated with faster repair (Fu et 
al., 2020). Further, fragmentation is localized to the site of cellular injury (Horn et al., 2020), raising the 
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possibility that syncytia may increase the local concentration of fragmented mitochondria. Ribosomes 
have been observed to be localized in wounded tissue, accumulating at the tips of severed neurons 
(Noma et al., 2017), and it is possible that syncytia may increase the localized pool of ribosomes in 
epidermal wounds. By pooling the cellular resources of component cells, syncytia may also allow lethally 
damaged cells to survive by providing them with needed survival factors originating in cells further from 
the wound. Thus, the concept of resource sharing that we demonstrate with actin may have 
ramifications for many resources. 

We observed two cellular behaviors that attended fusion, border breakdowns and cell shrinking. 
Border breakdowns occurred sooner after wounding than shrinking and appeared to be a faster process, 
as shrinking lasted for hours. These differences in appearance and timing suggest that the mechanisms 
behind these fusions may be somewhat independent. For shrinking cells, we envision that the original 
site of cytoplasmic fusion, the fusion pore, occurs in the basolateral membrane, whereas border-
breakdown fusion pores are nearer the apical adherens junctions observed to break down. The adherens 
junctions would be under more tension than the basolateral membranes, and this may explain why 
fusion proceeds more quickly there; we recently found that although epithelial tension drops after laser 
wounding, it is restored within about 10 min (Han et al., 2023) , consistent with the timing of apical 
border breakdown. 

It is unclear what triggers either type of wound-induced epithelial fusion. Many developmentally 
programmed cell fusions are mediated by fusogens, cell surface proteins that bring opposing membranes 
into close contact with each other, as in the C. elegans hypodermis (Chernomordik & Kozlov, 2008; 
Iosilevskii & Podbilewicz, 2021; Markvoort & Marrink, 2011; Mohler et al., 2002; Podbilewicz et al., 2006; 
Sapir et al., 2007; Shemer et al., 2004). For other cell fusions, the fusogen is elusive and may not exist, 
for example in Drosophila myoblast fusions, which occur when a fusion competent myoblast generates 
actin-rich podosome-like membrane protrusions that invade a founder cell (Kim, Ren, et al., 2015; Lee & 
Chen, 2019; Petrany & Millay, 2019; Rushton et al., 1995; K. L. Sens et al., 2010), but we did not observe 
these structures in fusing epidermal cells. Wound-induced fusion may be a response to the plasma 
membrane damage that occurs around wounds; indeed, plasma membrane damage has been 
documented around both laser wounds and puncture wounds (McNeil & Steinhardt, 2003; O’Connor et 
al., 2021; E. K. Shannon et al., 2017). 

 Polyploidy as a wound response has begun to get increased recognition. In adult Drosophila, 
epithelial puncture wounds are repaired by both endoreplication and syncytia formation (Au - Bailey et 
al., 2020; Besen-McNally et al., 2021; Grendler et al., 2019; Losick, 2016; Losick et al., 2013; Losick et al., 
2016). In the zebrafish epicardium, genetic ablation is repaired by a wavefront of multinucleated 
polyploid cells formed by endomitosis, and these lead diploid cells to encompass the heart (Cao et al., 
2017). In adult mammalian cardiomyocytes, polyploidy may be an adaptive response to maintain growth 
after the cardiomyocytes lose their ability to complete mitosis. Mouse cornea endothelial cells 
endoreplicate to increase polyploidy to restore tissue ploidy following genetic ablation (Losick et al., 
2016). Mammalian hepatocytes are known to become increasingly polyploid with age (Carriere, 1969; 
Wheatley, 2008) and in response to various types of injury and disease (Gentric et al., 2015; Madra et al., 
1995; Muramatsu et al., 2000; Sigal et al., 1999; Toyoda et al., 2005b; Wilkinson et al., 2019). All 
mechanisms that promote polyploidy – fusion, endomitosis, endoreplication – result in larger cells with 
the potential to localize more resources; of these, fusion would act the fastest after wounding because 
there is no need for DNA replication. Interestingly, in Drosophila embryos, wounds induce the 
surrounding cells to become larger by increasing their volume alone and not their ploidy (Scepanovic et 
al., 2021), suggesting that simply an increase in size is important. Although many examples of wound-
induced polyploidy exist, it is still likely to be an underreported phenomenon, as endpoint analysis might 
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miss a transient polyploid response to injury; live imaging is the surest way to identify a polyploid 
wounding response. 

Another polyploid response to injury can occur after surgical implantation of biomaterials for the 
purpose of guiding regeneration, as reviewed previously (S. Al-Maawi et al., 2017). In some cases, only 
mononuclear cells of the immune system respond to the implant, and in these cases the biomaterial is 
integrated into the body; in other cases, the implant triggers the fusion of immune cells into 
multinucleated giant cells, and in these cases the material is degraded and rejected. These 
multinucleated giant cells seem to share properties with the syncytia of the pupal notum, as they are 
formed by fusion in response to an environmental trigger and they have an aggressive ability to protect 
the animal in response to wounding. As these studies highlight, understanding the formation, 
maintenance, and regulation of polyploid cells may improve our ability to successfully implant 
biomaterials to aid tissue regeneration.  

It is often noted that wound responses are similar to cancer cell behaviors. This similarity 
extends to wound-induced syncytia and their counterparts, polyploid giant cancer cells, as both cell 
types are highly aggressive and invasive. Chemotherapeutics induce the formation of polyploid giant 
cancer cells (Illidge et al., 2000; Mosieniak et al., 2015; Ogden et al., 2015; Y. Wang et al., 2013), and 
some studies indicate that they can form through cell-cell fusion in tumors (Melzer et al., 2018; Noubissi 
et al., 2015; A. E. Powell et al., 2011; Song et al., 2021; Zhang et al., 2021). Once formed polyploid giant 
cancer cells are hypothesized to escape further chemotherapy treatments due to increased resistance to 
genotoxic stress (Z. Weihua et al., 2011). These polyploid giant cancer cells and their progeny also exhibit 
increased migration and invasion potential (Qu et al., 2013; Zhao et al., 2021). The parallels between the 
behaviors of polyploid giant cancer cells and the wound-induced syncytia of the pupal notum highlight 
the importance of understanding wound induced syncytia formation in a highly reproducible system, as a 
basic understanding of how these cells form in the Drosophila notum could inform how they become 
dysregulated in cancer.  

 

METHODS: 

 

Key Resources Table 

Reagent type 
(species) or 
resource 

Designation 
Source or 
reference 

Identifiers Additional information 

Fly line 
(Drosophila 
melanogaster) 

 "HistoneGFP"  BDSC:   24163 
 w[*]; P{w[+mC]=His2Av-
EGFP.C}2/SM6a 

Fly line 
(Drosophila 
melanogaster) 

 "p120ctnRFP" 

(obtained 
as a gift 
from 
Shigeo 

   y; ubiP-p120ctn-TagRFP  
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Hayashi(O
gura et al., 
2018)) 

Fly line 
(Drosophila 
melanogaster) 

 "AyGal4" BDSC:   3953 
 w[1118]; 
P{w[+mC]=AyGAL4}25/CyO 

Fly line 
(Drosophila 
melanogaster) 

 "hsFLP" BDSC:   55813 
w[1118]; P{y[+t7.7] 
w[+mC]=hs-FLPD5}attP2 

Fly line 
(Drosophila 
melanogaster) 

 "GFP" BDSC:   1521 

w[*]; P{w[+mC]=UAS-
GFP.S65T}eg[T10] 

Fly line 
(Drosophila 
melanogaster) 

 "Actin-GFP" BDSC:   7310 

w[1118]; P{w[+mC]=UASp-
Act5C.T:GFP}2; 
l(3)*[*]/TM6C, Sb[1] Tb[1] 

Fly line 
(Drosophila 
melanogaster) 

"MyosinII-GFP" BDSC:   51564 

w[*]; P{w[+mC]=PTT-
GC}zip[CC01626]/SM6a 

Fly line 
(Drosophila 
melanogaster) 

 “HistoneRFP” BDSC:   23651 

yw; His2AvRFP / (CyO) 

Software  FIJI 
Schindeli
n et al., 
2012 

RRID: SCR_002285   

Software  NIS Elements 
Nikon 
Instrumen
ts Inc. 

RRID: SCR_002285   

Software 
Microsoft 
Excel  

Microsoft  

https://www.microso
ft.com/en-
us/microsoft-
365/excel 

  

Software 
GraphPad 
Prism 9 

GraphPa
d 

https://www.graphp
ad.com/scientific-
software/prism/ 

 



39 
 

Software 
Affinity 
Designer 

Affinity 
Serif 

https://affinity.serif.c
om/en-us/designer/ 

 

 

Resource availability: 

  

Lead contact 

 

Requests for fly lines, reagents, and additional questions should be directed to Dr. Andrea Page-McCaw 
(andrea.page-mccaw@vanderbilt.edu)  

 

Materials availability 

 

Fly lines generated in this study are available from the Bloomington Drosophila Stock Center or from the 
lead contact.  

 

Data availability 

 

All microscopy movies have been stored on Dropbox and can be made available for download upon 
request.  

 

Experimental model and subject details  

 

Drosophila melanogaster  

 

Drosophila lines used in this study are in Table S1. All Drosophila lines were maintained on standard 
cornmeal-molasses media supplemented with dry yeast. All flies, except those used in heat-shock flip 
clonal analysis, were raised at room temperature. For clonal analysis experiments flies were raised at 18 
degrees Celsius until the 3rd instar stage when they were heat shocked in a circulating water bath at 37 
degrees Celsius for 3 minutes. They were then allowed to develop at room temperature to 15-18hr after 
puparium formation (APF) before wounding experiments (described below) were conducted.  

 

 

 

mailto:andrea.page-mccaw@vanderbilt.edu
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Method details 

 

Pupal mounting 

At room temperature, white prepupae were identified and marked within plastic food vials. Pupae were 
allowed to age until the 15-18 APF stage. 15-18 APF pupae were then removed from the vial onto a piece 
of double-sided tape (Scotch brand, catalogue #665) applied to a microscope slide. Using fine forceps, 
the anterior pupal case was removed exposing the head and notum of all pupae applied to the tape, as 
previously described in (James T. O’Connor, In revision at STAR Protocols; E. K. Shannon et al., 2017). The 
tape was carefully removed from the microscope slide and inverted onto a pre-prepared cover glass 
(Corning 2980-246, 24 mm x 64 mm) (O'Connor et al., 2022). The pupae were carefully pressed down 
onto the cover glass by adhering the section of tape above the pupal head. Once the notum was visibly 
pressed onto the cover glass an oxygen permeable membrane (YSI, standard membrane kit, 
cat#1329882) was applied to prevent the pupae from drying out during imaging.  

 

Pupal survival  

 

Following imaging, pupae were kept mounted as described above and allowed to continue to develop 
and eclose for 3-4 days. Pupae that continued developing until they were able to crawl out of the 
partially dissected case were classified as ‘survived’ and their data acquired form these samples were 
used for analysis. If a pupae did not survive to eclosion, the associated datasets were not used in the 
study.  

 

Live imaging  

 

Images were collected using a Nikon Ti2 Eclipse with X-light V2 spinning disc (Nikon, Tokyo, Japan) with a 
40X 1.3 NA oil-immersion objective or 60X 1.4 NA oil-immersion objective. Unless otherwise noted 
samples were imaged pre-wounding, immediately after wounding, every 2 min for 30 min, and then 
every 10 min for 6 h. Images were pre-processed in NIS-Elements using combinations of background 
subtraction, rolling ball correction, local contrast, and Denoise a.i. Assembly of figure panels was done 
using Affinity Designer and frames were centered on the entity in focus, compensating for frame shift 
due to wounding.  

 

Laser ablation 

 

A single pulse of a 3rd harmonic (355 nm) Q-switched Nd:YAG laser (5 ns pulse-width, Continuum 
Minilite II, Santa Clara, CA) was used for laser ablation. Laser pulse energies were kept to 1.9 μJ +/- 0.1 
μJ, increased from our previously report (O'Connor et al., 2021) to keep the wound size similar between 
old and new ablation rig.  
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Border breakdown and tangential vs radial assignment analysis 

 

Individual border breakdown events were manually observed using FIJI by identifying syncytia late in the 
movie and back-tracking to determine which borders broke down to form them. Each border that was 
broken down was traced back to the first frame after wounding to develop the map on Fig 1G. For each 
border breakdown, distance from the center of the wound and time after wounding were recorded in 
Microsoft excel. Border breakdown events were categorized as tangential or radial based on the 
orientation of the border relative to a vector pointing outward from the center of the wound. 
Specifically, the line tool in FIJI was used to measure both the angle of the border with respect to the 
horizon, theta, and the angle of the line from the center of the wound to the center of the border with 
respect to the horizon, alpha. If cos(alpha-theta) was less than cos(45 degrees), then the border was 
classified as tangential. Otherwise, the border was classified as radial. 

