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SUMMARY

Integrins are critical for barrier epithelial architec-
ture. Integrin loss in vertebrate skin leads to blis-
tering and wound healing defects. However, how
integrins and associated proteins maintain the regu-
lar morphology of epithelia is not well understood.
We found that targeted knockdown of the integrin
focal adhesion (FA) complex components B-integrin,
PINCH, and integrin-linked kinase (ILK) caused for-
mation of multinucleate epidermal cells within the
Drosophila larval epidermis. This phenotype was
specific to the integrin FA complex and not due to
secondary effects on polarity or junctional struc-
tures. The multinucleate cells resembled the syncy-
tia caused by physical wounding. Live imaging of
wound-induced syncytium formation in the pupal
epidermis suggested direct membrane breakdown
leading to cell-cell fusion and consequent mixing
of cytoplasmic contents. Activation of Jun N-ter-
minal kinase (JNK) signaling, which occurs upon
wounding, also correlated with syncytium formation
induced by PINCH knockdown. Further, ectopic JNK
activation directly caused epidermal syncytium for-
mation. No mode of syncytium formation, including
that induced by wounding, genetic loss of FA
proteins, or local JNK hyperactivation, involved mis-
regulation of mitosis or apoptosis. Finally, the mech-
anism of epidermal syncytium formation following
JNK hyperactivation and wounding appeared to be
direct disassembly of FA complexes. In conclusion,
the loss-of-function phenotype of integrin FA com-
ponents in the larval epidermis resembles a wound.
Integrin FA loss in mouse and human skin also
causes a wound-like appearance. Our results reveal
a novel and unexpected role for proper integrin-
based adhesion in suppressing larval epidermal
cell-cell fusion—a role that may be conserved in
other epithelia.
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INTRODUCTION

Highly conserved integrin adhesion components regulate tissue
morphology via cell/matrix adhesion signaling [1] and mecha-
notransduction [2]. Lack of integrin a6p4 in mice causes skin
blistering reminiscent of epidermolysis bullosa [3, 4] where
hemidesmosome failure leads to mechanical skin disruption.
Drosophila embryos mutant for B-integrin (myospheroid), integ-
rin-linked kinase (ILK), or the LIM-domain containing focal
adhesion (FA) adaptor PINCH (steamer duck), exhibit defective
skeletal muscle cell attachment to tendon cells [5-7]. Mutant
clones of FA complex genes in the wing epithelium cause
blistering from defective adhesion between two apposed
epithelia [5, 7, 8]. In the embryonic epidermis, myospheroid is
required for proper dorsal closure (DC) [9], a wound-healing-
like morphogenetic movement. Whether FA components play
a role in maintenance of barrier epidermal morphology is not
known.

Polarized epithelial cells, like the barrier epidermal monolayer
in Drosophila larvae [10], are usually mononuclear and tightly
adherent. After DC is completed, larval epidermal cells secrete
apical cuticle [11] to accompany the basal lamina assembled
during embryogenesis [12]. In the epidermal plane, these endo-
reduplicated cells [13] pack into a highly regular sheet [10]. If
wounded, they change shape to traverse the wound gap and
phagocytose debris [10, 14]. Indeed, following wounding some
larval and adult epidermal cells even form syncytia centered at
the wound [10, 15]. Although their role in healing is not clear,
these syncytia can contain over a dozen nuclei.

Formation of multinucleate cells occurs within certain epi-
thelia. In the placental syncytial trophoblast layer [16], the
vertebrate lens epithelium [17] and the C. elegans hypodermis
[18] fusion presumably confers functional advantages. Even
the adult Drosophila epidermis undergoes an age-dependent
multinucleation whose functional significance is unclear [19].
Our molecular understanding of epithelial cell-cell fusion comes
from C. elegans [18] where fusion is developmentally pro-
grammed. Here, fusogenic genes whose loss of function sup-
presses fusion [20, 21] and whose ectopic expression induces
fusion [21, 22] have been identified. By contrast, negative
regulation of fusion is less well understood. A C. elegans vacu-
olar ATPase (vATPase) suppresses developmental syncytium
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formation [23]. Physiologically induced epithelial cell-cell fusion,
and its regulation, has not been studied in any context.

Jun N-terminal Kinase (JNK) signaling can respond to cell
stresses via cell death, cell proliferation, and/or morphogenetic
changes/migration. In the Drosophila embryonic epidermis
JNK signaling is required for DC [24, 25], where it controls both
actin dynamics and integrin expression [26]. In the larval
epidermis, JNK signaling is dispensable for normal morphology
although it is required for wound closure [10]. During wound
healing, JNK regulates epidermal dedifferentiation [27] and
expression of actin regulators [28]. Connections between integ-
rin expression/function and JNK signaling in unwounded larval
epidermis have not been examined.

We demonstrate here a role for the integrin FA complex in
suppressing epithelial syncytium formation. Knockdown of the
FA adaptor PINCH in the larval epidermis resulted in multinu-
cleate epidermal cells even without physical wounding. Tempo-
ral and local knockdowns showed that B-integrin and ILK share
this fusion-suppression property. We connected the syncytia
observed upon wounding or genetic loss of FA components to
the local JNK hyperactivation that occurred following either
event. This hyperactivation could in turn disassemble FA com-
plexes and drive syncytium formation, independently of effects
on mitosis or apoptosis. Our results suggest that epithelial cells
that do not normally fuse during homeostasis have fusion-sup-
pressive mechanisms. Last, our results suggest that one of these
mechanisms monitors proper integrin-based adhesion between
neighboring epidermal cells.

