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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.

eLife assessment

This work addresses an important biological question: what is the cellular basis of
wound healing? Using the Drosophila pupal notum as a model, the paper provides an
elegant, thorough, descriptive characterisation of syncytia-driven wound closure
using state-of-the-art confocal live imaging of the pupal notum. The authors
meticulously characterize the cell-cell fusion events during wound healing, but
without any mechanisms to inhibit cell fusion, it is incomplete, since it remains
unclear whether cell fusion is required or not for speeding wound healing and/ or
increasing the level of actin resources at the leading edge.
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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 [12, 22 ]. 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 [3Z-5Z]. Wound-induced

epithelial syncytia were first observed around epidermal puncture wounds in Drosophila larvae
and adults [3(%2, 62 ], consistent with the idea of polyploidy induction in non-proliferative cells.

the surgical implantation of biomaterials can cause immune cells to fuse into multinucleated giant
cells, which are associated with rejection [8 2 ]. Similarly, injury induces bone marrow-derived

syncytia being induced by 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 [13 @, 14#], and fusions occur in the lineages of the C.

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. All together, fusion is a common fate of cells near wounds:
about half the cells fuse to form syncytia within 70 um of a wound with 30 um 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 [20%] (Fig. 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 [21 (3] and nuclei were labeled with histone His2GFP. Two hours after wounding, we
observed prominent syncytial cells around the wound (Fig.1A @, 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
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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 (Fig. 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 (Fig. 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 (Fig. 1 C-E®@).

Live imaging of cells after wounding revealed the gradual loss of p120ctn between some epithelial
cells followed by syncytial rounding (Fig. 1F 2), suggesting epithelial cell fusion. As p120ctn was
lost, the epithelial cadherin E-cadherin was also lost (Fig. 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 um from
the wound center, and they occurred primarily within the first hour after wounding, some within
10 minutes after wounding (Fig 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 [22 (Z]. 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 (Fig 112, 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” (Fig. 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, Fig. 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 (Fig. 2C, Movie S3). Additionally, X-Z
projections through GFP labeled shrinking cells are consistent with cytoplasm moving into
neighboring syncytia (Fig. 2D (@). Shrinking cells were distributed similarly around wounds as
border breakdowns but occurred later and were more numerous (Fig. 2E,F &2). 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 um), tracking them for 6.5 h to
assess their fate (Fig. 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 (Fig.
S2A). Fusing cells were strongly skewed toward the center of the wound: within 70 pm, about half
the cells (47%) underwent fusion (Fig. 3A 2, right). Fusion continued for over 300 min after
wounding (Fig. S2B,C) whereas border breakdown is concentrated in the first hour after wounding
(Fig. 1TH(Z, Fig. S20). Shrinking accounts for more than half of all fusing cells (Fig. 3C(2), and the
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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 Fig. 2D (2. Maximum intensity projections in A, C-D, G; single Z slices in F, L. Scales: A-D,G =20 pm, F,I=10 pm.
W and red star indicate wound.
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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 BY. 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 D-D). X-Z projections are shown for each (DV-DY for the top yellow line; DVil-pX 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 Fig. 112 . E) All
shrinking cells mapped to first frame after wounding. F) All shrinking cells and border breakdowns were tracked in 3 wounds.
Border breakdown fusions happen sooner after wounding than shrinking fusions. A, B, C, D' -1l E show maximum intensity
projections. DV ~ X show X-Z projections. Scales: A, B, C, D', E = 10 pm; DV~ % = 5 um.
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spatial distribution of fusing cells that shrank vs. lost borders was similar (compare Figs. 162
and 2E®). However, shrinking began later than border breakdowns, continued for several hours
after wounding (Figs. 2F 2, S2C), and took longer to complete (Fig. S2D). Thus, shrinking fusion
accounted for continuing syncytial 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. Figure 4A 2 shows the fusion of seven cells, with non-fusing GFP-labeled cells
both distal and proximal to the fusing cells (panel 4A1 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 Fig. 4Al 7). This
behavior was evident even without GFP labeling: Fig. 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 4Bl poth 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 MyolIGFP/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 (Fig.
4D-F(@). As soon as the leading edge formed 30 min after wounding, about 75% of the perimeter
was occupied by syncytia (Fig. 4G 2); the rest of the perimeter was occupied by 10-13 small cells
(Fig. 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 (Fig. 4@ D,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 Fig. 5A(Z and exemplified in Fig. 1@ LY (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 Fig. 5A 2 and exemplified in Fig. 1FZ (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 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

James S. White et al., 2024 eLife. https://doi.org/10.7554/eLife.92593.1 6 of 29


https://doi.org/10.7554/eLife.92593.1

A Distance from wound center
<70 pm 70-80 ym
(n=47) (n=60)