 

Shrinking cell initiation / duration analysis 

 

Shrinking cells were identified in live microscopy movies by beginning at the end of the movie and 
playing backwards in FIJI. Backwards, a shrinking cell appears to bloom from the epithelial layer, 
characterized by the expansion of a bright puncta of p120ctnRFP. Each cell that underwent this behavior 
was marked on a single frame of the movie, then the distance from the center of the wound when 
shrinking started was denoted as well as the time that the shrinking started and completed. All cells that 
shrank were then manually traced back to the first frame after wounding to develop the map of 
shrinking cells (Fig 2C).  

 

Approximating nuclei per syncytia  

 

Nuclei and cell borders do not align in Z-projections of the pupal notum as the cells are non-prismatic. To 
estimate the number of nuclei per syncytium, the pre-wounding density of nuclei per unit area was 
determined for the circular region where syncytia form after wounding. Next, the apical area of the three 
largest syncytia/cells around a wound was measured at 0h, 1 h and 2 h post wounding. The area of each 
syncytia was multiplied by the nuclear density to yield the approximate number of nuclei per syncytia. 
The number of nuclei in each of the three syncytia was averaged to give a value for each of three 
samples in Fig. 1B.   

 

Measuring apical area of syncytia across varied wound sizes 

 

The three largest syncytia were determined by eye in FIJI for six samples, three ablated at 1.5 µJ and 
three ablated at 3 µJ ablation. The apical area of syncytia was measured 3 h post wounding using the 
p120ctnRFP signal. Initial wound size was calculated by measuring Myosin II marked leading edge when 
it became apparent 30-160 min post wounding.  
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Unfused cells at leading edge: count and percent analysis  

 

Unfused cells at the leading edge were identified using FIJI by a lack of border breakdowns. Each unfused 
cell was manually observed over the duration of wound closure and the time at which it departed from 
the leading edge was noted. A count of unfused cells at the leading edge was created in Excel and formal 
graphs were generated using Prism 9. To measure percent of the leading edge comprised of unfused vs. 
syncytial cells, each unfused cell’s leading edge contact was measured in FIJI using the polygon line tool. 
The total circumference of the wound was measured using the polygon line tool and unfused cell 
measurements were subtracted from the total to infer the syncytial occupancy at the leading edge. 
Formal histograms were generated using Prism 9.  

 

Analyzing GFP labeled cells  

 

107 individually labeled GFP cells were analyzed across 5 wounds over 6.5 h. The position of the ablation 
was optimized to place as many individually labeled cells within 40-80um from the center of the wound 
as possible. After wounding it was possible to identify a mixing event by the decrease in intensity from 
the source cell with a corresponding increase in intensity of a previously unlabeled neighbor. Intensity 
differences made it possible to distinguish instances where two source cells were adjacent to each other 
but only one had a mixing event. However, large patches of source cells were not evaluated because 
inter-patch mixing was not distinguishable. To evaluate if border breakdowns were preceded by mixing, 
the 11 individually labeled cells that had border breakdowns were tracked back to the start of the movie 
and confirmed to have a mixing event. There was never an instance where a labeled source cell had a 
border breakdown without a prior mixing event occurring.  

 

Wound Closure Analysis 

 

A pigmented scar forms at the site of laser ablation making identifying the exact moment a wound is 
closed difficult. Since the scar is approximately the same size in each sample, the time point at which the 
Myosin II signal disappeared below the scar was used as a proxy for closure.    

 

Calculating Intercalation  

 

The change in the number of cells when the leading edge forms at 30 min (Nstart) to when the wound is 
closed (Nend) is equal to the number of intercalations plus the number of radial fusion events. Thus, 
(intercalations = ∆N – radial fusions). For the same three samples used in Fig 3D, we determined ∆N from 
Nstart at 30 min and Nend when the wound had closed. Radial fusions were tallied by manually observing 
border breakdown events between the leading-edge cells and intercalations were calculated. Each radial 
fusion was counted as one prevented intercalation event.  
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Kymograph and plot profile analysis  

 

Actin-GFP intensity was analyzed using the kymograph tool in FIJI after drawing a 11-pixel line through 
the middle of the syncytia. Profile plot values were exported from NIS elements to Excel and graphs were 
generated using Prism. 
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CHAPTER 4 FIGURES: 
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Chapter 4, Figure 1. Wounds induce epithelial syncytia via cell fusion.  

A) Syncytia form within 2 h post wounding, evident by the clustering of multiple nuclei within cell 
borders. B) The number of nuclei per syncytia increases over time after wounding. Number of nuclei was 
estimated based on area and nuclear density (see text) for the 3 largest syncytia of 3 different wounds, 
mean and SD. C-D) Larger wounds generate larger syncytia. Images are at 3 h post wounding, single 
syncytium outlined. E) Apical area of three largest syncytia is proportional to initial wound size, mean 
and SD. F) A time course of six cells fusing within 30 min after wounding. Apical borders are lost (white 
arrowhead) as syncytia form. Original cells are numbered. G) All borders lost to cell fusion (white) 
mapped to cells in the first frame after wounding. The leading edge of wound closure will form at dashed 
line; cells within the shaded area were damaged by the wound and will be dismantled. H) Distance from 
the wound center vs time for all border breakdowns in 3 wounds. Each symbol represents a cell border. 
Leading-edge locations indicated by solid lines. I) Cytoplasmic GFP is expressed in cell 1 before wounding 
and mixes with neighboring cells 2-4 by 2 min after wounding. Cytoplasmic sharing is followed by the 
lagging fusion indicator of visible border breakdown (white arrow). The fates of cells 3 and 4 are shown 
at later times in Chapter 4, Figure 2D. Maximum intensity projections in A, C-D, G; single Z slices in F, I. 
Scales: A-D,G = 20 µm, F,I = 10 µm. W and red star indicate wound. This work was conducted by James 
White and Jasmine Su. 
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Chapter 4, Figure 2: Cell fusion often appears as cell shrinking. 

A) An epithelial cell (yellow arrow) shrinks in the epithelial plane after wounding. (B) Same sample as A, 
showing the shrinking cell’s nucleus (asterisk) entering a neighboring syncytium, outlined in Biv. C) Cell 1 
expresses actin-GFP before wounding. After wounding, cell 1 fuses with cells 2-6 evidenced by GFP 
sharing, then cell 1 shrinks. D) Two cells shrink in the X-Y plane (white and yellow arrows in Di-Diii). X-Z 
projections are shown for each (Div-Dvi for the top yellow line; Dvii-Dix for the lower white line). Rather 
than extrude, the shrinking cells’ cytoplasm moves to the right, to join with the neighboring wound-
proximal syncytium, via basal connections. These frames are a continuation of the sample shown in 
Chapter 4, Figure 1I. E) All shrinking cells mapped to first frame after wounding. F) All shrinking cells and 
border breakdowns were tracked in 4 wounds. Border breakdown fusions happen sooner after wounding 
than shrinking fusions. A, B, C, Di - iii, E show maximum intensity projections. Div – ix show X-Z projections. 
Scales: A, B, C, Di-iii, E = 10 µm; Div - ix = 5 µm. This work was conducted by James White, Elizabeth Ruark, 
and Jasmine Su. 
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Chapter 4, Figure 3: Half the cells near the wound fuse to form syncytia, demonstrated by tracking 
individual cell fates. 

A) All GFP labeled cells in the region of fusion (80 µm) were tracked in 5 wounds over 6.5 h after 
wounding to determine frequency of fusion (GFP mixing) or persistence (no GFP mixing). Untrackable 
cells lost GFP, see Chapter 4, Figure S2A.  B) Fusion is common within 70 µm. C) Shrinking-fusion and 
border-breakdown fusion occur at similar distances from the wound.  
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Chapter 4, Figure 4: Syncytia outpace smaller cells. 

A) Before wounding, two clusters of cells are labeled with GFP, 1-2 and 3-4 (white numbers). After 
wounding, cells 2 and 3 fuse with neighbors 5-9 to form a syncytium (dashed leading edge in 
Aiii), which advances toward the wound, passing unfused cell 4 (arrow). B-C) Unfused cell 
(outlined in orange and white) with corresponding nucleus (asterisk in C) is replaced at leading 
edge by neighboring syncytia (S and yellow outline, yellow arrows). D) All small cells are 
excluded from leading edge by syncytia well before the wound closes 20-160 min later. E,F) 
Images of sample 1 from the graph D. Unfused cells (arrows) were tracked over the course of 
wound closure and mapped back to the 30 min timepoint. At 120 min, the last unfused cell is 
ejected from leading edge (arrow). The wound closed at 140 min. G) Percent of leading-edge 
perimeter occupied by syncytia increases to 100%. Images are single Z slices in Ai-Aii and 
maximum intensity projections in Aiii-F. Scale: A,E-F = 20 µm, B-C = 10 µm.  
 

 

 

Chapter 4, Figure 5: Radial border fusions reduce the number of wound proximal intercalations. 

A) Illustration of tangential vs radial border breakdown. B) More tangential than radial borders break 
down after wounding. C) Radial border fusions reduce intercalation at a wound. D) Quantification of 
intercalations and fusions around the wounds of Chapter 4, Figure 4D,G. This work was conducted by 
James White and Jasmine Su.  
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Chapter 4, Figure 6: Syncytia concentrate pooled resources at the leading edge. 

Random scattered cells expressing Actin-GFP were generated by heat-shock mediated flip-out expression 
of Gal4. A-B) Labeled actin is expressed in cell 1 before wounding (Ai). Actin-GFP rapidly equilibrates 
between cells 1 and 2 by 28 minutes after wounding, demonstrating cytoplasmic fusion. At 180 min, cell 
2 shrunk into cell 1. The resulting syncytium has no access to the leading edge, and actin remains 
equilibrated, as shown in the kymograph (Biii) generated from actin-GFP intensity over time at the yellow 
line in Bii. C-D) Labeled actin is expressed in cell 1 before wounding (Ci) and equilibrates between cells 1 
and 2 by 6 minutes after wounding, demonstrating cytoplasmic fusion (Cii). The resulting syncytium 
contacts the leading edge, and by 28 min after wounding actin from cell 1 is redistributed to the wound 
margin by 28 min after wounding, as shown in the kymograph (Div) of actin intensity over time at the 
yellow line in Diii. At 55 min after wounding, cell 1 shrunk into cell 2.  E-F) Before wounding, actin-GFP in 
cell 1 is three cells away from the future leading edge. After wounding, fusion of cells 1-4 allows actin-
GFP to move to and accumulate at the leading-edge actin cable. Border breakdown occurs between cells 
1-2 (Ev) which later shrink into cells 3,4 (see Movie S4). G) Mean profile plot of actin-GFP comparing the 
syncytia in Fv at 30 min after wounding (dark line) with the cells in Fi before wounding (dotted line) 
demonstrating that nearly all actin-GFP has been redistributed to the leading edge from its starting 
position 20-30 µm away. Single Z slices for Ei - ii, Fi - ii; maximum intensity projections for A-D, Eiii - v, Fiii - v. 
Scale A-Bii, Ci-Diii = 5 µm, E-F = 10 µm. 
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Chapter 4, Supplemental Figure 1: Characteristics of the pupal notum epithelium. 

A-C) An example of mitosis occurring ~80 µm from the wound. D) Z-slices at different depths of GFP-
labeled cells reveal that the apical area (red outline) does not reflect the position of cells at basal slices 
(yellow arrows). E-H) Ecad-GFP and p120ctnRFP colocalize and behave similarly during border 
breakdown. Arrowheads in F-H points to borders breaking down in first hour after wounding. This work 
was conducted by James White and Junmin Hua. 
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Chapter 4, Supplemental Figure 2: Temporal analysis of fusion events. 

