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The Toll/NF-xB signaling pathway is required
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The Toll/NF-kB pathway, first identified in studies of dorsal-ventral
polarity in the early Drosophila embryo, is well known for its role in
the innate immune response. Here, we reveal that the Toll/NF-xB
pathway is essential for wound closure in late Drosophila embryos.
Toll mutants and Dif dorsal (NF-kB) double mutants are unable to
repair epidermal gaps. Dorsal is activated on wounding, and Dif and
Dorsal are required for the sustained down-regulation of E-cadherin,
an obligatory component of the adherens junctions (AJs), at the
wound edge. This remodeling of the AJs promotes the assembly of
an actin-myosin cable at the wound margin; contraction of the
actin cable, in turn, closes the wound. In the absence of Toll or
Dif and dorsal (dl), both E-cadherin down-regulation and actin-
cable formation fail, thus resulting in open epidermal gaps. Given
the conservation of the Toll/NF-kB pathway in mammals and the
epithelial expression of many components of the pathway, this
function in wound healing is likely to be conserved in vertebrates.
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he epidermis, the outermost layer of cells, protects the ani-

mal body from adverse environmental agents, prevents water
loss, and provides mechanical resistance in organisms as diverse
as insects, worms, and humans. Epidermal integrity is maintained
at all times and wounds are repaired efficiently through resealing
of the broken edges.

A prominent mechanism for wound repair involves the as-
sembly of an actin cable in the epidermal cells bordering the le-
sion (1, 2). The actin cable is contractile: Its circumference
rapidly diminishes as the epidermal gap shrinks in size. While the
actin cable contracts, the cells around the wound elongate, move
and come together from all sides, thus restoring the epidermal
continuum. This mechanism is termed a “purse-string” wound
closure and is documented in a number of species including
Drosophila, Caenorhabditis elegans, Xenopus, zebrafish, chick,
mouse, and human (3).

The molecular mechanisms that control epidermal wound
repair are not well understood. The transcription factors Grainy
head and Jun are required for wound repair both in Drosophila
and the mouse (3-6). However, the interplay between tran-
scription and the cytoskeletal structures that execute wound
closure has not been investigated. Previously, we showed that
two Drosophila NF-kB transcription factors, Dif and Dorsal, are
required for the integrity of the larval epidermis (7). Although
single Dif or dl mutants do not have a detectable epidermal
phenotype, Dif dl double-mutant larvae have spontaneous epi-
dermal lesions and systemic infection by microbes from the en-
vironment (8). Expression of d/ in the epidermis of Dif dl animals
rescues the epidermal defects. Tissue-specific epidermal expres-
sion of dl also prevents the infection, indicating that the lesions in
Dif dl larvae compromise the barrier function of the epidermis.

In Drosophila, the NF-xB/IxB complex mediates signaling
from the Toll receptor and the Toll/NF-kB pathway is best un-
derstood in gastrulation (9). In the early embryo, Toll is activated
by Spatzle (10, 11). Toll signal transduction leads to the pro-
teolysis of Cactus, the Drosophila IkB, and to the translocation of
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the NF-xB protein Dorsal to the nucleus (12-14). The cells that
receive the highest level of Toll signaling reorganize their apical
adherens junctions (AJs) and assemble a contractile actin cable
at their apical sides (15, 16). Contraction of the actin cable
creates a fold in the embryo known as the ventral furrow. There,
the prospective mesodermal cells will ingress in the embryo.
Thus, all events that encompass gastrulation are governed by
Toll activation.

Members of the Toll/NF-kB pathway remain expressed in the
epidermis in later stages of Drosophila embryogenesis and in
larvae, pupae, and adults (17-19) (modENCODE and this re-
port). Later in development, a second NF-kB protein, Dif, is
expressed and overlaps in function with Dorsal (8, 20, 21).

Toward the end of embryogenesis (stages 15-17), the Dro-
sophila epidermis is a simple epithelium consisting of a single
layer of cells. Mature junctional complexes connect the epithelial
cells: The subapical complex, AJs, and septate junctions are all
present and required for proper epidermal structure (22). An
essential component of the AJs is E-cadherin, a transmembrane
protein that mediates cell-to-cell adhesion and, in association with
B-catenin and a-catenin, links the adhesion complex to F-actin.

Here, we show that wound repair in the late embryonic epi-
dermis depends on the Toll/NF-kB pathway. On wounding,
E-cadherin is rapidly down-regulated in cells surrounding the
lesion; this event is followed by actin polymerization and the
placement of bundles of F-actin at the membrane of the cells
bordering the gap. After epidermal wounding of Toll mutants
and Dif dl double mutants, both E-cadherin down-regulation and
actin-cable formation fail. The data show that Toll pathway acts in
two ways. Dif and Dorsal control the initial, fast phase in E-cadherin
remodeling in epidermal cells. Photobleaching experiments indicate
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that the Toll/NF-kB pathway promotes rapid E-cadherin turn-
over at the wound site. Later in wound closure, activity of the
Toll/NF-xB pathway leads to transcriptional repression of
E-cadherin in the cells bordering the wound, and this second
activity likely contributes to the continuous down-regulation of
E-cadherin during epithelial resealing. Our findings suggest that
the Toll/NF-kB signaling module is a stress sensor that is acti-
vated robustly during tissue damage. The damage-induced
transcriptional output not only restores epidermal integrity, it
also prepares the epidermis to respond to subsequent injuries
and other stress-related events.

Results

Toll”~ Mutants and Dif di Double Mutants Are Unable To Close
Epidermal Wounds. We showed that the NF-kB genes, Dif and
dl, are important for epidermal integrity (7), but their mecha-
nism of action was not clear. The larval epidermis of the double
mutants appeared to have normal morphology; therefore, the
lesions in the epidermis of Dif dl larvae could not be easily re-
lated to defects in epidermal development. Instead, we favored
the hypothesis that epidermal lesions arose because of defective
healing of wounds that occur normally during the lifespan of the
animal (7). The previous experiments were done in larvae, which
are well suited for immunity studies as they are in constant
contact with the environment. To study wound repair, we chose
to look at the late embryonic epidermis because embryos move
less, can be wounded in a controlled manner, and imaged live for
several hours after wounding.

We created wounds by laser ablation of a patch of epidermal
cells in the ventral epidermis of late embryos of stages 15 and 16
following an established protocol (23). Wound closure was scored
and the percentage of unclosed wounds was calculated 16 h later.
Although the vast majority of the control w'''® embryos (92.5%,
n = 157) closed the epidermal lesions, wounds remained open
in 65.3% (n = 87) of Dif dl injured animals (Fig. 1 A and D).
Similarly, 70.3% (n = 64) of the Toll”’~ embryos were unable to
repair inflicted epidermal wounds (Fig. 1C).