I Persist
P Fuse

Il untrackable

w
o

g 90+ 90

- E ‘0“’M r—

o § 801 PR NN = 80 i

ET P . "

‘3‘2 L0l it ogaialninine .‘l'=1‘=l""' 70 0:::’ Aa

50 ":” i °3

g‘-’ 60 o’ EELEE ) o] o 0 AA

g 'g o n A

mE_BN A A A

g § 50 RS e 50 . s

o

a 40 T . 40 T T

Persist Fuse Fuse by Fuse by border
n=72 n=27 shrinking breakdown
n=16 n=11
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 um) 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 Fig. S2A. B) Fusion is
common within 70 pm. C) Shrinking-fusion and border-breakdown fusion occur at similar distances from the wound.
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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) 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. F) 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 A-AT and maximum intensity projections in ALE Scale:
AE-F=20pm, B-C=10 um.
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borders broke down than tangential borders (39 vs 196), and radial borders broke down a bit later
(Fig. 5B 2, Fig. S3B). However, the two types were similarly distributed around the wounds (Fig.
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 Fig. 5C . Indeed, intercalation is known to be a rate-limiting step of wound
the bottom of Fig. 5C &. To consider the contribution of radial border fusions to wound closure,
we analyzed the three wounds from Fig. 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 (Fig. 5D (@). Interestingly, the larger the
percentage of cells that fused rather than intercalated, the faster the wound closed (Fig. 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 (Fig. 62 ). 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 (Fig. 6A,B(%). In
contrast, syncytia with access to the leading edge (n = 10) first uniformly distributed actin (Fig.
6C'i2), but once the leading edge was contacted, they redistributed actin-GFP to it (Fig. 6C-D ).
Kymographs of actin-GFP confirm that regardless of location, actin equilibrates between fusing
cells within 5 minutes (Fig. 6B' 2, D'V); however, nearly all actin that originated in the distal cell
is redistributed to the leading edge in a syncytium positioned there (Fig. 6D'V(2). 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 (Fig. 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.

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 [3(Z].
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.
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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 Fig. 4D,G (3.
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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 (A)). 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 syncytiuym has no
access to the leading edge, and actin remains equilibrated, as shown in the kymograph (8 generated from actin-GFP
intensity over time at the yellow line in Bil. C-D) Labeled actin is expressed in cell 1 before wounding (c') and equilibrates
between cells 1 and 2 by 6 minutes after wounding, demonstrating cytoplasmic fusion (C'). 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 (DY) of actin intensity over time at the yellow line in Diil. 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 (EY) which later shrink into cells 3,4 (see Movie S4). G) Mean profile plot of actin-GFP comparing the
syncytia in F¥ at 30 min after wounding (dark line) with the cells in F' before wounding (dotted line) demonstrating that nearly
all actin-GFP has been redistributed to the leading edge from its starting position 20-30 um away. Single Z slices for E' - il Fi -
i maximum intensity projections for A-D, gl -V, Fill -V scale A-B, C-DliT = 5 pm, E-F=10 pm.
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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 [24(2-27Z]; 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 [23(Z]. 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 [28 (2 ].

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
[27 &, 29 (Z]. 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 causing faster repair [30(Z ]. Further, fragmentation is localized to the site of

fragmented mitochondria. Ribosomes have been observed to be localized in wounded tissue,
accumulating at the tips of severed neurons [32 (%], 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 [33 2],

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 [34 (2-40 2 ]. For

other cell fusions, the fusogen is elusive and may not exist, for example in Drosophila myoblast
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fusions, which occur when a fusion competent myoblast generates actin-rich podosome-like
membrane protrusions that invade a founder cell [41 % -45%], 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 [46 (Z-48 (Z].

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 [3 (2,

multinucleated polyploid cells formed by endomitosis, and these lead diploid cells to encompass
the heart [1 Z]. 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 [52 @ ]. Mammalian hepatocytes are known to become increasingly polyploid with age

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 [62 (%],
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 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 [8Z]. 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 [63(2-66 (2], and some studies indicate that they can form through cell-cell fusion in

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.

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 Fig. 1A . Movie begins before wounding and extends to 2 h after
wounding.
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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 10 min after wounding. Same cells
as Fig. 112 and 2D &.

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 Fig. 2C 2.

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 Fig. 6E,F2.
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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 3" 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.

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.
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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 [46 (%, 75 (2 ]. 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) [76 Z]. 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 (YS], standard membrane Kkit, 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 yJ +/-
0.1 pJ, increased from our previously report [77 2] to keep the wound size similar between old
and new ablation rig.

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 1GX. 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
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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 2EC2).

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 Oh, 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. 1BX@.

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 1.9 yJ
and three ablated at 3 pJ 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.