RESULTS

PINCH Knockdown Leads to Syncytium Formation in the
Larval Epidermis
To identify genes important for epithelial organization, we
knocked down proteins expressed in the larval epidermis using
RNAI transgenes. Several were FA proteins hypothesized as
important for normal tissue architecture. B-integrin, ILK, and
PINCH all localized to larval epidermal cell membranes (Figures
S1A-S1C). Embryonic epidermal B-integrin or ILK knockdown
was lethal. However, larval-specific epidermal knockdown led
to undetectable protein (Figures S1D and S1E) leaving Fasciclin
lllunaffected (Figures S1G and S1H). PINCH knockdown at either
stage was complete (Figure S1F; data not shown), but only early
PINCH knockdown caused the sporadic appearance of large
oddly shaped cells (Figure S1l). None of the FA knockdowns
effectively blocked wound closure (Figure S1J) compared to
other genes [14, 27, 28]. Also, none of the knockdowns affected
attachment of the underlying basal lamina (Figures S1K-S12).
Were the large cells present upon PINCH knockdown multinu-
cleate? In controls, occasional binucleate epidermal cells were
seen near the square-shaped tendon cells that attach body-
wall muscles at segmental borders (Figures 1A and 1C). All other
cells were mononucleate (Figure 1A). By contrast, PINCH knock-
down resulted in oddly shaped cells containing up to 20 nuclei
whose presence was biased toward but not solely restricted to
segmental borders (Figures 1B and 1E). Quantitation revealed
that the syncytia per segment nearly doubled (Figure 1F) and
that large syncytia (see Experimental Procedures) were never
present in controls but always present upon PINCH knockdown

(Figure 1G). Thus, PINCH knockdown increases syncytia and
nuclei per syncytium.

PINCH knockdown larvae also lost clear segmental borders
(Figure 1B) and had detached muscle fibers apparently from
misaligned tendon cells (Figure 1D; compare to control in Figure
1C). In controls, each segmental border was defined by a row of
tendon cells [29] whose nuclei were not labeled by an epidermal-
specific marker (Figure 1A). PINCH™NA_expressing larvae lacked
such clearly defined rows (Figure 1B), which likely accounted
for muscle fiber release from the muscle attachment site (MAS)
(Figure 1D) and their locomotion defects (Movie S1). These
tendon cell/muscle defects and the spatial bias of syncytia for
segmental boundaries suggest that these tissues contribute to
the syncytium phenotype.

We ruled out RNAI off-target effects through genetic rescue.
Epidermal expression of PINCH did not lead to large syncytia
(Figure 1G). Co-expression with PINCH™NA" greatly reduced
the proportion of larvae with large syncytia (Figure 1G). Such
robust rescue was not observed with irrelevant transgenes
(data not shown). In summary, the PINCH knockdown pheno-
types suggest that PINCH plays a role in suppressing epidermal
syncytium formation and stabilizing muscle attachment during
larval homeostasis.

The PINCH Epidermal Syncytium Phenotype Requires
Early RNAi Expression in Adjacent Epidermal and
Tendon Cells

The multiple tissues (epidermis, tendon cells, muscles) affected
upon epidermal expression of PINCH™ were surprising given
the reported epidermal specificity of e22c-Gal4 [27]. Lineage
tracing using a Flp-out Gal4 cassette (see Experimental Proce-
dures) determined that e22c-Gal4 and pannier-Gal4, but not
A58-Gal4, exhibit early tendon cell expression that is later lost
(Figures S2A-S2F).

To test whether early expression of PINC in tendon cells
contributed to epidermal syncytium formation, we performed
conditional knockdowns (diagrammed in Figure 2A). At L3,
pannier-Gal4 is restricted to a patch of dorsal epidermal cells
within each segment (Figure 3A). Earlier, it drives expression in
all dorsal epidermal cells and tendon cells (Figures S2A and
S2B). Full Gal4 repression throughout early development and
beyond in control and RNAi-bearing larvae blocked syncytia,
dsRed2Nuc expression, and muscle detachment (Figures 2B,
2C, 2H, and 2I). By contrast, a 1-day pulse of RNAi expression dur-
ing embryogenesis resulted in syncytia centered at segmental
boundaries (Figure 2J) that were absent in parallel controls (Fig-
ure 2D). Accompanying their appearance, muscle fibers detached
from the MASs connected to these tendon cells (Figure 2K).
Following a 2-day pulse (see controls in Figures 2F and 2G), these
syncytia gained dsRed2Nuc expression, confirming their multinu-
clearity. Further, they spread beyond the segmental boundaries
(Figure 2L). Muscle detachment worsened (Figure 2M).