A) An example of an untrackable cell is shown. After wounding, cell 1 loses cytoplasmic GFP, but there is 
no obvious recipient cell. Cell 1 then shrinks. B) Cells individually labeled with GFP reveal the timing and 
frequency of fusion or GFP loss (untrackable). C) Fusion cells from panel B were divided into two types of 
fusion events, shrinking cells and border breakdowns, to compare the temporal onset of each type of 
fusion. D) Cell shrinking was a lengthy and variable process, lasting hundreds of minutes. Shrinking cells 
were identified by p120ctnRFP. 
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Chapter 4, Supplemental Figure 3: Comparisons of tangential and radial border breakdowns. A) The 
distance of tangential and radial border breakdown events from the wound, compared over time binned 
into 10 min intervals. Border breakdown events were identified by p120ctn. B) The timing of tangential 
vs radial border breakdown fusion events observed in single GFP-labeled cells. This work was conducted 
by James White and Jasmine Su. 

 

Chapter 4, Supplemental Movie 1: Syncytial cells form after wounding in the Drosophila pupal notum. 
Epithelial cell borders in red (p120ctnRFP) and nuclei in green (HistoneGFP). White box on first frame 
denotes field of view in Chapter 4, Figure 1A. Movie begins before wounding and extends to 2 h after 
wounding. 

 

Chapter 4, Supplemental Movie 2: GFP mixing precedes border breakdown after wounding. Arrow in 
first frame points to cell border between cells that will fuse after wounding. GFP diffusion into the 
unlabeled cell precedes visible border breakdown. w, wound region. Cell borders are labeled with 
p120ctnRFP. Movie begins before wounding and extends to 2 h 50 min after wounding. Same cells as 
Chapter 4, Figure 1I and 2D. 
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Chapter 4, Supplemental Movie 3: Shrinking cells contribute to syncytia. Arrow in first frame points to 
an individual cell labeled with Actin-GFP that fuses by shrinking after wounding.  This cell contributes its 
actin-GFP to neighboring cells minutes after wounding then shrinks much later; shrinking is first evident 
about 1.5 h after wounding and is nearly complete by 3.5 h after wounding. w, wound region. Cell 
borders are labeled with p120ctnRFP. Same cells as Chapter 4, Figure 2C. 

 

Chapter 4, Supplemental Movie 4: Syncytia pool actin and concentrate it at the leading edge of repair. 
An individual cell labeled with actin-GFP fuses with wound proximal cells and contributes its actin to the 
leading edge of the syncytium. w, wound region. The original source cell and its immediate neighbor go 
on to shrink into wound proximal cells. Cell borders are labeled with p120ctnRFP. Same cells as Chapter 
4, Figure 6E,F. 

 

  



57 
 

CHAPTER 5: DISCUSSION  

 

A mitotic tissue utilizes polyploidy to heal 

 

 When I began my thesis work it was generally though that polyploidy was induced in tissues with 
poor regenerative capacity and that by studying polyploidy we could uncover new therapeutic strategies 
for these tissues (Øvrebø & Edgar, 2018). However, my thesis work has shown that the mitotically 
capable Drosophila pupal notum induces both nuclear polyploidy and cell-cell fusion derived syncytia 
after laser ablation. Further, long-term imaging of the wounded notum reveals that as the wound heals, 
and after the wound has closed, some of the syncytia and the polyploid nuclei within them are removed 
from the epithelium (Appendix D). Transient wound induced polyploid cells are also observed in the 
zebrafish epicardium after injury (Cao et al., 2017). This leads to the question of how often other tissues 
induce a transient population of polyploid cells to compensate for injury or disease? Could there be a yet 
undiscovered population of polyploid cells induced in wounded mammalian tissues? This is not entirely 
unlikely as, if they are transient, they may not have been observed in tissues that cannot be live imaged 
such as in vivo human skin. Future studies should be conducted probing these tissues to determine if 
polyploidy occurs during mammalian epidermal wound healing as this would present new therapeutic 
approaches to wound care.  

 

Wound induced nuclear polyploidy, pathways for future investigation  

 

 Initial experiments sought to characterize wound induced divisions in the pupal notum, to test 
the hypothesis that a mitotically capable tissue would deploy division to compensate for lost cells. Thus, I 
wounded and live imaged the fluorescent cell cycle indicator fly (FUCCI) to live image entrance into, and 
the progression of wound proximal cells through mitosis. However, we did not observe mitosis, instead 
both fluorophores of the FUCCI system were maintained within enlarged intact nuclei near the wound 
(Chapter 3, Figure 1Ai - Aiii). This surprising result suggested that the wounded notum may be inducing 
nuclear polyploidy similar to the larval and adult tissues (Besen-McNally et al., 2021; Galko & Krasnow, 
2004; Grendler et al., 2019; Losick et al., 2013; Losick et al., 2016; Wang et al., 2015) despite having 
access to mitosis (Guirao et al., 2015). To study this further we needed to DAPI stain the wounded 
notum, however, the pupa is encased in an impermeable waxy cuticle and due to its small size and the 
breakdown of the larval body plan, it is not easy to dissect. Thus, we developed a dissection and fixation 
protocol to access this tissue described in Chapter 2 (White et al., 2022) and were able to probe nuclear 
ploidy around the wounds described in Chapter 3 (White et al., in review). We determined that, indeed, 
wound-proximal nuclei become polyploid and based on the comparison of DAPI intensity with 1C 
spermatid controls we estimate that the majority of nuclei within 100 µm of the wound are undergoing 
at least one additional genome replication to become 8C (Chapter 3, Figure 1C).These results are 
significant given that this is a mitotically capable tissue and further studies will be required to determine 
how exactly this nuclear polyploidy is induced.  

 Individual nuclear polyploidy can be achieved by arresting the cell cycle before nuclear envelope 
breakdown during mitosis. Different terms have been introduced for polyploid nuclei depending on 
exactly where in the cell cycle the nucleus deviated. In 2015 Dr. Terry Orr-Weaver sought to align the 
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polyploidy field and introduce standard nomenclature (Orr-Weaver, 2015). Based on this precedent, the 
nuclei we observe around wounded nota are becoming polyploid by either endocycling (also called 
endoreduplication which is interchangeable with endoreplication (Zielke et al., 2013)) or an early 
endomitosis (Orr-Weaver, 2015). Endocycles are a shortened cell cycle comprised of a concurrent Gap 
and S-phase’s without entering Mitosis. In most cells that enter the endocycle, they first stall in G2 and 
then through a variety of mechanisms in different tissues they block mitosis entry and re-initiate S-
phase, which will be discussed in greater detail below. Endomitosis refers to a cell that has entered 
mitosis but arrests at some point before completing cytokinesis. This means that an endomitotic cell 
could have two nuclei within one cytoplasm if it is arrested after anaphase but before cytokinesis. 
However, if mitosis was arrested after prophase and before anaphase the endomitotic cell would have a 
single nucleus. It follows that there are important distinctions between an endocycling vs. endomitotic 
nucleus and at present, my data cannot distinguish between the two. I propose the following future 
directions to remedy this.  

 

Distinguishing endocycling  

 

Initiation of endocycling has been 
elucidated in the Drosophila ovarian follicle 
cells which become polyploid to support the 
germline cyst (Chapter 5, Fig.1). It begins with 
the expression of the Delta ligand by the 
oocytes triggering the Notch receptor on the 
follicle cells (Deng et al., 2001; López-Schier & 
Johnston, 2001). Notch signaling inhibits 
String/Cdc25-dependent liberation of CDK1, 
thus inhibiting CycA and CycB activation. 
Without CycA / CycB activation the follicle cells 
cannot enter mitosis (Schaeffer et al., 2004; 
Shcherbata et al., 2004). Mitosis inhibition is 
reinforced by up-regulation of Fzr which 
associates with the APC complex to degrade 
CycA and CycB. With mitosis blocked the 
follicle cells arrest in a G2 like state. Notch also 
suppresses the CDK inhibitor Dacapo which 
allows CycE/Cdk2 to accumulate and initiate S-
phase entry (Zielke et al., 2013). Once the first 
endocycle has been initiated sequential 
endocycles are regulated by a set of “core 
oscillators” which have been uncovered by 
studying the Drosophila salivary gland. During 
G phase E2F1 activates CycE allowing S-phase 
entry (Zielke et al., 2011). Once replication 
forks are active and have active PCNA, a PCNA-
interacting protein activates the CRL4·Cdt2 
ubiquitin ligase which subsequently flags E2F1 

Chapter 5, Figure 1: Endocycling in Drosophila 

follicle cells. From (Zielke et al., 2013) 
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for degradation (Arias & Walter, 2006; Havens & Walter, 2009; Shibutani et al., 2008). Low levels of E2F1 
cause the loss of CycE, allowing for the accumulation of the APC·Fzr complex which degrades Geminin 
and allows for the assembly of preRC’s (Zielke et al., 2013). Thus, endocycles are maintained by E2F1 / 
CycE oscillations after Notch-Delta initiation.  

 The Notch-Delta signaling pathway is also utilized within the pupal notum during the patterning 
of the mechanosensory bristle lineage at the stage our experiments are conducted. The stereotyped 
placement of the bristles is organized by basal filopodia protrusions that allow lateral inhibition to occur 
over 2-4 cell distances between precursor cells (Cohen et al., 2010). It is also appreciated that the 
proteolytic activation of the Notch receptor requires mechanical force to expose a cryptic cleavage site 
on the Notch receptor (Gordon et al., 2015; Mack et al., 2017). This is a promising future direction for 
determining how endocycles are initiated in the pupal notum after wounding. I would hypothesize that 
the Notch receptor could be activated by the rapid relaxation of the pupal notum after wounding (Han et 
al., 2023; O’Connor et al., 2021) or by the reorganization of the actin cytoskeleton during the actomyosin 
wave movement through the tissue (Antunes et al., 2013). Ectopic Notch activation while the epithelial 
cells of the notum are in G2, as they appear in Chapter 3 Figure 1Ai, could trigger the same endocycling 
initiation pathway outlined in follicle cells in the previous paragraph. To test this hypothesis, I would 
suggest the following specific experiments.   

To determine if Notch signaling is ectopically activated following wounding, one could live image 
a transcriptional reporter of Notch (E(spl)mα-GFP (Castro et al., 2005)) within the pupal notum every 10 
minutes for 3 hours after wounding. I would expect that the GFP transcriptional reporter should appear 
following wounding in the pupal notum. To elucidate if Notch-dependent transcriptional activation is 
required for endocycling one would need to inhibit notch activity with UAS-Mastermind D/N. This 
dominant negative form of the Notch intracellular domain transcriptional coactivator could be expressed 
in the pnr region of the pupal notum by crossing to the labs ShgGFP ; pnrGal4, Gal80ts, UAS-
mCherry.NLS / S-T stock. Three hours after wounding the pelts could be DAPI stained (White et al., 2022) 
and assessed for DAPI intensity. Nuclei which received the knockdown would also be mCherry positive 
and could be compared to control domain nuclei which lacked mCherry. If Notch is an upstream 
regulator of endocycling in the pupal notum, UAS-Mastermind D/N will block endocycling within the pnr 
domain but not the control domain of the notum resulting in reduced DAPI intensity in knockdown 
nuclei. Finally, the downstream effectors of Notch signaling could be explored to determine if the 
pathway is consistent with the follicle cells. In follicle cells Notch blocks mitosis entry by inhibiting String 
and upregulating Fizzy-related through Hindsight allowing for preRC assembly (Sun & Deng, 2007). An 
enhancer trap for String (B:63867) and gene trap for fizzy-related (B:80615) could be crossed into a 
p120ctnRFP and UAS-GFP.NLS background, wounded and live imaged every 10 min for 6 hr. It would be 
expected that String would be downregulated after wounding whereas Fizzy-related would be 
upregulated in wound proximal nuclei compared to distal nuclei still undergoing mitotic division. It would 
also be expected that RNAi against String and Fizzy-related would block wound induced endocycling and 
could be tested in the same modality as the Notch D/N.  

 

Distinguishing Endomitosis:  

 

Endomitosis is an altered cell cycle that can result in either a mononucleated or bi-nucleated 
polyploid cell (Orr-Weaver, 2015). During development endomitosis occurs in keratinocytes (Gandarillas, 
2012; Gandarillas & Freije, 2014; Zanet et al., 2010), megakaryocytes (Nagata et al., 1997; Ravid et al., 
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2002; Trakala et al., 2015), cardiomyocytes (Hesse et al., 2012; Liu et al., 2010; Senyo et al., 2013), and 
hepatocytes (Duncan, 2013; Gentric & Desdouets, 2014; Miyaoka et al., 2012; Pandit et al., 2012; 
Vinogradov et al., 2001) of mammals as well as the subperineurial glia (Unhavaithaya & Orr-Weaver, 
2012) of Drosophila. Following injury, mammalian cardiomyocytes induce endomitosis (Ebert & Pfitzer, 
1977; Senyo et al., 2013). However, this increased polyploid has been associated with reduced 
regenerative capacity (Bersell et al., 2009; Kikuchi, 2014; Vivien et al., 2016) in mammalian hearts. 
Inducing endomitosis in the highly regenerative zebrafish heart by interfering with the cytokinesis driver 
Ect2 blocked the regenerative capacity of the cardiomyocytes. Other cytokinesis regulators have been 
characterized, Anln and Septin, which drive bi-nucleated endomitosis in the liver and megakaryocytes 
(Donne et al., 2020; Geddis et al., 2007). Very little is known about mononucleated endomitosis drivers 
and based on my observations while working with Histone-eGFP pupae (Chapter 4, Figure 1Ai -Aiii, C-D, 
Figure 4 Ci-Cii, Appendix C), it appears that chromosomes do not align in metaphase around wounds. So, 
if the nuclei are endomitotic they must be arresting in prophase or prometaphase. To characterize this, I 
would propose the following preliminary experiments.  