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 FIJT 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.
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Calculating Intercalation

The change in the number of cells when the leading edge forms at 30 min (Ng,,¢) to when the
wound is closed (Ngpq) is equal to the number of intercalations plus the number of radial fusion
events. Thus, (intercalations = AN - radial fusions). For the same three samples used in Fig 4D,G (2,
we determined AN from Ng, at 30 min and N, 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.

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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This study aims to understand how cell fusion contributes to wound healing using a laser-
induced injury in the notum epithelium of a developing fruit fly. The authors meticulously
characterize the epithelial fusion events using a live imaging approach and report that
syncytia arise by border breakdown' and 'cell shrinking'. The syncytial epithelial cells also
appear to outcompete mononucleated cells and preferentially dissolve their tangential
borders, which correlates with the accumulation of actin at the leading edge.

Strengths:

The strength of this study is the authors' live imaging approach to capture these dynamic
fusion events that are a fundamental, yet poorly understood biological process.

Weaknesses:

A major weakness is that all the authors' conclusions are based on descriptive studies, in
which the role of cell fusion is not directly tested. This is particularly important because other
models of wound-induced polyploidization have demonstrated that another cytoskeletal
protein, myosin, was upregulated and dependent on endoreplication, and not cell fusion.
Therefore it remains unclear to what extent cell fusion, endoreplication, or both are required
to outcompete mononucleated cells as well as pool actin as described in this study.

https://doi.org/10.7554/eLife.92593.1.sa2

Reviewer #2 (Public Review):
Summary:

Overall, this study provides a thorough description of the formation of syncytia following
wounding of the proliferation-competent diploid epithelium of the pupal notum. While this
phenomenon has already been described briefly for this particular tissue by the Galko lab in
Wang et al 2015, the authors provide a much more detailed description and characterisation
of the process providing some novel insights (radial versus tangential border breakdown, cell
shrinkage, timings, syncytia outcompeting mononucleated cells, etc.).

Strengths:

This paper provides an elegant, thorough, descriptive characterisation of syncytia-driven
wound closure using state-of-the-art confocal live imaging of the pupal notum. The authors
show that laser-induced wounding of this diploid, proliferation-competent epithelium results
in the formation of syncytia of various sizes in the first few cell rows around the wound edge,
which progressively become bigger as healing proceeds. This results in ~50% of cells
becoming part of these syncytia. The cell fusion events were convincingly demonstrated by
showing the disappearance of p120ctnRFP and E-Cadherin-GFP from cell-cell borders as well
as cytoplasmic GFP mixing of GFP-positive cells with a GFP-negative cell.

Apart from cell-cell fusion by border breakdown that mostly happens in the first 2h following
wounding, the authors also found that at later stages of wound healing cell shrinkage
following cytoplasmic mixing contributed to sycytia formation.

Next, the authors provided some convincing evidence that syncytia outcompete mononuclear
cells for being positioned in the first cell row around the wound.

The authors then show that radial border breakdown occurs much less frequently than
tangential border breakdown. They suggest that radial border breakdown reduces the
requirement for cell-cell intercalations. They also hypothesise that tangential border
breakdown might allow fused cells to share resources and provide more resources to be used
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near the wound edge, e.g. for actomyosin cable formation. To test this, the authors generate
single-cell clones that overexpress Actin-GFP. They then show convincingly how a single
Actin-GFP-positive cell in the second cell row fuses with one GFP-negative cell in the first cell
row. The Actin-GFP signal then spreads in the fused cell and labels some previously
unlabelled actin-rich structure near the wound edge which most likely is the actomyosin
cable. This provides some evidence for resource sharing by cytoplasmic mixing following
fusion.

Weaknesses:

The authors provide some convincing evidence that syncytia outcompete mononuclear cells
for being positioned in the first cell row around the wound. The authors suggest that the
syncytial cells might be better able to close the wound. However, some genetic studies would
need to be done to establish this more convincingly. E.g. Could the authors genetically block
syncytia formation and then show that these wounds now heal slower?

The authors suggest that radial border breakdown reduces the requirement for cell
intercalation. While this might be true it also raises the question of how the various syncytia
facing the wound border change shape to allow the shrinkage of the first cell row over time
to allow wound closure. None of the four movies included in the study shows the whole
wound healing process until the later stages, making it hard to assess this. It would be good to
include one such movie showing the syncytia in the whole wound and comment on this point.