One possibility for how syncytia arise is developmental
mis-specification of tendon cells. However, larvae expressing
PINCHNAT still stained for a tendon cell marker [30] in these
misaligned cells (Figures 2N-2Q). Further, knocking down
PINCH using a tendon cell-specific Gal4 driver did not
cause local syncytia (Figures S2P-2T). Importantly, restricting
PINCH™N4 expression to the late larval epidermis (see schematic
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Figure 1. Epidermal PINCH Knockdown Leads to Excessive Syncytia in the Unwounded Larval Epidermis

(A-D) Whole mounts (e22c-Gal4, UAS-dsRed2-Nuc) immunostained with anti-Fasciclin-1ll (green) and Phalloidin (blue, C and D). Nuclei, red. (A and C) Control.
Arrowheads, syncytia; dashed lines, tendon cells. (B and D) UAS-PINCH™ | Arrows, syncytia. Asterisks, detached muscles. Scale bars, 100 um.

(E) Spatial bias of syncytial nuclei for boundaries. n = 5 segments.

(F) Syncytia per segment in (A) and (B). n > 22.

(G) Big syncytia in indicated genotypes. n > 10 larvae.

(H) Nuclear area in indicated groups/genotypes. Control: 550 nuclei/five larvae; UAS-PINCH™ 4 mononucleate: 851 nuclei/six larvae; UAS-PINCHN4 syncytial:
136 nuclei/six larvae.

(I) Ploidy in indicated groups/genotypes. Control: 129 nuclei/six larvae; UAS-PINCH™ " mononucleate: 95 nuclei/four larvae; UAS-PINCHN4 syncytial: 109
nuclei/four larvae. Stats: Student’s t test, ns (p > 0.05).

Error bars, SEM. See also Figure S1 and Movie S1.

Figure S2G) did not cause syncytia or muscle detachment (Fig- muscle detachment. Subsequently, these syncytia expand into
ures S2H-S20). Taken together, these results suggest that early  the adjacent epidermal segments.

expression of PINCH™ A/ in adjacent tendon and epidermal cells If epidermal syncytia arise from an early defect in adjacent
initiates syncytium formation between them with concomitant epidermal and tendon cells then constitutive expression of
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Figure 2. Early PINCH Knockdown Induces Syncytia and Muscle Detachment without Affecting Tendon Cell Differentiation

(A) Temporal transgene expression strategy schematic.

(B-M) Whole mounts of tubulin-gal80%, pannier-Gal4, and UAS-dsRed2Nuc crossed to w’’’® (B-G) or to UAS-PINCH"NA' (H-M) immunostained with anti-

Fasciclin-lll (B, D, F, H, J, and L; green) or phalloidin (C, E, G, |, K, and M; gray). Nuclei, red. (B and C) Control, no temperature shift (TS). (D and E) Control, 1 day
(legend continued on next page)

2218 Current Biology 25, 2215-2227, August 31, 2015 ©2015 Elsevier Ltd All rights reserved



PINCH™N4" and eGFP via pannier-Gal4 (see control late expres-
sion pattern, Figure 3A) might lead to labeled intra-patch syn-
cytia reflecting late driver expression. In addition unlabeled
“boundary” syncytia sandwiched between the patches (reflect-
ing early tendon cell expression) might also arise. Indeed, both
types were observed (Figures 3B, S3A, and S3B). Intra-patch
syncytia contained more nuclei (Figure S3C) and were more
numerous (Figure S3A) than the occasional binucleate control
cells. Boundary syncytia (defined in Supplemental Information)
were biased for the anterior/posterior patch borders housing
tendon cells (Figure S3D). Syncytia were never present in con-
trols but PINCH™#_expressing larvae contained more than
one per segment (Figures 3B and S3A). DAPI labeling confirmed
their multinuclearity (Figure 3B, inset).

Regional p-Integrin and ILK Knockdown Also Leads to
Exuberant Syncytia

We next tested whether syncytium suppression was a general
property of integrin FA proteins. RNAi transgenes targeting
ILK and B-integrin were lethal with e22c-Gal4. Expression via
A58-Gal4, which omits tendon cells (Figure S2F), did not cause
syncytia (Figures S1G and S1H). Therefore, we tried pannier-
Gal4, hoping that its early tendon cell expression and later
spatially restricted epidermal expression might permit survival
and reveal phenotypes. As with PINCH™™ (Figures S3E and
S3F) both ILKFNA and g-integrin®™ ' led to undetectable target
protein levels within the pannier-Gal4 patches (Figures S3G,
S3H, 4A, and 4D). Both also caused intra-patch and boundary
syncytia (Figures 3C and 3D). B-integrin knockdown strongly
altered epidermal morphology, with adjacent pannier-Gal4
patches nearly merging (Figure 3D). For PINCH and g-integrin,
independent RNA/ transgenes targeting non-overlapping gene
regions gave similar phenotypes (Figure 3l), ruling out RNAI off-
target effects. In these cases pannier-Gal4-mediated knock-
down also disrupted muscle attachment (cf. Figures 3F and 3H
[detachment] with Figures 3E and 3G [no detachment]).