 Probing for early mitotic markers such as active CycA, CycB by adapting existing FRET Cyc – Cdk1 
technologies into Drosophila would be an ideal starting point (Gavet & Pines, 2010; Zhang et al., 2001). 
After wounding, these tools would resolve whether CycA / CycB are becoming activated signaling mitotic 
entry and suggesting that wound proximal nuclei are utilizing endomitosis. Next, although chromosomes 
do not appear to align in metaphase, it may be possible to detect chromatin condensation during 
prophase. During prophase, the chromatin condenses in preparation of chromosome alignment in 
metaphase, imaging the Histone-GFP at a higher resolution (e.g. super resolution) should reveal if wound 
proximal nuclei are condensing their chromatin compared to distal diploid cells. A positive control for 
this process would be to assess the chromatin compaction of distal mitotically capable cells as they pass 
through prophase.   

 

Elucidating the role of increased nuclear ploidy in the wounded pupal notum: 

 

Chapter 3 characterized the induction of nuclear polyploidy, and I have proposed above 
experiments to elucidate the mechanism by which the nuclei become polyploid. However, there remains 
the question of what role nuclear polyploidy plays during wound closure. Studies in the mammalian liver 
and the hindgut pylorus of the fly indicate that polyploidy is a mechanism to restore tissue function 
while balancing oncogenic risk (Bailey et al., 2021). Indeed forcing the hindgut pylorus into the mitotic 
cell cycle by knockdown of Fzr sensitized the hindgut to oncogenic growth (Cohen et al., 2018). So, 
induction of nuclear polyploid in the pupal notum could be a mechanism to restore the ploidy of the 
notum tissue, while preventing potentially damaged nuclei from having full access to mitosis. This could 
be tested by utilizing the previously published methods of inducing mitosis either by knockdown of Fzr 
or the knockdown of Fzr and simultaneous overexpression of stg (Grendler et al., 2019). Forcing the 
wounded pupal notum to undergo mitotic division instead of deploying nuclear polyploidy would likely 
result in deleterious effects. Non-syncytial cells that attempted mitotic divisions within the migrating 
epithelium could result in epithelial barrier integrity issues as they rounded up in preparation of division 
while the surrounding tissues remained elongated towards the wound. Although, the mechanism which 
allow for this process to occur in unwounded migrating epithelial cells may still be effective in the 
turbulent environment of the repairing epithelium. Further, spindle fiber assembly and chromosomal 
segregation in a migrating tissue would likely result in segregation errors and either generate aneuploid 
daughter cells or failed division and chromatin bridging. It would be very interesting to investigate 
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syncytial cells in the context of forced mitosis. Given syncytia form within 30 min after injury (Chapter 4, 
Figure 1H) I expect that syncytia formation itself would not be linked the nuclear polyploidy and that 
forcing mitosis would not affect the formation of syncytia. However, the first analysis would be to 
determine if forced mitosis affected syncytia formation. Subsequent long-term imaging would reveal 
whether syncytial cells attempt to restore tissue ploidy through mitotic divisions. Attempted mitosis 
within a syncytial cell could prove disastrous as there are multiple sets of nuclei and likely multiple sets 
of centrosomes present within one syncytial cytoplasm. Multi-polar divisions within polyploid giant 
cancer cells result in aneuploid daughters and chromatin bridging, which would very likely compromise 
the epithelial barrier in the pupal notum. It is also possible that forced mitosis would result in increased 
levels of bi-nucleated endomitosis within the notum. Finally, it would be prudent to explore the 
persistence of forced mitotic syncytial cells compared to control syncytia around epithelial wounds. The 
number of syncytial cells decreases during wound closure in control samples (Appendix D), so an 
increased degree of syncytial extrusion would be a readout of reduced resilience of forced mitotic cells 
compared to control.  

The resilience of polyploid cells to genotoxic stress has been well characterized (Baonza et al., 
2022; Mehrotra et al., 2008). When the adult Drosophila epithelium is exposed to UV irradiation and 
wounded, polyploid epithelial cells are able to repair the damage but forced mitotic cells were unable to 
repair (Grendler et al., 2019). Similarly, follicle cells of the Drosophila ovary were resistant to irradiation 
when allowed to endocycle, but when endocycles were suppressed the mitotically cycling follicle cells 
underwent apoptosis when exposed to irradiation (Hassel et al., 2014). This resistance to irradiation 
could be conferred by the downregulation of apoptotic genes. Indeed all isoforms of p53 have been 
shown to be downregulated in the endocycling polyploid cells of the Drosophila salivary gland and fat 
body (B. Zhang et al., 2014). Additionally, overexpression of p53 in endocycling cells was not sufficient to 
induce apoptosis indicating that there are other levels of apoptotic suppression within endocycling cells 
(Mehrotra et al., 2008; B. Zhang et al., 2014). Apoptotic resistance is a requirement for developmentally 
programmed endocycling cells as underreplicated heterochromatic regions and unresolved replication 
forks within their genomes would normally trigger cell death (Belyaeva et al., 1998; Marchetti et al., 
2003; Nordman et al., 2011; Spradling & Orr-Weaver, 1987). Thus, induction of endocycling in wound 
proximal nuclei could also activate anti-apoptotic pathways allowing damaged cells at the leading edge 
to survive under conditions that they normally could not. An interesting future direction would be to 
explore the regulation of p53, Reaper, Head involution defective, and Sickle following wounding in the 
pupal notum. I would expect that apoptotic programs would be suppressed in wound proximal cells and 
this would confer resistance to genotoxic stress of polyploidy, as well as the toxic environment that the 
wound itself presents, for example the high levels of ROS present in the wound bed (Dunnill et al., 2017).   

 

Wound induced cell-cell fusion perspectives and future directions  

 

 Another potential mechanism for dealing with the harsh wound environment is through cell-cell 
fusions. One could imagine that, after injury, there would be a gradient of damage radiating out from the 
wound site. Cells closest to the wound would have the most damage and be at the highest risk of dying. 
They would likely have lost cytoplasm and organelles from ruptures in the plasma membrane and we 
have previously observed that the nuclear envelope is compromised following injury in wound proximal 
nuclei (O’Connor et al., 2021). Loss of the nuclear envelope integrity allows enzymes and proteases to 
attack the chromatin resulting in DNA damage (Gauthier & Comaills, 2021). Due to these stresses, cells 
which had originally survived the wound would die and cause the wound area to further expand. 
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However, by inducing cell-cell fusion with more distal and less damaged cells, leading edge cells could 
survive and prevent the expansion of the wound bed after injury. I acquired some preliminary data that 
cannot rule out this hypothesis. By exposing the notum to increased proteostatic stress through heat 
shocking, I was able to determine that by 60 min after wounding the wound bed was significantly larger 
in heat shocked samples than control (Appendix B). However, further experiments would need to be 
conducted to determine whether this expansion was the result of impaired proteostatic machinery in 
heat shocked samples. In addition to potentially promoting survival, we have determined that cell-cell 
fusions allow for rapid resource relocalization following wounding which will be elaborated on in the 
coming paragraphs. First, I would like to outline in brief the known mechanisms of cell-cell fusion in the 
literature.  

 During development cell-cell fusion plays an essential role across the animal kingdom. In sexually 

reproducing species, life begins with the fusion of the sperm with egg cells through mechanisms that still 

need to be fully elucidated (Brukman et al., 2019; Klinovska et al., 2014). During development cells of 

many tissues fuse into syncytia. This process has been well studied in the nematode Caenorhabditis 

elegans as they undergo a reproducible number of fusions allowing for close study (Iosilevskii & 

Podbilewicz, 2021; Podbilewicz & White, 1994). This has allowed for the discovery of the fusogenic 

proteins eff-1 (epithelial fusion failure-1) (Mohler et al., 2002) and aff-1, (anchor cell fusion failure-1) 

(Sapir et al., 2007). In the tissues that deploy eff-1 and aff-1 they are required for fusion, and must be 

displayed on the plasma membrane of both cells participating in the fusion (Mohler et al., 2002; Sapir et 

al., 2007). Interestingly, they are such potent drivers of fusion that they can induced fusion in cells that 

would otherwise not fuse (Sapir et al., 2007; Shemer et al., 2004). In C. elegans eff-1 and aff-1 either in 

concert or separately drive fusion in, but not limited to, the excretory duct (Stone et al., 2009), the 

interface of the pharynx and the intestine (Rasmussen et al., 2008), spike cells of the tail (Chiorazzi et al., 

2013; Sulston et al., 1983), and the epidermis (Altun & Hall, 2009).  
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Bona-fide fusogenic 

proteins are rare in the 

animal kingdom and remain 

elusive in Drosophila (Kim & 

Chen, 2019). However, in 

Drosophila muscle cell 

fusion occurs between 

muscle founders and fusion 

competent myoblasts and 

depends upon 

immunoglobulin (Ig) 

domain-containing cell 

adhesion molecules 

(CAMs)(Ruiz-Gómez et al., 

2000; Strünkelnberg et al., 

2001). Similarly, myoblast 

fusion in zebrafish utilizes a 

homologous CAM to that in 

Drosophila (Srinivas et al., 

2007). Additionally, both 

Drosophila and vertebrate 

cell fusion requires actin 

cytoskeletal rearrangements 

to induce fusion. Most of 

the regulators act through 

the Arp2/3 complex (Berger et al., 2008; Erickson et al., 1997; Geisbrecht et al., 2008; Gildor et al., 2009; 

Hakeda-Suzuki et al., 2002; Jin et al., 2011; Kaipa et al., 2013; Kim, Jin, et al., 2015; Kim et al., 2007; Luo 

et al., 1994; Massarwa et al., 2007; Richardson et al., 2007; Rushton et al., 1995; Schäfer et al., 2007; 

Schröter et al., 2004). Reviewed previously (Kim & Chen, 2019), in brief the Arp2/3 complex is required 

for the formation of an F-actin podosome like protrusion generated by the fusion-competent myoblast 

(Berger et al., 2008; Chen, 2011; Richardson et al., 2007; Kristin L Sens et al., 2010). This structure 

extends into the muscle founder cell which produces a resisting force on its membrane (Duan & 

Gallagher, 2009; Duan et al., 2018; Kim, Ren, et al., 2015). The pushing and resisting forces allow the 

plasma membranes to come into close enough contact to initiate fusion, as this would be otherwise 

energetically unfavorable, see Chapter 5, Fig 2 (Kim & Chen, 2019). Cell-cell fusion is also induced in the 

pathological context by some viruses which not only fuse with the plasma membrane of their host cells 

but drive infected cells to fuse with healthy neighbors (Leroy et al., 2020). However, it is unlikely that the 

factors playing a role in viral fusion participate in cell-cell fusions in the pupal notum. Sterling work by 

another graduate student in the Page-McCaw lab, Junmin Hua, has been directed towards uncovering 

the mechanism by which cells fuse after injury in the pupal notum. She has made exciting progress 

elucidating the mechanism by which the rapid fusions characterized by p120ctnRFP loss occur, which will 

be expounded upon in her thesis research. However, I will propose experiments to investigate whether 

the second wave of fusions (which we termed “shrinking cells” (Chapter 4, Figure 2)) are the result of a 

similar mechanism to muscle cell fusions.   