The authors hypothesise that tangential border breakdown might allow fused cells to share
resources and provide more resources to be used near the wound edge, e.g. for actomyosin
cable formation. They show convincingly through the fusion of a single Actin-GFP-positive
cell in the second cell row with a GFP-negative cell in the first cell row that Actin-GFP spreads
in the fused cell and labels the previously unlabelled actomyosin cable. While the hypothesis
of resource sharing to improve healing is intriguing and makes sense, this experiment doesn't
necessarily prove the benefit of resource sharing. It does show cytoplasmic mixing following
fusion, now allowing the GFP-labelled actin to diffuse and be incorporated into the
actomyosin cable. In a wild-type condition, fusion would not increase the total concentration
of resources, although it would increase the total amount of resources within this bigger
fused cell. The question is whether resource sharing without increasing the protein
concentration is beneficial and increases the efficiency of certain wound healing
mechanisms. There might be a benefit of cell fusion, if for example certain resources were
only present in limited amounts or if protein transport could increase the concentration
locally. To provide better evidence for the hypothesis that resource sharing improves wound
healing, maybe the authors could look at the actomyosin cable in a wounded epithelium
(such as in Figure 4E, F), in which all cells express MyolI-GFP. The authors could compare the
average intensity of the actomyosin cable at the wound edge in mononucleated cells versus in
syncytia. If resource sharing is indeed beneficial, it might be that the actomyosin cable is
stronger/brighter in syncytia or it forms quicker.

The biggest limitation of this study is that the authors don't address how the formation of
these syncytia is regulated. While the manuscript in its current form provides some valuable
new insights into syncytial-driven wound closure, it would be much more informative if it
also provided some mechanistic details. The authors could test if some of the mechanisms
shown to regulate syncytial formation in other types of syncytia-driven wound healing are
also involved here. E.g. Yorkie was shown to negatively regulate cell fusion in adult syncytial-
driven wound closure (Losick et al 2013). The authors could test for the effect of Yorkie-RNAi
in the epithelium on wound closure and syncytia formation. Expression of the dominant
negative RacN17 also blocked cell fusion in adult syncytial-driven wound closure (Losick et al
2013).
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Moreover, JNK activation was shown to be needed in larval syncytial-driven wound closure
(Galko and Krasnow 2004). The authors could test JNK pathway reporters to assess pathway
activation or test if the JNK pathway is needed for syncytial-driven wound closure by
expressing a dominant-negative form of Basket JNK in the epithelium.

Or could syncytia formation be regulated by changes in Integrin-mediated adhesion as shown
by the Galko lab in Wang et al 2015? They show that wounding provoked a striking
relocalization of PINCH and ILK, indicating the disassembly of functional FA complexes
concomitant with syncytium formation. Maybe the authors could investigate some of these.

Another general question that the authors raise but don't address enough is whether
syncytia-driven wound closure in proliferation-competent epithelia is any different from the
one in post-mitotic, polyploid epithelia. Since the mechanism regulating the former is not
known, this remains unclear.

Finally, it is not clear, whether syncytia in these proliferation-competent epithelia get
resolved after wound healing. Do they get removed and replaced by mononucleated
proliferation-competent cells or do the syncytia stay in the epithelium like a scar? The
authors should provide some images of wound areas a few hours after wound closure is
complete and comment on this.

Minor points:
Figure 3: It would be better to have the microcopy images alongside the quantifications.

Figure 4A: The syncytium at the wound edge here doesn't look straight but wavy. Does it not
form an actomyosin cable that straightens the front? Or are there lamellipodia/filopodia?

248: The authors suggest an interesting hypothesis that mitochondria or ER could be pooled
in fused cells. It would be nice to see some evidence: e.g. by labeling mitochondria and
assessing where they are in syncytia versus mononucleated cells and whether they are
concentrated around the wound edge.

141-145 (Figure 4B and C) This example is not completely convincing. First, it is hard to see
where the wound edge is. Second, it would be good to include an even later time point when
the cell is clearly no longer at the wound edge.

https://doi.org/10.7554/eLife.92593.1.sa1

Reviewer #3 (Public Review):
Summary:

White et al. described laser-induced wound healing of the Drosophila pupal notum. They
found that the epithelial monolayer is dynamically induced to form syncytia by cell-cell
fusion as an important part of repair. They reveal two processes: cell shrinking and border
breakage that occur as part of syncytia formation. Expression of GFP in the cytoplasms of
some epithelial cells reveals that cytoplasmic contents mix following injury and the GFP
rapidly diffuses between cells. Using live imaging they observe that syncytia expand towards
the wound, maintain their positions close to the leading edge, and apparently displace
smaller cells. They propose that syncytia redistribute cellular components towards the
wound facilitating repair and show that labelled actin becomes concentrated at the leading
edge.

Strengths:
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The manuscript is interesting and on an important and emerging topic of wound healing in a
genetically tractable organism. The manuscript is very well written.

Weaknesses:
There are three major issues that the authors must address:
(1) Is cell-cell fusion sufficient to enhance/facilitate wound healing?

(2) Characterization of "border breakdown"; Is this phenomenon disassembly of apical
junctions following membrane fusion?

(3) Are cells really shrinking or is it only the apical domains that "shrink" as the cells join the
syncytium?

https://doi.org/10.7554/eLife.92593.1.sa0
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