We also tested whether epidermal syncytia could result from
perturbations to adhesion/polarity. We targeted Adherens Junc-
tions (AJ), E-Cadherin (ECAD); Septate Junctions (SJ), Fasciclin
Il (Fas Ill), and Neuroglian (Nrg); the apico-basal polarity com-
plex (AP), Lethal Giant Larvae (Lgl), and Discs Large (DIg); and
the basal polarity complex (BP), Bazooka (Baz). Each protein
had robust antibodies that allowed protein knockdown verifica-
tion upon epidermal expression of gene-specific RNAi trans-
genes: Fasciclin Ill (Figures S3I--S3K); Lgl (Figures S3N--S3P);
Bazooka (Figures S3S-S3U); and ECAD (Figures S3X-S3AA).
In no case did knockdown of these adhesion/polarity compo-
nents exceed 40% syncytia (most lines 0%-20%) (Figure 3l),
while FA protein knockdowns were mostly in excess of 60%
(most lines 80%-90%). Knockdowns of Fasciclin Il (Figures
S3L and S3M), Lgl (Figures S3Q and S3R), Bazooka (Figures
S3V and S3W), and E-Cadherin (Figures S3AB-S3AD) revealed

normal epidermal morphologies despite the absence of the tar-
geted proteins. In summary, suppression of epidermal syncy-
tium formation is a general property of certain proteins that
contribute to integrin-mediated adhesion.

Syncytium Formation after p-Integrin Knockdown or
Wounding Involves Cytoplasmic Content-Mixing and
Membrane Breakdown

Multinucleate cells can arise by nuclear division without cytoki-
nesis or by membrane breakdown and subsequent cytoplasmic
content mixing. Which mechanism occurs in the PINCH-deficient
epidermis? Consistent with the epidermis being post-mitotic and
endoreduplicated, anti-phospho-Histone H3 staining revealed
no nuclear mitosis in both control (data not shown) and syncytia
within the PINCH"V*_expressing tissue (Figures S5A and S5B).
In addition, nuclear sizes were equivalent within cells in controls,
and mononuclear or syncytial cells of PINCH™ A _expressing
larvae (Figure 1H), and ploidy did not reduce greater than 2-fold
(Figure 11) arguing against reductive nuclear division.

To examine cytoplasmic mixing we observed the edges
of pannier-Gal4 patches expressing eGFP and g-integrin®™ .
Here, either GFP or cytoplasmic B-integrin might traffic from
cell to cell. In controls, B-integrin was primarily membrane-local-
ized, with some protein cytoplasmic (Figures S1A and 4A). In the
center of g-integrin®™A_expressing patches, B-integrin was ab-
sent (Figure 4D). At the margins, however, some individual
patch-localized cells expressing eGFP/g-integrin™ ' still con-
tained cytoplasmic B-integrin whereas some non-patch cells
acquired GFP (Figures 4D-4F and S4). Such cells could have ac-
quired B-integrin via cell-cell fusion with their immediate neigh-
bors outside the patch.

More conclusive evidence for cell-cell fusion required live imag-
ing. We used laser wounding of the pupal epithelium because pu-
pae are less motile and contractile than larvae. The unwounded
pupal epithelium also contains highly regular mononucleate cells
(Figure 4G). Live imaging of pupae expressing E-Cadherin-GFP re-
vealed some cell membranes near the wound disintegrating so
that larger presumably multinucleate cells formed within 1 hr of
wounding (Figures 4H-4K and Movie S2) and persisted for up to
2.5 hr (Figures 4L and 4M). No mitotic figures were observed in
these cells. Taken together, our results indicate that syncytium for-
mation following wounding derives from a unique form of cell-cell
fusion precipitated by locally destabilized adhesion.

Blocking Cell Division Rules Out a Mitotic Contribution
to Wound-Induced and Loss of PINCH-Induced
Epidermal Syncytium Formation

We took a parallel genetic approach to test a role for mitosis.
Because of epidermal endoreduplication, we identified inhibi-
tors of G2>M to block mitosis without affecting S phase. First,
we tested whether RNAi-mediated knockdown of G2>M pro-
moters in eye imaginal discs could ablate tissue growth. RNAi

expression. (F and G) Control, 2 days expression. (H and I) UAS-PINCH™ 4 no TS. (J and K) UAS-PINCH™ 4/, 1 day expression. Arrowheads, syncytia near
segmental borders. Dashed lines, muscle detachment. (L and M) UAS-PINCH™ 4 2 days expression. Arrows, syncytia. Dashed lines, detached muscles. Scale

bars, 100 pm.

(N-Q) Whole mounts (e22c-Gal4, UAS-src-GFP, UAS-dsRed2-Nuc) immunostained with anti-Short stop (gray, N and P; blue, O and Q). (N and O) Control. (P and

Q) UAS-PINCH"NA Membranes, green; nuclei, red; arrowhead, large syncytium.

Scale bars, 100 um. See also Figure S2.