Chapter 5, Figure 2: The Drosophila Fusogenic Synapse. From (Kim & 

Chen, 2019) 
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 The CAMs responsible for Drosophila muscle cell fusion are dumfounded and roughest in 

founder cells and sticks and stones and its paralog hibris in the fusion competent myoblast. Flybase 

curations indicate that both dumfounded and roughest RNA are present in the early pupae and are 

expressed in the epithelia of the adult making it likely that they are expressed in the pupal notum. Sticks 

and stones is weakly expressed in the pupa and adult epithelium, however, hibris is strongly expressed in 

the early pupa and epithelium of the adult(Brown et al., 2014; Li et al., 2022). Thus, it is possible that 

these CAMs drive shrinking cell fusion in the pupal notum after injury. To test for this, it would be 

interesting to quantify the frequency of shrinking cells when dumbfounded, roughest, and hibris were 

knocked down in the pnr region compared to the control domain where these proteins would still be 

produced. If shrinking cell fusion is driven by the same machinery as muscle cell fusion, there should be 

a significant reduction of shrinking cell fusion in the pnr domain compared to the control. Then, HA 

tagged versions of hibris and dumbfounded could be crossed into the LifeAct-RFP fly the lab has. Pupae 

could then be wounded and dissected and stained with an antibody specific for the HA-tag, and 

secondary with GFP. If these CAMs are facilitating fusion of shrinking cells, a puncta of GFP labeled Hibris 

or Dumbfounded would be expected to colocalize with a LifeAct protrusion from a Hibris puncta. In 

contrast, a LifeAct intracellular network would be expected to colocalize with a Dumbfounded-labeled 

puncta. These experiments would help to elucidate how the initial fusion pore is created during shrinking 

cell fusion. However, further experiments would need to be conducted to understand the mechanism by 

which the shrinking cells actually shrink.  

 A likely explanation is that shrinking cells are utilizing the same machinery as cell-cell extrusion. 

However, before initiating the contraction machinery of cell-cell extrusion, the shrinking cell would have 

created a fusion pore between the shrinking cell and its recipient neighbor. Then upon contraction, 

instead of rounding up and extruding, the contraction force would drive the cytoplasm and organelles of 

the shrinking cell through the fusion pore and into the recipient cell. Cell extrusion due to overcrowding 

is a known phenomenon in the pupal notum (Romain Levayer et al., 2016; Marinari et al., 2012) and 

there is evidence for extrusion selection being driven by mechanical forces (Marinari et al., 2012). The 

stretch activated calcium ion channel Piezo1 is required for live cell extrusion in MDCK monolayers and 

zebrafish epidermis (Eisenhoffer et al., 2012; Gudipaty et al., 2017). When Piezo1 is activated in the cell 

that will extrude the sphingosine kinase is activated to produce sphingosine-1-phosphate within the 

extruding cell. This lipid activates the sphingosine 1-phosphate receptor 2 and subsequently p115 

RhoGEF, which drives the formation of an actomyosin ring in the cells surrounding the extruding cell (Gu 

et al., 2011; Rosenblatt et al., 2001; Slattum et al., 2009). To determine if this process is occurring in 

shrinking cells, I would recommend beginning by reanalyzing the movies the lab already has. We should 

have both LifeActRFP and MyosinII-GFP (separately) post-wounding movies that would include the 

duration of shrinking cells. So, if the shrinking cells are utilizing cell extrusion machinery the actomyosin 

cable should be observable around the shrinking cells. Since LifeAct and Myosin II also label the cell-cell 

borders it should be possible to identify shrinking cells and look for the cable in its neighbors. If the cable 

was present around shrinking cells, it would warrant further analysis into the knockdown of Piezo1, 

sphingosine kinase, and the sphingosine 1-phosphate receptor 2 within the pnr domain and comparing 

the frequency of shrinking cells when the extrusion machinery is inhibited to the control domain. In the 

event that extrusion machinery is not utilized for shrinking cells, it would be interesting to explore if the 

contractile force is coming from the shrinking cell itself. Presumably this would have to take the form of a 

contraction force from the cortical actin network within the shrinking cell itself. These experiments 
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would be critical to further understand the mechanism by which shrinking cells contribute their 

resources towards the leading edge during wound closure.  

In addition to sending resources to the leading edge, shrinking cells may also play a role in 

drawing more distal, less damaged cells towards the wound. During dorsal closure apoptotic extruding 

amnioserosa cells contribute a third of the mechanical force for closure to occur (Reed et al., 2004; 

Toyama et al., 2008). Additionally, extruding apoptotic cells at the Drosophila presumptive leg-joints 

exert a pulling force on surrounding cells causing folding and reinforces joint development (Monier et al., 

2015). Thus, extrusion can provide mechanical force and shrinking cells may be using this mechanism to 

draw more distal cells towards the wound area. This would be beneficial as I have preliminary data 

indicating more distal cells from the wound are able to undergo proliferation (Appendix C). Additionally, I 

have observed that during wound closure some syncytia are removed from the epithelium (Appendix D) 

and the loss of that cell and genomic material would have to be compensated for. Thus, by drawing distal 

cells that retained their ability to divide closer to the wound these cells would be poised to undergo 

compensatory division if a syncytium was removed from the epithelium. These data would reinforce a 

broad hypothesis about syncytia: syncytia act as a rapid but disposable “Band-Aid” for wounds. If the 

wound were to be closed only by diploid healthy cells, multiple rows of damaged cells at the leading 

edge after wounding would be excluded from the repair process. This would result in a larger wound and 

increase the time it would take to close the wound. Instead, fusing damaged cells near the wound would 

cobble together a damaged but functional patch that can re-epithelize the wound before being removed.  

Chapter 4 showed that these cell-cell fusions after wounding indeed allow for the pooling of 

cellular resources. By leveraging the powerful genetic tools available in Drosophila we first created 

individual GFP expressing cells within the pupal notum at a low frequency with 1-2 cells labeled with 

multiple unlabeled cells between them. After wounding we were able to visualize the cytoplasmic GFP 

from GFP labeled cells entering and filling previously unlabeled adjacent cells followed by the removal of 

the intervening p120ctnRFP labeled borders (Chapter 4, Figure 1Ii-Iiv). This cytoplasmic mixing was 

observable throughout all the individual Z-planes as well as maximum intensity projection ruling out the 

possibility of a protrusion of the original GFP labeled cell underneath the unlabeled cell. To understand 

the role that cell-cell fusion plays during wound closure, we generated individually labeled cells 

expressing actin-GFP, monomers of actin tagged with GFP. As actin is critical for cell migration and wound 

closure it would very likely be a resource pooled during wound closure. Upon wounding we observed 

actin-GFP from labeled cells mixing with and filling previously unlabeled neighbors. Strikingly, if the 

syncytial cell had access to the leading edge the actin-GFP could be seen accumulating there likely in an 

actomyosin purse string structure. We even observed actin that was originally three cells away from the 

leading edge move through two previously unlabeled cells and pool at the leading edge. It will be 

exciting to further elucidate this process, and this observation unlocks many interesting questions. 

Firstly, it would be exciting to explore what other cellular resources are pooled at the leading edge of 

repair, myosin II and GTPases are likely candidates as well as ribosomes or even the plasma membrane 

that was removed from the borders between fusing cells. Additionally, organelles could be re-localized to 

the leading edge like mitochondria networks and possibly the ER. Second, previous research has 

suggested that the rate at which actin is moved into leading edge protruding zones of rat fibroblasts 

could not be explained by diffusion alone (Zicha et al., 2003). Instead, they suggest that myosin II 

dependent cell contraction during migration causes a pressure gradient resulting in hydrodynamic flow 

oriented towards the negative pressure area generated by an expanding leading edge. It would be 
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interesting to conduct similar FRET experiments to explore the rate of actin relocalization in syncytial 

cells after wounding to understand whether a similar mechanism of hydrodynamic flow occurs in 

syncytial cells. Additionally, it would be interesting to explore how actin aggregates at the leading edge. 

The aggregation itself indicates that the actin is no longer passively diffusing, as that would result in a 

signal similar to the GFP clones. Multiple mechanisms could be at play driving the accumulation of actin 

at the leading edge.  

It has been well documented that single cell and multicellular wounds assemble an actomyosin 

purse string which draws the wound closed reviewed previously (Begnaud et al., 2016). The assembly of 

the wound induced purse string is largely dependent on myosin II (Abreu-Blanco et al., 2012; Fernandez-

Gonzalez & Zallen, 2013; W. Wood et al., 2002) and the GTPases Rho, Rac, and Cdc42 (Abreu-Blanco et 

al., 2011; Abreu-Blanco et al., 2014; Benink & Bement, 2005; Brock et al., 1996; Desai et al., 2004; Soto 

et al., 2013; William Wood et al., 2002). In single cell wounds Rho accumulates at the leading edge 

driving the formation of actin filaments and recruits myosin II and directs the localization of Cdc42 and 

Rac. Cdc42 helps to maintain actomyosin ring integrity, whereas the Rac genes are responsible for the 

recruitment of additional actin to the leading edge via cortical flow. Fluorescently tagged versions of 

each of these GTPases have been generated (Abreu-Blanco et al., 2014) so it would be interesting to 

determine if their localization pattern is conserved in the multicellular wounds in the pupal notum. 

Additionally individual cells expressing these tagged GTPases could be expressed in the pupal notum and 

their relocalization to the leading edge of syncytia could be assessed to reinforce the resource pooling 

hypothesis. It would be interesting to explore whether the kinetics of these factors are altered in 

syncytial vs unfused leading-edge cells. Perhaps increased turnover in syncytia contributes to their ability 

to outpace unfused cells (Chapter 4, Figure 4).  

We were able to quantify the number of cells that did not fuse into syncytia after wounding 

(Chapter 4, Figure 4D). Indeed, a small percentage of cells remained unfused, which allowed us to 

address the relative fitness of syncytia vs unfused cells during wound closure. Strikingly, we observed 

that 100% of unfused cells were removed from the leading edge before closure and that only syncytia 

persisted at the leading edge to close wounds (Chapter 4, Figure 4Bi-G). Thus, syncytia are able to 

outcompete unfused cells at the leading edge; exactly how this advantage is executed remains unknown. 

One possibility is that unfused cells at the leading edge are highly damaged by the wound and then 

accumulate additional damage through exposure to factors like reactive oxygen species released from 

the wound (Dunnill et al., 2017). Unfused cells would have to manage the stress of wound damage and 

the toxic wound bed with limited resources, whereas syncytia would be able to buffer those stresses 

across multiple cells worth of organelles and proteins. This would mean that overall unfused cells are 

disadvantaged in most regards and simply cannot compete overall. Another possibility is that syncytia 

have the resources to produce a stronger purse string. It would be interesting to explore the tricellular 

junctions shared between syncytia and unfused cells space at the leading edge. In multicellular wounds 

the actomyosin purse string is connected between cells by cadherin-based adherens junctions (Abreu-

Blanco et al., 2011; Brock et al., 1996; Campos et al., 2010; Clark et al., 2009; Danjo & Gipson, 1998; 

Florian et al., 2002; Hartsock & Nelson, 2008; M. Tamada et al., 2007; Tepass et al., 2001; W. Wood et al., 

2002). Syncytia would have an abundance of adherens junctional components as well as the endocytic 

machinery to remodel those junctions. It would be interesting to explore whether syncytia first create 

larger actomyosin purse-strings compared to their unfused neighbors, or if this is a process unliked to 

the cell size. If syncytia did produce larger purse-strings, they would likely need more adherens junctions 
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at the plasma membrane to sustain that cable introducing discrepancies between syncytial and unfused 

cell interfaces. These discrepancies may trigger a feedback mechanism to identify that the unfused cells 

are less capable at the leading edge resulting in their intercalation. Additionally, syncytial advantage 

could be a product of being able to assemble larger migratory machinery. 

Active migration via filapodial and lamellipodial extensions play an important role during wound 

closure (Rothenberg & Fernandez-Gonzalez, 2019). Indeed, Wood et al. showed that protrusive filipodia 

were required to complete the final sealing of a wound that was primarily closed via a purse string 

mechanism (William Wood et al., 2002). Cdc42 is a key mediator of filopodial formation (Abreu-Blanco et 

al., 2012) and likely plays a role during pupal notum repair. It is additionally possible that Arp2/3-

dependent lamellipodia observed during mouse fibroblast migration could play a role during closure 

(Suraneni et al., 2012). However, previous studies knocking down Arp2/3 in the pupal notum did not 

affect cellular contraction and actin flow towards the wound and the researchers noted that they 

observed no phenotype (Antunes et al., 2013). I have observed the formation of large filipodia like 

structures in the pupal notum after wounding and it would be interesting to explore the role of filipodia 

during closure in the pupal notum. My preliminary observations indicate that syncytia can produce large 

filipodia like structures (Appendix F). However, future studies will be required to determine if these 

structures are filopodia and what role they play during pupal wound healing. It would be interesting to 

observe highly-expressed LifeActRFP, such that even small filipodia are labeled, then compare the size of 

filopodial extensions between syncytia and unfused cells. If syncytia are producing larger filopodia they 

would be able to reach further and pull harder than unfused cells allowing them to outcompete them at 

the leading edge.  