Previous statistical analysis defined 30% open wounds as the
cutoff threshold, which separates reliably mutants with wound-
healing defects from controls (23). Therefore, we observed a clear
wound-repair phenotype in Toll””~ mutants and in Dif dl double
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Fig. 1. Defects in epithelial repair in Toll”~ and Dif dl mutant embryos
following laser ablation. (A4) Controls (wW''’®) closed inflicted epidermal
lesions in 92.5% of the tested embryos (n = 157). Arrow points to a closed
wound. (B) Wounded spz embryos were able to close wounds in the ventral
epidermis in 84.2% of the tested mutants (n = 143). Arrow shows a closed
wound. (C) Toll”’~ embryos failed to close experimentally introduced
wounds in 70.3% of the tested mutants (n = 64). Arrow points to an open
epidermal gap. (D) Dif dl mutants did not close wounds after laser ablation
of a patch of the ventral epidermis in 65.3% of the tested embryos (n = 87).
Arrow marks the open wound. Although ablation is always done ventrally,
after 16 h of recovery, the open wound could be found on the lateral side in
Toll”~ and Dif dl mutants. The number of embryos for each genotype
constitutes the combined counts from six to nine independent wounding
sessions. The Toll transallelic combination represents a strong loss-of-function
phenotype; Dif dl double mutants and spz mutants represent a null phenotype.
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mutants. Compared with reported results (23), the percentage of
unclosed wounds places Toll”~ and Dif dl among the mutants
with the strongest wound-repair defects.

Because Spitzle is the ligand that activates Toll in early em-
bryos, we wounded spdtzle (spz) null embryos. Our scoring in-
dicated that spz embryos had 15.8% open wounds (n = 143).
Thus, the wound-healing defect in spz mutants falls well below
the defined threshold and is more similar to the controls (Fig. 1
A and B). Maternal contribution of Spz that could lead to rescue
seems unlikely: The maternal Spz proteins decrease sharply at
5-6 h after egg laying (stage 10 of embryogenesis) and are hardly
detectable on a Western blot (10). We suggest that during epi-
dermal repair, Spatzle is not the principal ligand that triggers
Toll activation.

Continuous Actin Cable Fails To Assemble in Wounded Embryos Lacking
Toll/INF-kB Activities. Repair of embryonic epidermal wounds does
not involve cell division; instead, it is accomplished through cy-
toskeletal remodeling and cell-shape changes (24). A central
event following injury is the assembly of the supracellular actin
cable around the gap (2). The actin cable is believed to be im-
portant in two ways: Initially, it stabilizes the wound edge of the
broken epidermis and, subsequently, it contracts, thus providing
the force for gap closure (25). Because the cable is the most
prominent structure that appears de novo at the wound edge, we
investigated the ability of Toll”’~ mutants and Dif dI double
mutants to build actin cable after wounding.

In control embryos (w'''®), a continuous actin cable is as-
sembled gradually between 5 and 15 min after ablation around
an epidermal wound of approximately 2,800 pm? and remains
visible almost until the gap disappears, approximately 2-3 h after
wounding. Using phalloidin staining, we examined the actin ca-
ble in controls (n = 18) at 2 h after wounding (Fig. 24) when the
embryos were in the final stages of wound closure. The cable was
still robust and spanned the entire circumference of the wound
(Fig. 24, A’, and A"’). At the same time, we stained the embryos
with E-cadherin antibody to visualize the AJs in the epidermis
(Fig. 2B). We observed that epidermal cells in controls lacked
E-cadherin at the wound edge (Fig. 24", arrowheads). Similar
findings were reported earlier (25) and, together with our
observations, demonstrate that the cells bordering the gap re-
model their AJs after wounding.

We then investigated wounded spz embryos (n = 8). Resembling
the controls, these mutant embryos displayed strong and contin-
uous actin cable (Fig. 2 C, C’, and C"’) and lacked E-cadherin at
the membranes facing the wound (Fig. 2C"”, arrowheads).

By contrast, neither Toll”~ nor Dif dl mutants (n = 10 for each
genotype) had a continuous actin cable around the gap at 2 h after
wounding (Fig. 2 E and G). Delicate bundles of F-actin in the
epidermal cells around the wound were interspersed with regions
where no actin bundles could be seen. Unlike wild-type embryos,
E-cadherin was present at the membrane in Toll 7~ (Fig. 2 E', E",
and E'”, arrow) and in Dif dl (Fig. 2 G’, G", and G'”, arrows)
epidermal cells that lacked an actin cable at the wound edge.
However, mutant epidermal cells that assembled some actin
bundles had little or no E-cadherin staining on the membranes
that faced the wound (Fig. 2 E’, E”, and E’”, arrowhead). Thus, in
Toll”~ and Dif dl embryos, F-actin and E-cadherin had a mutually
exclusive localization pattern at the membranes facing the gap.

To rule out the possibility that a cable was built in the mutants
but disassembled earlier in the process, we examined embryos at
30 min and at 1 h after wounding. At no time point did we see a
continuous actin cable around the epidermal gap in Dif dl
mutants. We also examined the localization of the nonmuscle
Myosin II in controls and in Dif dl mutants after wounding (Fig.
S1). Whereas control embryos localized Myosin II along the entire
circumference of the actin cable, Dif dl animals showed Myosin II
only in cells that had built actin bundles at the wound edge and
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Fig. 2. Wounded Toll”~ mutants and Dif d/ double mutants do not build a continuous actin cable. Embryos of stage 15 were stained for F-actin (phalloidin)
and E-cadherin at 2 h after wounding. (A, C, E, and G) are merged images, whereas (B, D, F, and H) show only E-cadherin. Identical settings were used for all
images. Areas for the close-ups are outlined by squares in A, C, E, and G. (A, A", A”, A", and B) In wild type, wound-edge cells are contracting and the wound
is closing. Wound-edge epidermal cells show a continuous actin cable (A’ and A""). E-cadherin (B and A’"’, arrowheads) is excluded from the membranes
facing the wound. (C, C', C"’, C'”, and D) In spz embryos, wound-edge cells are contracting and wound closure is similar to wild type. Wound-edge cells have

a continuous actin cable (C’ and C”). E-cadherin (D and C'’, arrowheads) is not present at the membranes that face the wound. (E, E/, E”, E""’, and F) In Toll™"~

embryos, the actin cable is discontinuous. Epidermal cells that maintain high levels of E-cadherin at the membranes bordering the gap (E'”’, arrow) do not
assemble an actin cable (£’ and E”, arrow). In wound-edge cells where some actin bundles are assembled (£’ and E”, arrowhead), E-cadherin is reduced at the
membranes facing the gap (E'”/, arrowhead). (G, G, G, G'”, and H) In Dif dl embryos, the actin cable is discontinuous. Epidermal cells that maintain high levels
of E-cadherin at the membranes bordering the gap (G'"’, arrows) do not assemble an actin cable (G’ and G”, arrows) at the wound margin. (Scale bars: 10 um.)
Images are the maximum z projections of 11.1- to 22-um stacks (30-55 slices). Close-ups are the maximum z projections of 5.2- to 18.4-um stacks (14-46 slices).