Current Biology 25, 2215-2227, August 31, 2015 ©2015 Elsevier Ltd All rights reserved 2219

CellPress




Cell’ress

PINCHRVAi

a-Fasciclin 111
GFP

Epidermal Nuclei

Phalloidin
(F-actin)

100 1 A J: Adherens Junction
SJ: Septate Junction

% larvae with big syncytia

IL KRNAi

81 AP Apico-Basal Polarity Complex
BP: Basal Polarity Complex
60 1 FA: Focal Adhesion

—

=
—_

O" T
F &R OF 2 OE & OF & OF £ B OE O EE R EZToRoB
£ ¥§ T £ £ T £T £ £ T T T S S T S T & S s
£ rf g &ceigiEegiiiiX&ii
QISP NNLT S EITT
SO 8 irirsfsdasfsslss
O O o O O ~ ~
AFAITrSSS9 989§ ssaaqg
O 00 L oL AU YHYYPNNNN§N A SIS T
NIV © 00 9 0§ § 4 IS
N NN NN & QT q
O © o O O ‘DQSQS
AJ SJ AP BP FA

Figure 3. Other FA Protein Knockdowns Also Cause Syncytia and Muscle Detachment
(A-H) Whole mounts (pannier-Gal4, UAS-eGFP, green) immunostained with anti-Fasciclin-lll (red) (A-D) and DAPI (blue) (insets in B-D) or expressing UAS-

DsRed2Nuc (red) (E-H) stained with Phalloidin (green) (E-H) and expressing the indicated transgenes. (A and E) Control. (B and F) UAS-PINCHM*', (C and G) UAS-
ILKRNAT (D and H) UAS-g-integrin™A'. Arrows, intra-patch syncytia; arrowheads, boundary syncytia; insets, DAPI-stained nuclei in boundary syncytia; Dashed

lines, muscle detachment. Scale bars, 100 um.
(I) Big syncytia in RNAi knockdown larvae of the indicated genotypes.

See also Figure S3.

transgenes targeting ial (aurora-like kinase) and cdc2 (cyclin
dependent kinase-2) attenuated disc growth (Figures S5C-
S5G) suggesting an efficient cell-cycle block. We then tested
whether these could block the various types of experimentally

induced epidermal syncytium formation.

Wounded control larvae developed a central syncytial cell
surrounding the wound (Figures 5A, 5K, and 5L). Global
epidermal expression of cdc2®™ or ial™A" (Figures 5B and
5C) did not alter the nuclear numbers in the central syncytium
(Figure 5L). By contrast, PINCH™*_expressing larvae had
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more nuclei in their central syncytia and syncytia beyond the
wound (Figures 5D and 5L). Combining cdc2™™4 or jaf™™
with PINCH™N4 in the unwounded epidermis (Figures 5E-5J)
did not suppress PINCH™Ai_induced exuberant syncytium for-
mation (Figure 5M). Neither transgene, either alone or together,
caused activation of mitosis (Figures S5N-S5T). Together,
these results confirm that mitotic progression does not con-
tribute to syncytial formation following epidermal wounding or
global epidermal PINCH loss.

JNK Signaling Hyperactivation Correlates with and Can
Drive Epidermal Cell-Cell Fusion

The cellular similarities between wound-induced epithelial fusion
and loss-of-FA-induced syncytium formation prompted a search
for molecular regulators. JNK signaling activation correlates
with wound-induced cell-cell fusion [10]. We therefore tested
JNK activation following global epidermal PINCH knockdown.
In controls, basal epidermal JNK activation, assessed with
msn-lacZ [10], was low (Figure 6A). In the PINCH™*_expressing
epidermis, however, it was locally higher within or bordering syn-
cytia (Figure 6B, arrows). In the wounded epidermis, JNK loss
cannot suppress wound-induced cell-cell fusion [10]. Similarly,
co-expressing JNK™N4 did not suppress PINCH ™ *_induced
syncytia (Figure 6C). However, the spatial correlation between
high JNK activity and cell-cell fusion prompted us to test whether

Figure 4. Epidermal Syncytia Formation on
B-Integrin Knockdown or Wounding Is via
Epidermal Cell-Cell Fusion

(A-F) Whole mounts stained with anti-B-integrin
bearing pannier-Gal4, UAS-eGFP alone (A-C) or
UAS-g-integrin™ 4! (D-F). (A and D) a-B-integrin. (B
and E) UAS-eGFP. (C and F) Merge. Arrow, cell at
patch boundary expressing UAS-eGFP containing
cytoplasmic but not membrane B-integrin. Arrow-
head, boundary cell expressing UAS-eGFP with
both cytoplasmic and membrane B-integrin. Scale
bars, 100 pm.

(G-M) Movie stills of unwounded (G) and wounded
(H-M) live pupae expressing E-Cadherin-GFP.
Arrowheads, disintegrating membranes.

Scale bars, 100 um. See also Figure S4 and
Movie S2.

- 00:00:,36

local JNK hyperactivation without wound-
ing could drive syncytium formation.

We conditionally expressed (see Exper-
imental Procedures) a constitutively acti-
vated Jun kinase kinase hemipterous
(hep®?) in pannier-Gal4 patches to locally
activate JNK signaling. In controls, cells
within and near the patches were uniform
in size and shape and predominantly
mononuclear (Figures 6D and 6E). Tem-
perature-shift (TS) induced DsRed2Nuc
expression but did not alter cell mor-
phology (Figure 6E). In hep®“-expressing
larvae without TS, epidermal morphology
was normal and DsRed2Nuc absent
(Figure 6F). However, 16 hr after TS,
nearly all patch cells lost Fasciclin Il staining between adjacent
nuclei and a giant syncytium comprising the entire pannier-
Gal4 expression domain formed (Figure 6G). The syncytial nuclei
were slightly larger than control nuclei, arguing against nuclear
division/aborted cytokinesis (Figure 6H). Further, nuclear num-
ber was not changed within the patch (60.5 + 4.9 nuclei [controls]
and 62.3 = 9.8 [hep®)). In sum, these data suggest that JNK hy-
peractivation can directly drive epidermal syncytium formation.