Additional experiments might elucidate the contribution of cell-cell fusion during wound repair 

by building a fly in which endoreplication was inhibited via UAS-Yorkie RNAi (Losick et al., 2013) and cell-

cell fusion was inhibited by the scanning ablation technique (Han et al., 2023). This would be expected to 

block wound closure as it does in the adult Drosophila (Losick et al., 2013). Then using either the LexA 

(Lai & Lee, 2006) or Q-system (Riabinina & Potter, 2016) drive the C. elegans fusogens eff-1 or aff-1 

within the pnr domain of the pupal notum. If these fusogens are sufficient to induce cell-cell fusion 

within the pupal notum, they could be used as a rescue condition for cell-cell fusion. It would be exciting 

to explore whether restoring fusion would increase wound closure around a scanning ablation wound 

which lacked endoreplication. These experiments would help to elucidate the role syncytia play during 

wound closure. By understanding how syncytia are regulated in a highly reproducible system like 

Drosophila we can begin to understand how cell-cell fusions are regulated and the roles they have in 

other systems.  

 

Contexts for cell-cell fusion in human disease 

 

In humans some of the most highly regulated cell-cell fusions take place in the osteoclast 

lineage. Osteoclasts are the only cell type capable of resorbing bone and their aggressiveness is linked to 

their degree of multinucleation, which is exclusively determined by cell-cell fusion (Boissy et al., 2002; 

Delaisse et al., 2020; A. M. Møller et al., 2020; A. M. J. Møller et al., 2020; Pereira et al., 2020; Piper et 

al., 1992; Sims & Martin, 2020). Despite their ability to fuse, pre-osteoclasts which are contained in small 
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clusters do not spontaneously fuse (Søe, 2020; Søe et al., 2019), their physiological fusion is only 

permitted at the bone surface (Søe et al., 2021). However, this process becomes dysregulated during 

cancer metastasis into bone and can lead to ectopic multinucleation and increased aggressiveness of 

osteoclasts-like cells which can then destroy heathy bone resulting in sever disease states(Lhoták et al., 

2000; Saltel et al., 2006; Winding et al., 2000). Similarly, there is a growing body of research that 

suggests cell-cell fusion between tumor cells and macrophages may confer tumor cells with enhanced 

migratory capabilities (Pawelek et al., 2006; Pawelek & Chakraborty, 2008; Anne E Powell et al., 2011; 

Shabo et al., 2015; Silk et al., 2013). Although spontaneous fusion occurs at low levels in tumors, it is 

suspected that damage due to radiation and inflammation can increase fusion rate (Johansson et al., 

2008; Lindström et al., 2017; Nygren et al., 2008; Powell & Marrion, 2007; Anne E Powell et al., 2011). 

This would be interesting as injury induced cell fusion within tumors would be consistent with my thesis 

results. Finally, cell-cell fusions are becoming extremely relevant in the field of biomaterial implantation. 

This stems from the fact that when the host mounts an immune response towards an implant material 

and macrophages cannot successfully phagocytose the material, they fuse into multinucleated giant cells 

(MacLauchlan et al., 2009). Although there role is unexplored, the presence of these multinucleated 

giant cells is associated with implant rejection (Sarah Al-Maawi et al., 2017; Barbeck, Lorenz, Holthaus, 

et al., 2015; Barbeck, Lorenz, Kubesch, et al., 2015; Barbeck, Udeabor, et al., 2015; Ghanaati et al., 2013; 

Lorenz et al., 2015).  

 

Chapter 6: Future Directions and Conclusions 

 

Wound induced nuclear polyploidy, distinguishing endocycling: 

 

1. Determine if Notch signaling is ectopically activated following wounding, live image a 
transcriptional reporter of Notch (E(spl)mα-GFP (Castro et al., 2005)) within the pupal notum 
every 10 minutes for 3 hours after wounding. Expectation: The GFP transcriptional reporter 
should appear following wounding in the pupal notum.  

2. Elucidate if notch dependent transcriptional activation is required for endocycling by inhibiting 
notch activity with UAS-Mastermind D/N (a dominant negative form of the Notch intracellular 
domain transcriptional coactivator) within the pnr region of the pupal notum by crossing to the 
labs ShgGFP ; pnrGal4, Gal80ts, UAS-mCherry.NLS / S-T stock. Three hours after wounding DAPI 
stain dissected pelts (White et al., 2022) and assess DAPI intensity of knockdown mCherry 
positive nuclei to control domain nuclei which lack mCherry. Expectation: If Notch is the 
upstream regulator of endocycling in the pupal notum, UAS-Mastermind D/N will block 
endocycling within the pnr domain but not the control domain of the notum.    

3. Explore the downstream effectors of Notch signaling. In follicle cells notch blocks mitosis entry 
by inhibiting String and upregulating Fizzy-related through hindsight allowing for preRC assembly 
(Sun & Deng, 2007). An enhancer trap for string (B:63867) and gene trap for fizzy-related 
(B:80615) could be crossed into a p120ctnRFP and UAS-GFP.NLS background wounded and live 
imaged every 10 min for 6 hr. Expectation: Consistent with follicle cell endocycling, I would 
expect a downregulation of string and upregulation of fizzy-related in wound proximal nuclei 
compared to distal nuclei still undergoing mitotic division.  
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Wound induced nuclear polyploidy, distinguishing endomitosis: 

 

1. Probe for early mitotic markers such as active CycA, CycB by adapting existing FRET Cyc – Cdk1 
technologies into Drosophila (Gavet & Pines, 2010; Zhang et al., 2001). After wounding, these 
tools would resolve whether CycA / CycB are becoming activated signaling mitotic entry and 
suggesting that wound proximal nuclei are utilizing endomitosis.  

2. Probe for the chromatin condensation during prophase. During prophase the chromatin 
condenses in preparation of chromosome alignment in metaphase, imaging the Histone-GFP at a 
higher resolution than I have previously (100x or super resolution) should reveal if wound 
proximal nuclei are condensing their chromatin compared to distal diploid cells.  

 

Elucidating the role of increased nuclear ploidy in the wounded pupal notum: 

 

1. Force the wounded pupal notum to induce mitosis instead of nuclear polyploidy via the 

knockdown of fzr and simultaneous overexpression of stg (Grendler et al., 2019). Expectation: 

Live imaging of p120ctnRFP and Histone-EGFP will resolve delayed closure rate, presence of 

micro nuclei / chromatin bridging events, and reduced cell persistence at the leading edge in the 

mitotic wounds compared to polyploid capable wounds.   

2. Determine whether nuclear polyploidy suppresses apoptosis after wounding through the 

regulation of p53, reaper, head involution defective, and sickle in the pupal notum. Expectation: 

following wounding reporters of apoptosis will be reduced/ absent in wound proximal cells 

compared to unwounded controls.  

 

Wound induced cell-cell fusion, future directions: 

  

1. Determine the role of Drosophila CAMs in shrinking cell fusion. Quantify the frequency of 
shrinking cells when dumbfounded, roughest, and hibris were knocked down in the pnr region 
compared to the control domain where these proteins would still be produced. Expectation: if 
shrinking cell fusion is driven by the same machinery as muscle cell fusion, there should be a 
significant reduction of shrinking cell fusion in the pnr domain compared to the control.  

2. Visualize CAMs during shrinking cells fusion after wounding. Cross HA tagged versions of hibris 
and dumbfounded could be crossed into the LifeAct-RFP fly the lab has. Wound, dissect, and 
stain pupae with an antibody specific for the HA-tag, and secondary with GFP. Expectation: if 
these CAMs are facilitating fusion of shrinking cells, a puncta of GFP labeled hibris or 
dumbfounded would be expected to colocalize with a LifeAct protrusion from a hibris puncta. In 
contrast, a LifeAct intracellular network would be expected to colocalize with a dumbfounded-
labeled puncta. 

3. Explore the role of cell extrusion machinery in shrinking cell fusion. Reanalyze LifeActRFP and 
Myosin GFP (separately) post-wounding movies over the duration of cell shrinking. Expectation: 
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if the shrinking cells are utilizing cell extrusion machinery the actomyosin cable should be 
observable around the shrinking cells. Since LifeAct and Myosin II also label the cell-cell borders 
it should be possible to identify shrinking cells and look for the cable in its neighbors.  

4. Further explore the role of extrusion machinery around shrinking cells. Knockdown Piezo1, 
sphingosine kinase, and the sphingosine 1-phosphate receptor 2 within the pnr domain and 
compare the frequency of shrinking cells in the pnr and control domains. Expectation: if 
extrusion machinery is involved in shrinking cells fusion, inhibition of the cell shrinking 
machinery would reduced the frequency of shrinking cells in the pnr domain compared to the 
control.   

5. Characterize what other cellular resources are pooled at the leading edge of repair. Candidates 
include but are not limited to myosin II, GTPases, ribosomes, plasma membrane removed from 
the borders between fusing cells, organelles like mitochondria networks and the ER.  

6. Characterize whether the localization of GTPases in single cell wounds are conserved in syncytial 
cells. The localization of myosin II, Cdc42, and Rac in single cell wounds is known and 
fluorescently tagged versions of each of these GTPases have been generated (Abreu-Blanco et 
al., 2014).  

7. Analyze the size and intensity of the purse string labeled with actin-GFP and myosin II-GFP 
comparing syncytial cells to unfused cells at the leading edge. Additionally characterize the 
turnover of adherens junction proteins at the leading-edge tricellular junctions. Expectation: 
syncytia may outcompete unfused cells due to an abundance of endocytic machinery allowing 
them to remodel their adherens junctions at a faster rate that unfused cells.  

8. Characterize the size of filipodia-like protrusions in syncytial vs non-syncytial cells. Expectation: 
preliminary data using LifeActRFP indicate syncytia produce larger filipodia-like structures.  

9. Elucidate the contribution of cell-cell fusion during wound repair. Eliminate endoreplication 
genetically with UAS-YorkieRNAi (Losick et al., 2013) and cell-cell fusion using our labs scanning 
ablation technique (Han et al., 2023). Then drive the C. elegans fusogens eff-1 or aff-1 within the 
pnr domain of the pupal notum. Expectation: if these fusogens are sufficient to induce cell-cell 
fusion within the pupal notum, they could be used as a rescue condition for cell-cell fusion and 
measuring closure rate of the fusogen vs. non-polyploid control domains would reveal the 
contribution of syncytia during closure.   

 

Conclusion: 

  

Through my thesis work I have used and developed tools in Drosophila melanogaster to robustly 

characterize wound induced polyploidy within the mitotically capable pupal notum. I determined wound 

proximal cells induce both nuclear polyploidy as well as cell-cell fusions to become syncytia. Syncytia 

formation allows cellular resources otherwise trapped in distal cells to rapidly relocalize to the leading 

edge of repair and contribute to the wound closure process. This resource pooling is likely how syncytia 

outcompete unfused cells at the leading edge to exclusively execute closure. My data demonstrate 

polyploidy is not relegated to quiescent non-mitotic tissues and highlights the importance of conducting 

further studies uncovering other systems which deploy wound induced polyploidy, taking note that 

these polyploid populations may be transient. I eagerly await future results from the Page-McCaw and 

Losick labs as well as the field as a whole on the underlying mechanisms of wound induced polyploidy 

and its roles during wound closure. By robustly characterizing cell-cell fusions we have the opportunity 
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to uncover novel wound care targets, improve for bio-implantation success rates, and elucidate how 

polyploidy becomes dysregulated in cancer leading to chemotherapy resistance and metastasis. So, 

furthering our understanding of wound induced polyploidy has the potential to positively influence 

human health, but also expand our understanding of a truly fascinating and bizarre biological process.  

 

Appendix A: 

 

Syncytia invade the wound margin of a scanning ablation wound.   