not in cells that lacked bundles. Thus, Myosin II followed closely
the interrupted pattern of F-actin bundles in Dif dl embryos.

We concluded that the building of continuous and contractile
actin cable, the most striking event in wound repair, requires the
Toll/NF-kB pathway.

Dynamic Junctional Remodeling After Wounding Is Impaired in Dif dI/
Mutants. The results showed that the cells bordering the wound
remodel E-cadherin (and their AJs) in the aftermath of epidermal
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injury. Because E-cadherin remained at the wound edge in
Toll”"~ and in Dif dl embryos, we hypothesized that Toll/NF-xB
signaling is involved in the reorganization of E-cadherin in
wound-edge epidermal cells.

To investigate the dynamics of E-cadherin localization at a
cellular resolution after wounding, we performed live imaging of
wound closure in the epidermis. We used an E-cadherin::GFP
(E-cad::GFP) transgene that was expressed under the control
of the ubiquitin promoter (ubi-E-cad::GFP). The fusion protein,
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E-cad::GFP, is fully functional as previously demonstrated (26).
We used a membrane-tethered mCherry Fluorescent Protein
(membrane::mCherry) expressed under the control of the
spaghetti squash promoter to visualize the wound edge (sgh-
Gap43::mCherry) (27).

In wild-type embryos (ubi-E-cad::GFP/+), the epidermal cells
of the wound edge down-regulated E-cad::GFP as early as 5 min
after wounding (Fig. 3 4 and B, arrows and Movie S1). The
changes in E-cad::GFP were fast and slightly asynchronous: All
cells would remove E-cad::GFP from the wound edge membrane

but that occurred seemingly independently in each cell that
bordered the wound. The rapid loss from the wound-edge cells
was followed by the formation of E-cad::GFP foci in the lateral
plane of the wound-edge cells (Fig. 3B, arrowheads). A contin-
uous actin cable formed later and was clearly visible at 15 min
after wounding (Movie S2).

By contrast, cells at the wound edge in Dif dl mutants showed
high levels of E-cad::GFP at 5 min after wounding (Fig. 3 E and
F, arrows). An optical cross section (YZ) through the wound
margin confirmed that the fluorescence dropped in wild-type
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Fig. 3. Remodeling of E-cad::GFP at the wound edge fails in Dif dl mutants. (A-H) Ventral epidermis of embryos at stage 15 expressing E-cad::GFP and
membrane::mCherry. A, B, D-f, and H show E-cad::GFP, whereas C and G show membrane::mCherry. Images are taken with identical settings at 5 min after
wounding of wild type (A-D) and Dif dl (E-H). (B, C, F, and G) are high-magnification images of the wound edge in wild-type and Dif d/ embryos (boxed regions in
A and E). In wild type, wound-edge membranes have low levels of E-cad::GFP (A; B, arrows) compared with cellular junctions at a distance from the wound. In
wound-edge cells, E-cad::GFP is present as apical puncta (B, arrowheads) at contact points between the cells. In Dif dl, all epidermal cells, at the wound edge and
far from the wound, have high levels of E-cadherin (E; F, arrows). Wound-edge membranes are outlined by membrane::mCherry (C and G). Asterisks mark the
wound. (D and H) YZ cross sections of the epidermis (apical side is up). Dashed lines in A and E mark the positions of the cross-sections. The graphs show the
fluorescence intensity profiles of E-cad::GFP in these YZ cross-sections. The wound area is shaded; the wound margin is marked with a red dashed line. Both wild-
type and Dif dI embryos display apical localization of E-cad::GFP (arrowheads in D and H). Wild-type cells have low levels of E-cad::GFP at the wound edge,
whereas Dif dl cells retain high levels of fluorescence. (/) Schematic representation of the wound-edge membranes (green lines) and AJs (blue lines) used for the
measurements and quantification of E-cad::GFP fluorescence shown in J and K. (J) Ratio of E-cad::GFP at wound-edge membranes versus E-cad::GFP at AJs away
from the wound in wild type and in Dif dI. In wild type, this ratio is significantly lower (0.685 + 0.050) than in Dif d/ (1.133 + 0.076), P = 2.7 x 10~> (Mann-Whitney
test). Error bars are SEM. (K) E-cad::GFP fluorescence intensity at the membranes surrounding the wound in wild type and in Dif dl. Compared with wild type, Dif
dl embryos show significantly higher E-cad::GFP fluorescence (P = 9.7 x 107'%, Mann-Whitney test). The value in Dif d/ (15.13 + 1.136) is nearly fourfold higher
than in wild type (3.872 + 0.318). Measurements of 92 wound-edge membranes from 6 wild-type embryos and 91 wound-edge membranes from 5 Dif dl embryos
are plotted. Error bars represent SEM. (L) Wound closure dynamics in wild-type embryo expressing E-cad::GFP. Images are single time points from Movie S1. The
initial wound of 2,795 pmz closes rapidly and at 90 min after wounding (minpw), the remaining gap (outlined with a dashed line) is 15-fold smaller: 198.3 pmz.
(M) Wound closure dynamics in Dif dl embryo expressing E-cad::GFP. Images are single time points from Movie S3. The initial wound of 2,750 ym? remains open
and at 90 min minpw is approximately 2,157.5 pmz, which is only a 1.3-fold reduction in gap size. (Scale bars: A, E, I, L, and M, 20 um; B-D and F-H, 5 pm.)
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wound-edge cells, whereas E-cad::GFP remained high in Dif dl
(Fig. 3 D and H, red dashed lines mark the edge).