To genetically test whether mitosis was involved in JNK hyper-
activation-induced epidermal syncytium formation, we co-ex-
pressed G2>M inhibitors and hep® in pannier-Gal4 patches.
In control patches, epidermal cells were mononuclear (Figure 6l),
whereas TS-induced expression of hep® caused syncytia en-
compassing most of the dorsal patch (Figure 6J). cdc2™* and
ial™A" alone did not affect epidermal morphology (Figures 6K
and 6M) and did not suppress hep®“-induced syncytia (Figures
6L and 6N). The number of syncytial nuclei was equivalent
upon mitosis inhibition (Figures 60 and S5U-S52). Thus, mitosis
is dispensable when syncytium formation is mediated by JNK
hyperactivation.

Given the intimate relationship between JNK signaling and cell
death in many epithelial tissues [31, 32], the possibility remained
that syncytium formation might result from JNK-mediated
apoptosis. To test this, we combined inhibitory transgenes of
apoptosis with wounding, global expression of PINCHNA or
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Figure 5. Misregulated Cell Division Is Not the Mechanism of Wound- and PINCH*N/-Induced Cell-Cell Fusion

(A-J) Whole mounts bearing e22c-Gal4, UAS-DsRed2Nuc (red), the indicated transgenes, and Fasciclin-IlI-GFP (green). (A-D) 24 hr post puncture wound. (A)
Control. (B) UAS-cdc2V4#2 (C) UAS-ial™A#2 (D) UAS-PINCHNA_(E-J) Unwounded. Samples co-stained with anti-phospho-Histone H3 (see Figures S5N-5S)
to assess mitosis. (E) Control. (F) UAS-PINCH™ A (G) UAS-cdc2NA#1 (H) UAS-PINCH™ A" and UAS-cdc2NA#1 (1) UAS-ial™4#2_ (J) UAS-PINCHFNA! and UAS-

ial®™A#2_ Arrows, big syncytia. Scale bars, 100 pm.
(K) Average nuclear area of cells in (A) (n > 63).

(L) Nuclei in central wound-induced syncytia in (A)-(D). n > 4 larvae. For (K) and (L), error bars, SEM ns (p > 0.05), Student’s t test.

(M) Larvae with big syncytia in (E)-(J). n > 5.
See also Figure S5.

local expression of hep® to test whether blocking apoptosis
altered the progression of epidermal syncytium formation in
any case (Figures SBA-S6AD). As with our analysis of mitosis,
we found that apoptosis is not required for syncytium formation
in any of the above cases.

Wounding Relocalizes PINCH and ILK from Epidermal
Cell Membranes near the Wound

If mitosis and apoptosis do not control epidermal syncytium
formation, how do these multinucleate cells form? We hypoth-
esized that wounding might destabilize FA complexes at the
epidermal membranes near the wound, leading to subsequent
fusion. We thus examined PINCH and ILK localization following
wounding or JNK hyperactivation. Puncture wounding rapidly
relocalized both proteins. In cells proximal to the wound PINCH
moved from epidermal membranes (Figure 7A) to the cyto-
plasm as early as 4 hr post wounding and completely by 8 hr
(Figure 7B), when even more distal cells lacked membrane-
localized PINCH. By 24 hr, PINCH was still cytoplasmic in prox-
imal cells but reappeared on the membranes more distally
(Figure 7C).

Similar to PINCH, ILK was localized to unwounded epidermal
cell borders (Figure 7D). At 4 hr, ILK in wound-proximal cells
relocalized to the nucleus while in more distal cells some was re-
tained on the membrane (Figure 7E). By 24 hr, membranes prox-
imal to the wound, including the central syncytial border,
possessed ILK while nuclear localization diminished (Figure 7F).
Wounding thus provoked a striking relocalization of PINCH
and ILK, indicating disassembly of functional FA complexes
concomitant with syncytium formation (Figure S6AE). This disas-
sembly was strongest in the proximal cells that contribute syncy-
tial nuclei.

FA Protein Relocalization Precedes Cell-Cell Fusion
upon JNK Hyperactivation

Finally, we tested whether JNK hyperactivation without wound-
ing also led to FA protein relocalization. We examined the levels
and localization of PINCH, ILK, and B-integrin in pannier-Gal4
patches where hep® expression was induced. Immediately
before TS, Fasciclin lll (Figures 7K and 7S), PINCH (Figure 7G),
ILK-GFP (Figure 70), and B-integrin (Figure 7W) were primarily
on epidermal cell borders. From 8 to 16 hr after TS, however,
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Figure 6. JNK Activation Correlates with and Can Drive Syncytium Formation in the Larval Epidermis

(A and B) Whole mounts bearing e22c-Gal4, msn-lacZ and the indicated transgenes immunostained with anti-coracle (green) and anti-B-Gal (blue). (A) Control. (B)
UAS-PINCHRNA Arrows, JNK* nuclei. Scale bars, 100 um.