 

 

This was a very exciting set of preliminary data indicating that syncytia were more able than their 
unfused counterpart to close wounds. In this experiment I first generated a scanning ablation wound 
which lacked a large cavitation bubble and plasma membrane damage blocking syncytia formation (red 
circle). I then created a second wound on the left side of the original wound which did have a cavitation 
bubble and plasma membrane damage (blue circle) leading to the formation of syncytia on the left side 
of the original wound (outlined in white). The second wound naturally caused the total wound area to 
expand which is centered around the white crosshairs. Interestingly the syncytial side not only traversed 
more distance by the 2.25 hr mark, but also eventually passed the wound center and invaded the non-
syncytial side of the wound eventually reaching the magenta line to re-epithelialize the tissue by 5 hr 
post wound. This data shows the invasive capabilities syncytia compared to unfused cells. This wounding 
modality could make an excellent tool for exploring the mechanistic differences between syncytial and 
non-syncytial cells once it is fully validated. There would also be some interesting potential experimental 
opportunities if it was combined with the pnr region split expression system, as this would provide a 
layer of genetic manipulation.  
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Appendix B:  

 

Cell-cell fusion as a mechanism to compensate for proteolytic stress.  

 

 

 

 

 

 

 

 

 

 

We hypothesized that after wounding the cells closer to the leading edge would be burdened 
with misfolded and damaged proteins. Some cells would be unsalvageable and doomed to die, however, 
there could be a zone where cells are on the verge of dying but could be saved if they received additional 
proteostatic resources from distal cells via cell-cell fusion. If this were the case, reducing the proteostatic 
capacity of the tissue would be expected to increase the number of cells dying and increase the wound 
size. To test this, I exposed 12-15 hr APF pupae to 1 hr of heat shock at 37 degrees C. This would cause 
an accumulation of misfolded proteins in the pupae so the proteostatic capacity would be heavily 
burdened before wounding. These data were a first foray into looking at whether syncytia buffer the 
proteolytic stress that cells at the leading-edge likely experience. I performed this experiment twice on 

the pupae of the cross between ☿ p120ctnRFP x ♂ ZipGFP / S-T. I had 4 pupae in each condition (heat 
shocked or not) on the first day, and 5 in each condition on the second. I then measured the size of the 
wound bed based on Myosin II signal at 30 min and 60 min after wounding and performed a student’s t-
test comparing the experimental and control groups with all 9 samples pooled together at each 
timepoint.  

Heat shocked wounds were not significantly larger than control at the 30 min timepoint, 
however, by 60 min post wounding control wounds were significantly smaller than heat shocked 
wounds. Thus, these data do not rule out the hypothesis syncytia buffer proteostatic stress after 
wounding. Further experiments would need to be conducted to ascertain whether the impeded closure 
in heat shocked wounds was the result of proteostatic burden. An alternative hypothesis would be that 
the heat shock interfered with migration more directly. This is based off my observation that the Myosin 
II GFP appeared globally reduced in the heat shocked condition pre-wounding compared to the control 
samples. However, I did not quantify this trend and it may be due enhanced degradation of GFP under 
high temperatures.  

 

 



73 
 

Appendix C:  

 

Quantifying cell division after wounding in the pupal notum. 

 

We wanted to understand how wounding affected division in the surrounding tissue as we had 
observed that distal cells retained their ability to divide. So, I wounded three pupae at ~12-15 hr APF and 
live imaged for 8 hr. Additionally I imaged three unwounded pupae within the same age range as a 
control dataset. These pupae had Histone2-eGFP and p120ctnRFP labeled so I could see nuclear division 
with GFP and assess cytokinesis based on the RFP signal. I cropped out a rectangle anterior to the 
wound, the width was determined by the size of the wound bed at 30 min post wounding and the height 
of the rectangle was determined by the where the p120 signal began to drop off due to pupal curvature 
(which varies sample to sample). I then annotated every nucleus within this rectangle in NIS elements 
and manually watched each one over the course of the 8hr long movie. If I saw the nucleus divide, I then 
switched to the p120 channel and assessed whether the cell underwent cytokinesis, if I observed 
cytokinesis that was classified as a division event. Based on the p120 signal I was also able to determine 
if the dividing cell was part of the mechanosensory bristle lineage due to a bright and distinct p120 
puncta, this lineage undergoes endocycles so I wanted to potentially exclude those cells form analysis. 
Finally, I observed a very low frequency of failed divisions where the nuclei divided but cytokinesis failed. 
I also recorded if the nucleus did not divide.  

Ai-Aiii show aggregate data across the three wounded and unwounded samples. This was exciting 
as there was a striking reduction in division up to 150 min after wounding (Ai), whereas unwounded 
samples divided at approximately the same rate over the course of the imaging. However, when I looked 
at each data set individually (Bi-Bii) there was a clear difference sample to sample in the unwounded 
condition indicating that the X-axis sample to sample was not consistent. Indeed a previous study had 
found that there are sequential waves of division within the pupal notum within the timeframe that I 
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had dissected and imaged my samples (Guirao et al., 2015). I believe the variance sample to sample is 
due to my window of selecting pupae for imaging being too tolerant. So, I had started to image the 
sample in Bi close to the end of the first wave of division, whereas I started to image Bii at the start or 
shortly after the first wave of division began. I attempted to use the mechanosensory bristle lineage cells 
as a fiduciary mark to align the x-axes of each data set but mechanosensory bristle formation is also 
variable so that was unsuccessful. I expect that the trend observed in my wounded samples is real and 
that wounding is suppressing division within the notum after wounding, however, given the variability in 
the unwounded dataset that could be represented in the wounded set this data is not publication 
worthy. To avoid this in the future pupae would need to be dissected immediately after the pupal head is 
visible through the case and imaged within 30min of that developmental timepoint. All the datasets 
would then be properly aligned, and the wave of division would be captured across all the samples. 
However, I would advise that this endeavor be undertaken by someone willing to develop the tools to 
automate this process as manually doing this process was one of the most tedious efforts I have ever 
undertaken over my entire academic career.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



75 
 

Appendix D: 

 

Syncytial extrusion after wounding. 

 

This was an interesting behavioral observation detected while imaging the actin label LifeActRFP. 
At approximately 5 hr and 20 min after wounding the apical domain of the syncytia began to contract 
and 20 min later an obvious purse string like structure was generated accompanying the syncytial 
extrusion out of the epithelium into the basal hemolymph. This observation has been observed with 
p120ctnRFP as well and is being studied by another graduate student in the lab Junmin Hua. It will be 
interesting to address whether this is canonical cell extrusion with the purse string being generated by 
surrounding neighbors. Additionally, how the syncytia is flagged for removal will be interesting to 
explore. Perhaps accumulation of DNA damaged with the syncytial nuclei, either from nuclear envelope 
rupture immediately after wounding, or the accumulation of additional damage from the toxic wound 
bed environment is signaling that the syncytia should be removed. This must be a finely tuned process 
however because if syncytia extruded too early the wound would likely not close effectively. Perhaps as 
the wound is drawn closed increased crowding around the leading-edge signals for the least fit syncytia 
to be extruded? It would also be interesting to explore the dynamics of syncytial removal and 
compensatory division. The data above indicates that distal nuclei maintain their capacity to divide, so 
syncytial extrusion could draw more distal and proliferatively capable cells in to compensate for the lost 
genomes. This would be exciting because it would frame syncytia as a temporary but disposable ‘band-
aid’ that facilitates rapid wound closure and then extrude allowing for compensatory division to restore 
the ploidy of the tissue with diploid cells. It should be noted that most but not all syncytia are removed 
from the wound by 24 hr after wounding. If we can understand how the pupal notum is able to induce 
and then eliminate syncytia after wounding, it may shed light on how this process becomes dysregulated 
in the context of polyploid giant cancer cell formation.  
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Appendix E:  

 

HisGFP is likely not a faithful live marker of ploidy.  

 

 

 

 

 

 

 

 

 

 

 

 

After determining that endocycling was being induced in the pupal notum by wounding I wanted 
to find a live marker of ploidy. So, I wounded a Histone2-eGFP fly and 3 hr post wounding dissected and 
stained the pupa. Nuclei were segmented in 3D and the intensity of both the DAPI and HisGFP was 
recorded for each nucleus as well as its distance from the wound. When we binned the nuclei according 
to their distance from the wound, we observed a trend where the nuclei closest to the wound had less 
Histone2-GFP than DAPI compared to more distal nuclei. This means that the Histone2-eGFP was under 
reporting the degree of ploidy following wounding and would likely not make a good live marker of 
ploidy. As we had recently acquired exciting data on the syncytial arm of my project I diverted attention 
away from these studies.  
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Appendix F:  

 

Syncytia produce large filopodia like structures.  

 

 

Using UAS-LifeActRFP being driven by pnr>Gal4 and imaged with a 100x objective I was able to 
visualize filamentous actin after wounding. Here stills from a 3D visualization ~40 min after wounding 
revealed large filipodia like protrusions (arrows) extending from a leading-edge syncytium. The length of 
these syncytial protrusions is ~5 µm, which for scale is the average diameter of a diploid cell in the 
notum. So, syncytia are capable of generating large migratory structures which are likely to contribute to 
their ability to outcompete unfused neighbors at the leading edge. It would be interesting to repeat this 
experiment and then quantify the size of syncytial vs non-syncytial filipodia. I attempted to do this very 
experiment, but in an attempt to drive LifeActRFP around the entire wound I switched my driver to a pre-
flipped AyGal4, which would drive LifeAct under the actin promoter. Oddly, I was not able to visualize the 
same large filipodia using this driver. So, if a future trainee wanted to quantify this it would be prudent to 
start with the pnr>Gal4 driver. This would likely result in exciting correlational data, however, I do not 
believe the tools currently exist to be able to inhibit filopodia in syncytial but not unfused cells. It may be 
possible to engineer an optogenetic dominant negative form of Cdc42, whereby a UV pulse directed 
specifically at syncytia could block filipodia formation and then it would be expected that unfused 
neighbors would then bypass the non-migratory syncytia. That tool would likely require a PhD project to 
develop in and of itself though.  
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Appendix G:  

 

Basement membrane formation during pupal development.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 These studies were conducted by rotation students Chloe Hecht and Thomas Mehaffey in the 
Page-McCaw lab. Using pupae expressing p120ctnRFP and Collagen IV GFP they were able to identify 
mobile Collagen labeled puncta which we hypothesize are immune cells within the hemolymph. 
Additionally, a thin band of collagen is visible beneath the epithelial monolayer and this signal increases 
from 14 hr to 20 hr after puparium formation, which would be consistent with a developing basement 
membrane. My contribution to these experiments was in aiding with the mentorship of the rotation 
students and performing image processing after they had left the lab. This data opens an exciting new 
avenue for research as the pupa could be used to study the formation of the basement membrane in a 
tissue what is extremely tractable to long term imaging.  

 

Appendix H:  

 

Final quote.  

“So long and thanks for all the fish.” (Adams, 1980) 
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Behavior during Drosophila Imaginal Disc Eversion Is Mediated by the JNK Signaling Cascade. 
Developmental cell, 7(3), 387-399. https://doi.org/https://doi.org/10.1016/j.devcel.2004.07.022  

 
Patterson, M., Barske, L., Van Handel, B., Rau, C. D., Gan, P., Sharma, A., Parikh, S., Denholtz, M., Huang, 

Y., & Yamaguchi, Y. (2017). Frequency of mononuclear diploid cardiomyocytes underlies natural 
variation in heart regeneration. Nature genetics, 49(9), 1346-1353.  

 
Pawelek, J., Chakraborty, A., Lazova, R., Yilmaz, Y., Cooper, D., Brash, D., & Handerson, T. (2006). Co-

opting macrophage traits in cancer progression: a consequence of tumor cell fusion? Infection 
and inflammation: impacts on oncogenesis, 13, 138-155.  

 
Pawelek, J. M., & Chakraborty, A. K. (2008). Fusion of tumour cells with bone marrow-derived cells: a 

unifying explanation for metastasis. Nature Reviews Cancer, 8(5), 377-386.  

 
Pereira, M., Ko, J.-H., Logan, J., Protheroe, H., Kim, K.-B., Tan, A. L. M., Croucher, P. I., Park, K.-S., Rotival, 

M., & Petretto, E. (2020). A trans-eQTL network regulates osteoclast multinucleation and bone 
mass. eLife, 9, e55549.  

 
Perez-Moreno, M., & Fuchs, E. (2006, Nov). Catenins: keeping cells from getting their signals crossed. Dev 

Cell, 11(5), 601-612. https://doi.org/10.1016/j.devcel.2006.10.010  

 
Perret, E., Leung, A., Feracci, H., & Evans, E. (2004, Nov 23). Trans-bonded pairs of E-cadherin exhibit a 

remarkable hierarchy of mechanical strengths. Proc Natl Acad Sci U S A, 101(47), 16472-16477. 
https://doi.org/10.1073/pnas.0402085101  

 
Petrany, M. J., & Millay, D. P. (2019, Dec). Cell Fusion: Merging Membranes and Making Muscle. Trends 

Cell Biol, 29(12), 964-973. https://doi.org/10.1016/j.tcb.2019.09.002  

 
Pieczynski, J., & Margolis, B. (2011, 2011/03//). Protein complexes that control renal epithelial polarity. 