We quantified the fluorescence intensity of E-cad::GFP
using the Fiji software for image processing and analysis (28).
We calculated the ratio of measured fluorescence of each in-
dividual wound-edge membrane (Fig. 3/, marked in green) to the
average fluorescence of parallel AJs that do not contact the
wound (Fig. 37, marked in blue), in wild type (» = 92) and in Dif
dl (n = 91). The results (Fig. 3/) showed that in wild type, that
ratio was 0.685 + 0.051, whereas in Dif dl, it was close to 1 (1.133 +
0.076). Thus, Dif dl mutants failed to down-regulate E-cad::GFP at
the wound margin. Similar analysis showed that like Dif dl, Toll ™~
mutants were also inefficient in removing E-cad::GFP from
wound-edge membranes (Fig. S2).

We observed two other important features of E-cad::GFP in
Dif dl mutants. First, the amount of E-cad::GFP was generally
higher in Dif dl mutants both in wound-edge cells and in cells
that were away from the wound (Fig. 3, compare A to E). The
most striking difference in E-cad::GFP fluorescence between
wild-type and Dif dl epidermal cells was at the membranes that
faced the wound directly and that would later assemble the actin
cable (Fig. 3/, marked in green). Wound-edge membranes in Dif
dl (n = 91) displayed robust E-cad::GFP fluorescence that was
nearly fourfold the intensity seen in wild type (n = 92) (Fig. 3K,
P =9.7x 107"). Second, wounds in Dif dI showed asymmetry in
E-cad::GFP distribution: One side of the wound had stable
E-cad::GFP at the wound margin, whereas E-cad::GFP was
down-regulated on the opposite side of the wound (Fig. 3E). At 5
min after wounding, 63.3% of the imaged Dif dl embryos (n = 30)
displayed asymmetric E-cad::GFP, whereas only 7.7% of the
control embryos (n = 13) showed this pattern. The apparent
asymmetry could result from a partial remodeling of E-cad::GFP
in a subset of the wound-edge cells.

Time-lapse imaging until completion of wound closure con-
firmed that epidermal cells in control embryos (n = 5) came
together in a symmetric fashion (Fig. 3L). At 90 min after ab-
lation, wounds that initially measured approximately 2,800 pm?
were in the final stages of closure, shrinking approximately 15-
fold in size (Fig. 3L and Movie S1). Remarkably, wounds in 57%
of Dif dl embryos (n = 7) maintained asymmetries for the
duration of the imaging. At 90 min after ablation, wounds of
approximately 2,800 pm? remained open, showing a minimal
reduction in size of approximately 1.3-fold (Fig. 3M and
Movie S3).

Thus, Toll/NF-xB signaling guides rapid junctional remodeling
and uniform movement of epidermal cells immediately after injury.

Dif and dI Regulate the Turnover of E-Cadherin in Drosophila Epidermis.
Although properly localized, both the endogenous E-cadherin and
E-cad::GFP were accumulated to a higher level in both wounded
(Fig. 2 compare F and H to B; Fig. 3 compare 4 to E) and un-
wounded Dif dl and Toll”'~ epidermal cells (Figs. S3 and S4).
Western blot analysis of Dif dl unwounded embryos showed
approximately 1.7-fold increase in the amount of E-cad compared
with controls (Fig. S5).

These observations led to the hypothesis that Toll/NF-kB ac-
tivities promote E-cadherin turnover in normal, unwounded
tissue. If this idea were to be true, then mutants lacking NF-xB
activity would accumulate more E-cadherin at the junctions be-
cause of inefficient, slow turnover. This defect would be of
greater consequence right after wounding when the AJs need to
undergo rapid remodeling so that the epidermal cells could
proceed with the assembly of actin cable, contraction of the ca-
ble, and sealing of the gap.

To test this hypothesis, we used fluorescence recovery after pho-
tobleaching (FRAP) of E-cad::GFP to determine the stable fraction
present at cell junctions in unwounded epidermis in wild-type (ubi-E-
cad::GFP/+) and in Dif dl (Dif dl ubi-E-cad::GFP/Dif dl +) mutants.

Carvalho et al.

We performed FRAP in the ventral epidermis of embryos at
stages 15 and 16. In wild-type embryos, recovery of E-cad::GFP
fluorescence was seen as soon as 1 min after bleaching and a very
clear signal reappeared at 2 min after bleaching (Fig. 44 and
Movie S4). At 13 min after bleaching (Fig. 44, Upper), the
fluorescence recovery began to reach a plateau (Fig. 4B) as
reported in an earlier study (29). At that point, approximately
85% of the GFP fluorescence was recovered at the cell mem-
brane, indicating that 15% of E-cad:GFP molecules were in
a stable fraction (Fig. 4B). Imaging ended at 15 min because our
studies pointed to the importance of E-cad::GFP behavior im-
mediately after injury.

By contrast, recovery of E-cad::GFP at bleached cellular
interfaces was greatly reduced in Dif dl ubi-E-cad::GFP epider-
mal cells. Although some embryos recovered partial fluorescence
at the bleached membrane, we saw no recovery in 31.3% (n = 16)
of the embryos (Fig. 44, Lower and Movie S5). In Dif dl, the
stable fraction of E-cad::GFP increased to approximately 60%
(Fig. 4C). Thus, E-cad::GFP in the epidermis of Dif dl embryos
was significantly less mobile compared with the pool of E-cad::
GFP in wild-type animals (P = 0.0005).
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Fig. 4. E-cad:GFP displays slow rate of FRAP in Dif dl mutants. Cellular
interfaces (arrows) in the ventral and ventral-lateral epidermis of embryos at
stage 15-16 expressing E-cad::GFP were photobleached. Images were acquired
with identical settings. (A, Upper) Time-series images of E-cad::GFP in wild-type
embryos (ubi-E-cad::GFP/+). E-cad::GFP recovers rapidly, showing up at the
bleached membrane within 2 min after bleaching and reaching approximately
85% recovery at 13 min. (Scale bar: 5 um.) (A, Lower) Time-series images of
E-cad::GFP in Dif dI embryos (Dif dI ubi-E-cad::GFPI/Dif dI +). No recovery of
E-cad::GFP at the cell membrane was seen in 31.3% of the embryos (n = 16).
(Scale bars: 5 pm.) (B) Average fluorescence-recovery kinetics of E-cad::GFP in
wild-type embryos (n = 16). (C) Average fluorescence-recovery kinetics of
E-cad::GFP in Dif dl embryos (n = 16). E-cad::GFP recovery is impaired in Dif dI
cells: At 13 min after bleaching, only approximately 40% of the fusion protein
is present at the bleached cellular interface. Error bars represent SD in B and C.
The recovery curves are significantly different, P = 0.0005 (Student’s t test).
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The results suggested that the NF-kB proteins normally pro-
mote E-cadherin turnover at the AJs and that a loss of activity
increases both the amount and the stable fraction of E-cadherin
at the junctions. We argue that Toll/NF-xB pathway has this
function both in healthy and in wounded embryos.