(C) Big syncytia in larvae expressing transgenes via e22c-Gal4. n > 9 larvae.

(D-G) Whole mounts bearing tubulin-Gal80'®, pannier-Gal4, and UAS-DsRed2Nuc (red) without (D and F) or with (E and G) 16 hr TS activation of UAS-hep®”,
immunostained with anti-Fasciclin 1ll (green). Arrow, giant syncytial cell in (G). Scale bars, 100 um.

(H) Nuclear area in control and syncytia in (E) and (G). Control: 242 nuclei/four larvae; UAS-hep®*: 374 nuclei/six larvae. Error bars, SEM ns (p > 0.05), Student’s
t test.

(legend continued on next page)
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Figure 7. Disassembly of FA Complexes
upon Wounding and JNK Activation

(A-F) Whole mounts of (w”""®) (A-C) or w;ILK-GFP
larvae (D-F) immunostained with anti-PINCH
(A-C) at indicated times after wounding. (A and D)
Unwounded. (B, C, E, and F) Post-wounding.
Arrows, membrane localization; arrowheads,
cytoplasmic or nuclear localization; asterisks,
wounds. Scale bars, 100 pm.

(G-2) Whole mounts bearing tubulin-Gal80',
pannier-Gal4, and UAS-hep®, immunostained
with indicated antibodies (G-N and S-Z) or visu-
alized with ILK-GFP (O-R) at indicated times post-
TS. For anti-PINCH (G-J), anti-Fasciclin (K-N =
PINCH double stain, S-V = ILK-GFP double stain)
and anti-B-integrin (W-Z), UAS-eGFP marked the
pannier-Gal4 patch except in ILK-GFP (O-R).
Scale bars, 100 pm.

See also Figure S7.

(Figures 7M and 7N). ILK-GFP upregula-
tion and relocalization to nuclei were simi-
larly dramatic (Figures 7P-7R). As with
PINCH, the relocalization of ILK-GFP pre-
ceded Fasciclin Ill loss (Figures 7T-7V).
Lastly, at 8 hr B-integrin levels were mark-
edly increased (Figure 7X), and by 12-
16 hr this increase was accompanied by
loss from some membranes (Figures 7Y
and 7Z). Of note, FA complex loss in
pannier-Gal4 patches did not by itself
lead to loss or relocalization of other
adhesion/polarity complex proteins (AJ,
SJ, AP, BP; see Figure S7), indicating
that FA destabilization-induced syncy-
tium formation is probably not through
secondary effects on these other
proteins.

Taken together, these data indicate
that the mechanism of epidermal syncy-
tium formation following wounding or
JNK hyperactivation likely involves FA
complex disassembly at the epidermal
membrane.

DISCUSSION

Our data suggest a novel integrin adhe-
sion complex function—suppressing

PINCH levels increased and became progressively more cyto- larval epidermal syncytium formation. Three events that lead to
plasmic (Figures 7H-7J). Initially, Fasciclin Il remained mem-  epidermal syncytium formation all act through destabilization
brane-localized (Figure 7L), but 12-16 hr after JNK activation of integrin adhesion complexes: (1) direct genetic loss early in
some membranes were losing protein or had lost it altogether adjacent tendon and epidermal cells; (2) physical wounding; or

(I-N) Whole mounts bearing tubulin-Gal80', pannier-Gal4, and UAS-DsRed2Nuc (red) and the indicated transgenes 16 hr after TS, immunostained with anti-
Fasciclin Il (green) and anti-phospho-Histone H3 (see Figures S5U-S52). (1) Control. (J) UAS-hep®”. (K) UAS-cdc2™N4*1 (L) UAS-hep®* and UAS-cdc2N4#7 (M)

UAS-ial™A#1 _(N) UAS-hep®* and UAS-ial"™"**_ Scale bars, 100 um.

(O) Total syncytial nuclei per segment in indicated genotypes (I-N). n > 4. Error bars, SEM ns (p > 0.05), Student’s t test.

See also Figure S5 and S6.
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(3) epidermal JNK hyperactivation. Our graphical abstract sum-
marizes these interactions. Below, we discuss the features and
implications of this model both for integrin function and cell-
cell fusion.

Interestingly, the syncytia in PINCH-knockdown epithelia
localized near tendon cells. Lineage tracing of e22c-Gal4 and
pannier-gal4 revealed early tendon cell expression before re-
striction to the epidermis. Early expression of PINCH™ " in
tendon cells and adjacent epidermal cells initiated syncytium
formation. Expression solely in epidermal cells or tendon cells
did not. We suspect that tendon cells, which depend on integ-
rins to form proper MASs [33], represent tissue weak points
sensitive to FA component loss. The physical strain of larval
locomotion likely not only initiates syncytia (akin to physical
wounding; see below), but also aids their propagation, leading
to the later syncytia where over 20 nuclei are sometimes
observed. This is similar to a6p4 integrin and other skin-spe-
cific FA component knockouts [34-36]. Although the actual
tissue morphology differs—skin blistering in mice versus syn-
cytial formation in Drosophila—in both cases, mechanical
disruption of the tissue leads to a phenotype that resembles
skin wounding.