American journal of physiology. Renal physiology, 300(3), F589-601. 
https://doi.org/10.1152/ajprenal.00615.2010  

 
Pienta, K. J., Hammarlund, E. U., Austin, R. H., Axelrod, R., Brown, J. S., & Amend, S. R. (2022, Jun). 

Cancer cells employ an evolutionarily conserved polyploidization program to resist therapy. 
Semin Cancer Biol, 81, 145-159. https://doi.org/10.1016/j.semcancer.2020.11.016  

https://doi.org/10.1038/ncb3472
https://doi.org/https:/doi.org/10.1016/j.devcel.2004.07.022
https://doi.org/10.1016/j.devcel.2006.10.010
https://doi.org/10.1073/pnas.0402085101
https://doi.org/10.1016/j.tcb.2019.09.002
https://doi.org/10.1152/ajprenal.00615.2010
https://doi.org/10.1016/j.semcancer.2020.11.016


108 
 

 
Pignoni, F., & Zipursky, S. L. (1997). Induction of Drosophila eye development by Decapentaplegic. 

Development, 124(2), 271-278. https://doi.org/10.1242/dev.124.2.271  

 
Piper, K., Boyde, A., & Jones, S. J. (1992). The relationship between the number of nuclei of an osteoclast 

and its resorptive capability in vitro. Anatomy and embryology, 186, 291-299.  

 
Podbilewicz, B., Leikina, E., Sapir, A., Valansi, C., Suissa, M., Shemer, G., & Chernomordik, L. V. (2006). The 

C. elegans developmental fusogen EFF-1 mediates homotypic fusion in heterologous cells and in 
vivo. Developmental Cell, 11(4), 471-481.  

 
Podbilewicz, B., & White, J. G. (1994, Feb). Cell fusions in the developing epithelial of C. elegans. Dev 

Biol, 161(2), 408-424. https://doi.org/10.1006/dbio.1994.1041  

 
Porrello, E. R., Mahmoud, A. I., Simpson, E., Hill, J. A., Richardson, J. A., Olson, E. N., & Sadek, H. A. 

(2011). Transient regenerative potential of the neonatal mouse heart. Science, 331(6020), 1078-
1080.  

 
Poujade, M., Grasland-Mongrain, E., Hertzog, A., Jouanneau, J., Chavrier, P., Ladoux, B., Buguin, A., & 

Silberzan, P. (2007). Collective migration of an epithelial monolayer in response to a model 
wound. Proceedings of the National Academy of Sciences, 104(41), 15988-15993. 
https://doi.org/doi:10.1073/pnas.0705062104  

 
Powell, A. D., & Marrion, N. V. (2007). Resolution of fusion pore formation in a cell-attached patch. 

Journal of neuroscience methods, 162(1-2), 272-281.  

 
Powell, A. E., Anderson, E. C., Davies, P. S., Silk, A. D., Pelz, C., Impey, S., & Wong, M. H. (2011). Fusion 

between Intestinal epithelial cells and macrophages in a cancer context results in nuclear 
reprogramming. Cancer research, 71(4), 1497-1505.  

 
Powell, A. E., Anderson, E. C., Davies, P. S., Silk, A. D., Pelz, C., Impey, S., & Wong, M. H. (2011, Feb 15). 

Fusion between Intestinal epithelial cells and macrophages in a cancer context results in nuclear 
reprogramming. Cancer Res, 71(4), 1497-1505. https://doi.org/10.1158/0008-5472.Can-10-3223  

 
Puig, P. E., Guilly, M. N., Bouchot, A., Droin, N., Cathelin, D., Bouyer, F., Favier, L., Ghiringhelli, F., Kroemer, 

G., & Solary, E. (2008). Tumor cells can escape DNA-damaging cisplatin through DNA 
endoreduplication and reversible polyploidy. Cell biology international, 32(9), 1031-1043.  

 
Qu, Y., Zhang, L., Rong, Z., He, T., & Zhang, S. (2013, Oct 15). Number of glioma polyploid giant cancer 

cells (PGCCs) associated with vasculogenic mimicry formation and tumor grade in human glioma. 
J Exp Clin Cancer Res, 32(1), 75. https://doi.org/10.1186/1756-9966-32-75  

https://doi.org/10.1242/dev.124.2.271
https://doi.org/10.1006/dbio.1994.1041
https://doi.org/doi:10.1073/pnas.0705062104
https://doi.org/10.1158/0008-5472.Can-10-3223
https://doi.org/10.1186/1756-9966-32-75


109 
 

 
Ramos-Lewis, W., & Page-McCaw, A. (2019). Basement membrane mechanics shape development: 

Lessons from the fly. Matrix Biology, 75, 72-81.  

 
Rasmussen, J. P., English, K., Tenlen, J. R., & Priess, J. R. (2008). Notch signaling and morphogenesis of 

single-cell tubes in the C. elegans digestive tract. Developmental cell, 14(4), 559-569.  

 
Ravid, K., Lu, J., Zimmet, J. M., & Jones, M. R. (2002). Roads to polyploidy: the megakaryocyte example. 

Journal of cellular physiology, 190(1), 7-20.  

 
Razzell, W., Wood, W., & Martin, P. (2014). Recapitulation of morphogenetic cell shape changes enables 

wound re-epithelialisation. Development, 141(9), 1814-1820.  

 
Reed, B. H., Wilk, R., Schöck, F., & Lipshitz, H. D. (2004). Integrin-dependent apposition of Drosophila 

extraembryonic membranes promotes morphogenesis and prevents anoikis. Current Biology, 
14(5), 372-380.  

 
Renaud, S. J., & Jeyarajah, M. J. (2022, 2022/07/20). How trophoblasts fuse: an in-depth look into 

placental syncytiotrophoblast formation. Cellular and Molecular Life Sciences, 79(8), 433. 
https://doi.org/10.1007/s00018-022-04475-z  

 
Riabinina, O., & Potter, C. J. (2016). The Q-System: A Versatile Expression System for Drosophila. Methods 

Mol Biol, 1478, 53-78. https://doi.org/10.1007/978-1-4939-6371-3_3  

 
Richardson, B. E., Beckett, K., Nowak, S. J., & Baylies, M. K. (2007). SCAR/WAVE and Arp2/3 are crucial for 

cytoskeletal remodeling at the site of myoblast fusion. Development, 134(24), 4357-4367. 
https://doi.org/10.1242/dev.010678  

 
Richter, M., Deligiannis, I., Yin, K., Danese, A., Lleshi, E., Coupland, P., Vallejos, C. A., Matchett, K., 

Henderson, N., & Colome-Tatche, M. (2021). Single-nucleus RNA-seq2 reveals functional 
crosstalk between liver zonation and ploidy. Nature communications, 12(1), 4264.  

 
Riddiford, L. M., Truman, J. W., Mirth, C. K., & Shen, Y.-c. (2010). A role for juvenile hormone in the 

prepupal development of Drosophila melanogaster. Development, 137(7), 1117-1126.  

 
Rivera, J., Hosseini, M. S., Restrepo, D., Murata, S., Vasile, D., Parkinson, D. Y., Barnard, H. S., Arakaki, A., 

Zavattieri, P., & Kisailus, D. (2020). Toughening mechanisms of the elytra of the diabolical 
ironclad beetle. Nature, 586(7830), 543-548.  

 
Rodriguez-Boulan, E., & Macara, I. G. (2014). Organization and execution of the epithelial polarity 

programme. Nature reviews Molecular cell biology, 15(4), 225-242.  

https://doi.org/10.1007/s00018-022-04475-z
https://doi.org/10.1007/978-1-4939-6371-3_3
https://doi.org/10.1242/dev.010678


110 
 

 
Rohnalter, V., Roth, K., Finkernagel, F., Adhikary, T., Obert, J., Dorzweiler, K., Bensberg, M., Müller-

Brüsselbach, S., & Müller, R. (2015). A multi-stage process including transient polyploidization 
and EMT precedes the emergence of chemoresistent ovarian carcinoma cells with a 
dedifferentiated and pro-inflammatory secretory phenotype. Oncotarget, 6(37), 40005.  

 
Rosenblatt, J., Raff, M. C., & Cramer, L. P. (2001). An epithelial cell destined for apoptosis signals its 

neighbors to extrude it by an actin-and myosin-dependent mechanism. Current Biology, 11(23), 
1847-1857.  

 
Rothenberg, K. E., & Fernandez-Gonzalez, R. (2019, Jun 1). Forceful closure: cytoskeletal networks in 

embryonic wound repair. Mol Biol Cell, 30(12), 1353-1358. https://doi.org/10.1091/mbc.E18-04-
0248  

 
Ruiz-Gómez, M., Coutts, N., Price, A., Taylor, M. V., & Bate, M. (2000, 2000/07/21/). Drosophila 

Dumbfounded: A Myoblast Attractant Essential for Fusion. Cell, 102(2), 189-198. 
https://doi.org/https://doi.org/10.1016/S0092-8674(00)00024-6  

 
Rushton, E., Drysdale, R., Abmayr, S. M., Michelson, A. M., & Bate, M. (1995). Mutations in a novel gene, 

myoblast city, provide evidence in support of the founder cell hypothesis for Drosophila muscle 
development. Development, 121(7), 1979-1988. https://doi.org/10.1242/dev.121.7.1979  

 
Russo, J. M., Florian, P., Shen, L., Graham, W. V., Tretiakova, M. S., Gitter, A. H., Mrsny, R. J., & Turner, J. R. 

(2005, Apr). Distinct temporal-spatial roles for rho kinase and myosin light chain kinase in 
epithelial purse-string wound closure. Gastroenterology, 128(4), 987-1001. 
https://doi.org/10.1053/j.gastro.2005.01.004  

 
Saltel, F., Chabadel, A., Zhao, Y., Lafage-Proust, M. H., Clézardin, P., Jurdic, P., & Bonnelye, E. (2006). 

Transmigration: a new property of mature multinucleated osteoclasts. Journal of bone and 
mineral research, 21(12), 1913-1923.  

 
Sapir, A., Choi, J., Leikina, E., Avinoam, O., Valansi, C., Chernomordik, L. V., Newman, A. P., & Podbilewicz, 

B. (2007). AFF-1, a FOS-1-regulated fusogen, mediates fusion of the anchor cell in C. elegans. 
Developmental cell, 12(5), 683-698.  

 
Sasso, J. M., Ammar, R. M., Tenchov, R., Lemmel, S., Kelber, O., Grieswelle, M., & Zhou, Q. A. (2023, May 

17). Gut Microbiome-Brain Alliance: A Landscape View into Mental and Gastrointestinal Health 
and Disorders. ACS Chem Neurosci, 14(10), 1717-1763. 
https://doi.org/10.1021/acschemneuro.3c00127  

 

https://doi.org/10.1091/mbc.E18-04-0248
https://doi.org/10.1091/mbc.E18-04-0248
https://doi.org/https:/doi.org/10.1016/S0092-8674(00)00024-6
https://doi.org/10.1242/dev.121.7.1979
https://doi.org/10.1053/j.gastro.2005.01.004
https://doi.org/10.1021/acschemneuro.3c00127


111 
 

Sawant, M., Hinz, B., Schönborn, K., Zeinert, I., Eckes, B., Krieg, T., & Schuster, R. (2021). A story of fibers 
and stress: Matrix-embedded signals for fibroblast activation in the skin. Wound Repair and 
Regeneration, 29(4), 515-530.  

 
Scepanovic, G., Hunter, M. V., Kafri, R., & Fernandez-Gonzalez, R. (2021, 2021/10/19/). p38-mediated cell 

growth and survival drive rapid embryonic wound repair. Cell Reports, 37(3), 109874. 
https://doi.org/https://doi.org/10.1016/j.celrep.2021.109874  

 
Schaeffer, V., Althauser, C., Shcherbata, H. R., Deng, W. M., & Ruohola-Baker, H. (2004, Apr 6). Notch-

dependent Fizzy-related/Hec1/Cdh1 expression is required for the mitotic-to-endocycle 
transition in Drosophila follicle cells. Curr Biol, 14(7), 630-636. 
https://doi.org/10.1016/j.cub.2004.03.040  

 
Schäfer, G., Weber, S., Holz, A., Bogdan, S., Schumacher, S., Müller, A., Renkawitz-Pohl, R., & Önel, S.-F. 
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