Dorsal Is Activated in Epidermal Cells on Wounding. Because we ob-
served that Toll/NF-«xB signaling is required for epidermal wound
closure, we tested whether Dorsal moved from the cytoplasm to
the nucleus in response to wounding. Nuclear translocation of
NF-B indicates that the transcription factor is active (30). We
used a dI::GFP transgenic line (31) that expresses the fusion
protein under the control of the endogenous d/ promoter. This
chimeric protein rescues the lethality and the wound-repair phe-
notype of Dif dl mutants (Tables S1 and S2) and is therefore
functional.

Using live imaging, we followed Dorsal::GFP in Dif dl embryos
(which expressed no endogenous Dorsal). Unwounded late-stage
embryos showed a predominantly cytoplasmic distribution of
Dorsal::GFP in all epidermal cells (Fig. 54). Nuclei displayed very
low fluorescence (Fig. 54, arrows). At 5 min after wounding,
Dorsal::GFP showed a more uniform distribution between the
cytoplasm and the nuclei around the wound (Fig. 5B) with
fluorescence already visible in some nuclei around the wound (Fig.
5B’, arrowhead). By 60 min (Fig. 5 C and C’), the protein was seen
exclusively in the nuclei in several rows of cells around the wound.
The fluorescence appeared graded: Nuclei close to the wound
margin were very bright (Fig. 5C’, arrowheads), whereas nuclei at a
distance were less bright or lacked fluorescence (Fig. SC’, arrows).

We also correlated the nuclear entry of Dorsal:: GFP with the
levels of E-cad::GFP in individual epidermal cells in wounded
embryos (n = 8), simultaneously visualizing E-cad::GFP and
Dorsal::GFP in wild-type embryos (which expressed endogenous
Dorsal). At 5 min after wounding, E-cad::GFP was down-
regulated at the wound edge (Fig. 5D and Movie S6), but we did
not observe changes in Dorsal::GFP. Strong nuclear fluorescence
appeared at approximately 195 min after wounding when the epi-
dermal cells had come together, suggesting that the chimera might
be less efficient in translocation in the presence of the endog-
enous Dorsal. Dorsal::GFP was nuclear in approximately seven
to eight rows of cells around the wound (Fig. 5SE, arrowheads and
Movie S6). Cells with nuclear Dorsal had low E-cad::GFP (Fig. 5E,
arrowheads), whereas cells in which Dorsal was not nuclear had
bright E-cad::GFP membrane fluorescence (Fig. SE, arrows). Thus,
injury triggered activation of Dorsal in epidermal cells near the
wound; the cells with active Dorsal down-regulated E-cad::GFP.

Dif and Dorsal Repress E-cadherin Transcription at the Wound Site.
Decrease of E-cadherin in wound-edge cells occurred immedi-
ately after injury and was maintained for the duration of the
wound closure. To test whether this decrease represented a
change in the transcriptional status of shotgun, the gene encoding
E-cadherin, we examined the response of a reporter, shg-lacZ,
which has been used to monitor shotgun transcription in the wing
imaginal disk (32).

Immunostaining with -galactosidase (p-Gal) antibody of wild-
type embryos (shg-lacZ/+) demonstrated that shotgun is tran-
scribed in the nuclei of all epidermal cells. At 30 min after
wounding, we did not see changes in the nuclear p-Gal around
the wound. However, at 1 h after wounding, the nuclear p-Gal
fluorescence was greatly diminished in the epidermal cells bor-
dering the wound (Fig. 6 4, B, D, and D’, asterisks) but not in the
nuclei of the cells away from the wound (Fig. 6 E and F; YZ
positions are shown in Fig. 6C). In this embryo, only a few cells at
the wound margin, which was clearly marked by the actin cable
(Fig. 64), retained very high nuclear p-Gal (Fig. 6B, arrow). We
quantified this apparent difference in shotgun transcription by
counting the number of nuclei with decreased p-Gal fluorescence
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Fig. 5. Dorsal::GFP undergoes nuclear translocation in epidermal cells on
wounding. (A-C') Dorsal::GFP distribution in epidermal cells before and after
wounding. Dorsal::GFP is expressed in Dif dl mutant background. Dashed line
outlines the wound. Minpw, minutes post wounding. (4) In unwounded em-
bryos, Dorsal::GFP is predominantly cytoplasmic. (B) At 5 minpw, Dorsal::GFP
begins to change distribution between cytoplasm and the nuclei. Some cells
have less nuclear fluorescence (B’ arrow), whereas in others, the fluorescence
is equally distributed between the cytoplasm and the nucleus (B’ arrow-
head). (C and C’) At 60 minpw, Dorsal::GFP is exclusively in the nuclei of
wound-edge epidermal cells and in several cell rows away from the wound. The
activation is graded: arrowheads in C' show nuclei near the wound with high
accumulation of Dorsal::GFP, whereas arrows in C’ point to nuclei that are away
from the wound and still have very little Dorsal::GFP. Nuclei that are three to six
rows away from the wound display intermediate accumulation of Dorsal::GFP.
Asterisks within the wound mark activated Dorsal::GFP in hemocytes. (D and E)
Maximum z projections of time-lapse images showing the subcellular localiza-
tion of Dorsal::GFP and E-cad::GFP in wounded wild-type epidermis. Asterisks
mark the wound. Dorsal::GFP and E-cad::GFP are expressed simultaneously in
wild-type background. (D) Immediately after wounding, E-cad::GFP decreases at
the wound edge; Dorsal::GFP is not observed in the nuclei of epidermal cells.
Cytoplasmic Dorsal::GFP is at a more basal level than the apical E-cad::GFP. (E)
At 195 min after wounding, Dorsal::GFP has accumulated prominently in several
rows of epidermal nuclei around the wound (E arrowheads); E-cad::GFP is de-
creased in these cells. By contrast, cells that do not show nuclear accumulation
of Dorsal::GFP (E arrows) have high E-cad::GFP fluorescence. (Scale bars: 10 um
except B/, 5 pm.)

around the wound. Counts in five embryos demonstrated that
in wild type, 55.4 + 22.2% of all nuclei in wound-margin cells
(n =100) had turned down p-Gal at 1 h after wounding (Fig. 6M).
This repression was transient and, at 2 h after wounding, the
nuclei in wound-edge cells recovered p-Gal fluorescence.

To test whether NF-kB signaling regulates shotgun tran-
scription, we examined the expression of the shg-lacZ reporter
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Fig. 6. Dif and Dorsal are negative regulators of shotgun transcription. (A-L) Ventral epidermis of embryos at stage 15 at 1 h after wounding showing F-actin
(phalloidin) in red, p-Gal in green, and DNA (DAPI) in blue. p-Gal stains nuclei with active shotgun transcription because all embryos are heterozygous for
PflacW}shg“®34°! Images are the maximum intensity z projections of wild-type (A, B, C, D, and D’) and Dif dl embryos (G-J') and represent 7.5- to 13-pm stacks
(15-26 slices). D, D', J, and J' represent close-ups of the boxed areas in C and /, respectively. Identical settings were used for all images. In wild type, a con-
tinuous actin cable outlines the smooth wound margin (A). In Dif dl, the wound edge is irregular and the actin cable is discontinuous (G), with regions
showing some actin bundles (arrowheads) and regions showing no actin bundles (arrow). In wild type, the nuclear p-Gal in wound-edge cells is greatly
decreased compared with nuclei away from the wound (B-D’). In Dif dI, many nuclei at the wound margin maintain high g-Gal expression (H-J'). Nuclei with
high levels of B-Gal belong to cells where the actin cable is missing (arrow in G and H). Dashed lines in B, H, J, and J’ outline the wound edge. (E, F, K, and L) YZ
slices of the regions shown by vertical lines in C and /. Triangles mark the wound edge/actin cable and asterisks mark the epidermal nuclei. The wound is to the
left. In wild type, nuclei at the wound edge have a decreased p-Gal compared with nuclei away from the edge (E and F). In Dif dl, p-Gal fluorescence is similar
in edge and nonedge nuclei where the actin cable is missing (L), but down-regulated in wound-edge nuclei where some actin cable is present (K). (M) Percentage
of cells at the wound edge with decreased nuclear p-Gal at 1 h after injury. In wild type, 55.4 + 22.2% of the wound-edge cells have decreased nuclear p-Gal,
whereas in Dif dl, 12.7 + 12.3% of the wound-edge cells show p-Gal down-regulation; P = 0.0055 (Student’s t test). Error bars are SD. Five wild-type and five Dif dl
embryos were quantified. All wound-edge nuclei were measured as follows: 100 wild-type and 83 Dif dl. (Scale bars: A-D" and G-/, 10 pm; E, F, K, and L, 5 pm.)
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in Dif dl embryos at 1 h after wounding, a time point when
Dorsal was fully translocated to the nuclei of the wound-edge
cells (Fig. 5C). As described, the mutant embryos did not have
a continuous actin cable; only a few cells showed subtle bun-
dles of F-actin at the wound margin (Fig. 6G, arrowheads).
The cells that deposited some actin bundles had lower $-Gal in
wound-edge nuclei because of decreased transcription of
shg-lacZ (Fig. 6K; YZ position shown in Fig. 6/). The cells
without an apparent actin cable at the margin (Fig. 6G, arrow)
had high nuclear p-Gal fluorescence (Fig. 6 H, J, and J’; cross-sec-
tion in Fig. 6L; YZ position shown in Fig. 6/). Counts in five em-
bryos showed that only 12.7 + 12.3% of all Dif dl epidermal nuclei
bordering the wound (n = 83) had turned down p-Gal, indicating
that the majority of the wound-edge cells did not repress the shg-
lacZ reporter (Fig. 6M). The difference between wild type and Dif dl
in regard to the number of nuclei with down-regulated p-Gal was
significant (P = 0.0055). Therefore, Dif and Dorsal repress
shotgun transcription in epidermal cells after wounding. In Dif
dl, the cells that failed to turn down shotgun transcription also
failed to assemble actin bundles at the wound margin, whereas
the cells that had reduced shotgun mRNA production assembled
actin bundles at the wound margin.

Quantification of shotgun mRNA in intact, unwounded Dif dl
and in control embryos showed that under stress-free conditions,
NF-xB proteins do not repress shotgun (Fig. S6). Intact embryos
also have very little nuclear Dorsal::GFP (Fig. 54). However, on
wounding, Dorsal::GFP becomes exclusively nuclear around the
gap (Fig. 5C) and the shg-lacZ reporter is repressed (Fig. 6 A-F).
Thus, only after strong activation, as in the case of injury, NF-xB
transcription factors repress shotgun in epidermal cells.

Discussion

This study describes an essential requirement for the Drosophila
Toll/NF-kB pathway in epithelial wound repair. It has been long
suspected that failure in epidermal repair would lead both to
disruption of the epithelial barrier and to infection, and indeed,
Dif dl larvae show epidermal gaps and die because of opportu-
nistic infection (8). The experiments revealed that after injury,
the Toll/NF-kB activities in the epidermis control the remodeling
and the expression levels of E-cadherin, a crucial component of
the AJs; reorganization of the Als, in turn, is tightly linked to the
placement of a thick supramolecular actomyosin cable at the
wound margin. It is through these activities that the pathway exe-
cutes its effect on epidermal repair.

Wound Repair Features Two Levels of E-Cadherin Regulation, both
Controlled by the Toll/NF-kB Pathway. E-cadherin is down-regupt-
lated in response to wounding, and this regulation occurs in two
sequential, mechanistically distinct, phases. First, the protein is
down-regulated at the wound margin within minutes after tissue
ablation. We argue that this immediate down-regulation occurs at
a posttranscriptional level. The following observations support this
conclusion: (i) The decrease in E-cadherin levels is extremely rapid;
(ii) down-regulation is seen in embryos that express E-cad::GFP
under the control of a heterologous (ubiquitin) promoter; and (iii)
decreased shotgun transcription is only evident 1 h after wounding.

We propose that the immediate down-regulation of E-cadherin
depends on rapid protein turnover, because E-cadherin turnover
has emerged as the primary process governing the steady
remodeling of AJs (33). In highly polarized cells, E-cadherin has
a half-residence time of only a few minutes at the junction (34)
and shuttles continuously between the plasma membrane and the
recycling endosomes. The recycling step is controlled in cells that
undergo active morphological changes (33). E-cadherin is mobile in
the polarized epidermal cells of Drosophila late embryos as our
FRAP experiments have shown and undergoes rapid reor-
ganization after epidermal injury. Thus, regulation of E-cadherin
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trafficking could be important not only for epithelial morpho-
genesis in Drosophila (35) but also for epithelial wound closure.

The second mode of E-cadherin down-regulation is seen at
approximately 1 h after wounding and is transcriptional. In cells
bordering the wound, the transcription of shotgun decreases; this
transcriptional repression likely contributes to the sustained
down-regulation of E-cadherin around the wound.

Our results show that the Toll/NF-«B pathway controls both
modes of E-cadherin regulation at the wound edge. We envision
two separate NF-kB activities that converge on E-cadherin ex-
pression to ensure continuous down-regulation of E-cadherin. In
contrast to wild-type embryos, E-cadherin remains at the plasma
membrane in wound-edge cells in Toll”~ and Dif dl embryos.
Therefore, NF-xB activity is required for the early, post-
transcriptional down-regulation of E-cadherin. Molecules that
control the rate of E-cadherin trafficking directly or regulate
F-actin dynamics, which is intertwined with E-cadherin function
(36), could be the transcriptional targets of the Toll/NF-kB
pathway. These molecules stimulate E-cadherin turnover both in
unwounded and wounded state, but their absence is more ap-
parent in injured embryos where rapid remodeling of the AJs is
pivotal for wound closure.

The Toll/NF-xB pathway also controls the second mode of
E-cadherin regulation, transcriptional down-regulation. Although
expression of shotgun decreases around the wound in wild-type
embryos, shotgun continues to be expressed at the wound edge in
Dif dl mutants. Nuclear translocation of Dorsal precedes the tran-
scriptional repression of E-cadherin and occurs simultaneously with
the initial, fast down-regulation of E-cadherin at the wound edge.
Like other NF-kB proteins, Dorsal can either be a transcriptional
activator or a repressor (37); however, whether shotgun is the
direct target of Dif and Dorsal remains to be investigated.

Although the lack of E-cadherin at the wound edge was
reported (25), its significance was not obvious. Our analysis of
Toll”~ and NF-xB mutants provides clear evidence that the
dynamics of E-cadherin at the wound edge is regulated and
important. We propose that E-cadherin remodeling is linked to
actin-bundle assembly and that only the epidermal cells that ef-
ficiently turn down E-cadherin are able to place a bundle of actin
filaments at the wound edge. Removal of cell adhesion complexes
could provide an open space at the wound-edge membrane for
actin nucleation, polymerization and immediate subcortical
placement of filaments. This distinct domain for contractile
F-actin is a direct result of Toll-mediated activities.

The Toll/NF-xB Pathway as a Stress Response System in the Drosophila
Epidermis. As the outermost layer of the animal body, the epidermis
is in immediate contact with the environment. The epidermal cells
survey the surroundings and respond swiftly to abrupt changes. The
Toll receptor senses acute stress such as a breach in the epidermis
and the NF-xB transcription factor Dorsal is activated. Together
with Dif, Dorsal mounts an immediate response that results in gap
closure. We propose that the Toll/NF-kB module monitors cellular
stress continuously and acts as a first responder in the epidermis at
all times. The pathway fulfills this function at least in part through
its ability to control the junctional complexes in epidermal cells.

Acute stress, including injury, would trigger a response that
would consume the available stress-response molecules, which
must be replenished. Therefore, a burst of NF-kB—dependent
gene expression would follow an event of intense cellular stress.
This burst of NF-xB activity will restore the diminished stress-
response molecules; it could also result in NF-kB transcriptional
activation of new, repair-specific genes or a temporary tran-
scriptional repression of other genes.

The Toll/NF-kB pathway responds to another type of intense
stress caused by microbial infection, and both Drosophila larvae
and adults rely on the pathway for immune protection (7, 8, 38,
39). If the aim of immune defense is microbial clearance, then
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the animal likely employs a different set of NF-kB targets than
the ones used in wound closure. Nevertheless, certain cellular
mechanisms could be conserved. For example, macrophages in
Dif dl larvae fail to phagocytose microbes (8). Defects in F-actin
dynamics and in vesicle trafficking because of missing NF-kB
targets could be responsible for the defective phagocytosis.

In mammals, Toll-like receptors (TLRs) are pattern-recognition
receptors that recognize directly molecules shared by pathogens.
However, TLRs can also bind to host molecules including self
DNA, products of the extracellular matrix, and heat-shock pro-
teins, which are released during injury and are considered damage-
associated molecular patterns (40). A number of TLRs, NF-xB
proteins, and IkB family members are expressed in the mammalian
epidermis and are essential for epidermal homeostasis (30, 41), but
studies on epidermal resealing in mutant mouse lines are lacking.

Following injury, the Drosophila Toll is not activated
by Spétzle, the ligand that triggers the maternal cascade. This
finding opens the possibility that like in mammals, the Toll re-
ceptor can recognize directly damage-associated molecular pat-
terns generated during injury and that this recognition would
activate the downstream cascade in epidermal cells.

The ability to sense, respond, and adapt to the ever-changing
environment is a fundamental quality of life and a remarkably
similar molecular pathway that detects aberrations in the envi-
ronment and provides an inducible regulation of gene expression
is in place both in Drosophila and in higher vertebrates.

Materials and Methods

Drosophila Stocks and Genetics. Single mutants were of the genotypes:
TolP?RE[Toll" *XA and spz™Ispz"®” (42, 43). Dif dI mutants were of the ge-
notype Df(2L)J4/Df(2L)TW119 (8). In all cases, transallelic combinations were
used to avoid effects from second site mutations. The shotgun allele was
PflacW}shg“®34°" (44). All alleles were crossed to balancer stocks that express
GFP under the control of the twist promoter (45). Mutant embryos were
identified by the absence of GFP fluorescence.

Second-chromosome insertions of ubi-E-cad::GFP (26), sqh-Gap43::
mCherry (27), sqh-sqh::GFP (46), and P{lacW}shg“®3*°" were recombined onto
a Dif dI chromosome; third chromosome insertion of sqh-Gap43::mCherry
was recombined onto a Tol?®REchromosome. UAS-CherryFP::Moesin under
the control of e22C-Gal4 (47) was used to visualize F-actin in Movie S2.

In rescue experiments, the d/::GFP transgene was crossed into a Dif dl
mutant background. Survival to adulthood in percents was determined by
comparing the number of Dif dl mutants that carried dl::GFP to the number
of Dif dl/++ heterozygous siblings from the same cross (defined as 100%).

Wounding Assay. Embryos were collected from laying pots kept at 25 °C
overnight, dechorionated in 50% bleach and rinsed extensively with water.
Because mutants were balanced with GFP-expressing balancer chromo-
somes, non-GFP embryos of stages 15 and 16 were selected under UV light.
Embryos were staged as described (48). Mutant embryos were aligned on
a slide that already had a piece of double-sided tape affixed to it. The em-
bryos were then covered with halocarbon oil 700 (Sigma) and a coverslip, and
wounded by using a nitrogen laser-pumped dye laser (Micropoint Photonic
Instruments) connected to an Andor Revolution Spinning Disk Confocal
Microscope (Andor Technology). After wounding, the coverslip was removed
carefully and the embryos were left to recover in a humid chamber at 20 °C.
The wounded embryos were scored under a dissecting microscope for
wound closure 16 h later. Percentage of wound closure was calculated as the
ratio of nearly hatching embryos with unclosed wounds over the total
number of wounded embryos (dead animals were excluded).

Immunohistochemistry. Embryos of early stage 15 were wounded and placed
in a humid chamber to recover. Wounded embryos were transferred to a glass
vial containing a mix of 1:1 heptane and 8% (vol/vol) formaldehyde in PBS
[or 4% (wt/vol) freshly made paraformaldehyde] and fixed for 40 min.
Embryos were removed from the fixative, manually devitellinized, and in-
cubated for 4 h in a blocking solution (1% BSA in PBSTT, which is 0.1% Triton
X-100 and 0.1% Tween-20 in PBS) and then overnight with the primary
antibody. The primary antibodies and probes used were the following: 1:50
rat E-cadherin (Developmental Studies Hybridoma Bank), 1:2,500 rabbit p-Gal
(Cappel), 1:500 mouse GFP (Invitrogen), 1:200 phalloidin (Invitrogen), and
1 pg/mL DAPI (Sigma). Following incubation, embryos were rinsed and
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washed for 1 h in PBSTT, incubated for 2 h with secondary antibodies con-
jugated to Alexa-488 or Alexa-568 (Invitrogen), washed in PBSTT, and
mounted in 80% (vol/vol) glycerol, 2% (wt/vol) DABCO (Sigma). Imaging was
performed on a Zeiss LSM 710 Confocal Microscope with a Zeiss 63x Plan
Apochromat N.A. 1.4 objective.

Live Imaging. Dechorionated embryos were mounted on glass-bottom culture
dishes (MatTek) and covered with halocarbon oil 27 (Sigma). Time-lapse
microscopy of E-cad::GFP and Dorsal::GFP was performed in embryos at 25 °C
on the Andor Revolution Spinning Disk Confocal Microscope (Andor) with
a Nikon 60x Plan Apo VC PFS N.A. 1.4 objective. Individual z slices with a step
size of 0.4 um were taken every 5 min for 180-200 min.

For live imaging of E-cad::GFP and membrane::mCherry upon wounding,
embryos were imaged 5 min after laser ablation on a Zeiss LSM 710 Confocal
Microscope with a Zeiss 63x Plan Apochromat N.A. 1.4 objective. Individual z
slices with a step size of 0.4 um were processed with Fiji.

Quantification of E-cad::GFP Fluorescence. Maximum projections of stacks of
28-34 confocal z slices (11-13 pm) captured 5 min after laser ablation of
embryos expressing ubi-E-cad::GFP were used. Control and Dif dl embryos
were imaged with identical settings. Nonspecific fluorescence originating
from the vitelline membrane was eliminated by using a custom MATLAB
script. Fluorescence levels of E-cad::GFP were measured with Fiji. Analysis of
the membrane:mCherry channel confirmed the wound edge. Fluorescence
measurements were done of all wound-edge cell membranes (10-23 per
embryo) and in parallel AJs at least six rows away from the wound margin
(5-38 junctions per embryo). Background fluorescence was subtracted from
the measured values. Measurements of 92 wound-edge membranes in
six wild-type embryos and 91 wound-edge membranes in five Dif dI were
analyzed for the graphs shown in Fig. 3 J and K. Mann-Whitney test was
applied when evaluating statistical significance.

To obtain fluorescence intensity ratios (Fig. 3J), the average fluorescence
of AJs that were away from the wound but parallel to the wound margin
was calculated for each embryo; the fluorescence value for each wound-
edge membrane was then divided by this average value of distant AJs for
each embryo. For the quantifications shown in Fig. 3K, average fluorescence
intensity was measured at the wound margin in wild type and in Dif dl.

Quantification in Toll”’~ was done in a similar way (Fig. S2). Results rep-
resent measurements of 68 junctions in five wild-type embryos and 99
junctions in six Toll~ embryos.

Quantification of shotgun-lacZ Expression. Analysis of shg-lacZ expression was
performed on heterozygous embryos (shg“®*4°'/+) at 1 h after wounding.
Fixed and stained embryos in which the actin cable was formed but con-
traction had not begun were chosen for quantification. Nuclear p-Gal fluo-
rescence was measured in five wild-type and five Dif dl embryos; the
measurements reflect the analysis of 100 wound-edge nuclei in total in wild
type and 83 wound-edge nuclei in Dif dl. Student’s t test was used to test for
significant differences between genotypes.

In quantifications, cell nuclei were selected based on the DAPI staining,
and the mean fluorescence intensity of -Gal was measured with Fiji. Values
of wound-edge nuclei were normalized by dividing the fluorescence mea-
surement obtained for each nucleus by the average fluorescence value of
four nuclei located six rows away from the wound. Fluorescence in wound-
edge nuclei was considered down-regulated when its value was below a set
threshold: the arithmetic mean of p-Gal fluorescence measurements of 100
wild-type wound-edge nuclei.

FRAP Analysis. Embryos were aged at 25 °C, dechorionated in 50% bleach,
rinsed with water, mounted on glass-bottom chambers (MatTek), and cov-
ered with halocarbon oil 700 (Sigma). FRAP experiments were done on
a Zeiss LSM 510 META laser-scanning confocal microscope using a Plan
Apochromat 63x/N.A. 1.4 objective. A region of interest (ROI) defined close
to the cell membrane was photobleached and monitored for fluorescence
recovery over time. A set of 15 images was acquired at an interval of 1 min.
Fluorescence recovery was analyzed by measuring the mean gray value
within the ROI using Fiji. The ROl was adjusted in each individual image
manually to correct for slight movements in the epidermis. To create the
fluorescence recovery curve, the background-corrected fluorescence in-
tensities were transformed into a 0-1 scale.

Western Blot Analysis and Quantitative PCR. A description is provided in the S/
Materials and Methods.
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