Integrins are among the main cellular mechanoreceptors. The
JNK signaling pathway is also stress responsive and in many
cells is activated by mechanical force [37, 38]. In Drosophila S2
cells, Integrin and Talin loss activates JNK signaling [39]. Here,
pan-epidermal PINCH loss activates JNK signaling that spatially
correlates with syncytium formation. This is consistent with
PINCH’s role as a repressor of JNK activation [40] in DC. Relocal-
ized PINCH/ILK presumably cannot participate in functional
adhesion, and their removal from the membrane may help initiate
fusion.

Our results suggest a positive feedback loop between integ-
rins and JNK signaling. Specifically, hyperactivation of JNK,
in addition to correlating with loss of membrane-localized FA
components, also drives their relocalization and syncytium
formation. How might JNK signaling mediate FA complex disas-
sembly? JNK can phosphorylate at least one FA complex mem-
ber, Paxillin, in vertebrate cells [41], suggesting a possible direct
role. We speculate that JNK activation may cause phosphoryla-
tion of other FA proteins leading to their disassembly or relocal-
ization from the FA complex upon mechanical perturbation of the
cell.

Our results also reveal a novel suppressive role for integrins in
what may be a unique form of cell-cell fusion. In sperm-egg
fusion, integrins play a positive role; an oocyte-localized integrin
a6/B1 heterodimer binds to a sperm-localized metalloprotease
disintegrin to trigger fusion [42, 43]. Positive roles for B1, a3,
and o9 integrins in myoblast fusion in vertebrates have also
been reported [44, 45]. In both fertilization and myoblast fusion,
integrins are thought to appose the fusing cells closely enough
to enable fusogens to act. Indeed, in myoblast and macro-
phage fusion, Paxillin has a stabilizing effect on fusion [46]. We
show here in the Drosophila larval epidermis that loss of FA com-
ponents acts similarly. Since little is known about the negative
regulation of cell-cell fusion, it will be interesting to investigate
potential mechanistic connections between the integrin FA com-
plex and a vATPase complex that suppresses epithelial cell-cell
fusion [23].

Finally, our experiments suggest that this distinct form of cell-
cell fusion does not involve altered cytokinesis/apoptosis and oc-
curs via direct membrane breakdown. Initiation by membrane
damage or destabilization of adhesion complexes distinguishes
it from the developmentally programmed cell-cell fusions in the
C. elegans hypodermis or skeletal muscle [18, 47]. Developmen-
tally programmed and wound-induced epithelial fusions likely
exhibit further differences during actual fusion. The chaotic na-
ture of wound-induced fusion asks, does it involve induction,
localization, or activation of a putative fusogen, as has been
shown for hypodermal fusion in C. elegans [20, 21] and myoblast
fusion [48]? Wound-induced fusion may instead result from spon-
taneous dissolution of integrin adhesion structures following
direct physical membrane disruption. This dissolution seems to
involve vesiculation of adjacent cell membranes, which are then
resolved into a continuous cytoplasm containing the original
fusion partner nuclei. Whatever the specific fusion mechanism,
it is clear from this work that the larval epidermis, and perhaps
other epithelia, possesses adhesion-based fusion-suppressive
mechanisms that keep the unperturbed tissue mononucleate.

EXPERIMENTAL PROCEDURES

Fly Strains and Genetics
Crosses were performed on cornmeal/dextrose medium at 25°C unless noted.
w778 was control genotype. See Supplemental Information for more details.

Puncture and Pinch Wound Assays
Pinch and puncture wound assays were as described [10].

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and two movies and can be found with this article online at
http://dx.doi.org/10.1016/j.cub.2015.07.031.

ACKNOWLEDGMENTS

We thank members of M.J.G.’s lab for comments; Jodie Polan for confocal
assistance; Guy Tanentzapf, Andreas Wodarz, and Talila Volk, for fly stocks/
antibodies; the Bloomington Drosophila Stock Center, the Vienna Drosophila
RNAi Center, and the Kyoto stock center for fly strains; and the Developmental
Studies Hybridoma Bank for antibodies. This work was supported by a March
of Dimes Basil O’Connor Award (5-FY06-588) and NIH R0O1 GMO083031 to
M.J.G., NIH R0O1 GM084103 to J.L.K., and European Research Council
Starting Grant (2007-StG-208631) to A.J.

Received: September 2, 2014
Revised: June 15, 2015
Accepted: July 10, 2015
Published: August 6, 2015

REFERENCES

1. Legate, K.R., Wickstrom, S.A., and Féssler, R. (2009). Genetic and cell bio-
logical analysis of integrin outside-in signaling. Genes Dev. 23, 397-418.

2. Schwartz, M.A. (2010). Integrins and extracellular matrix in mechanotrans-
duction. Cold Spring Harb. Perspect. Biol. 2, a005066.

3. Dowling, J., Yu, Q.C., and Fuchs, E. (1996). Beta4 integrin is required for
hemidesmosome formation, cell adhesion and cell survival. J. Cell Biol.
134, 559-572.

4. Georges-Labouesse, E., Messaddeq, N., Yehia, G., Cadalbert, L., Dierich,
A., and Le Meur, M. (1996). Absence of integrin alpha 6 leads to epidermol-
ysis bullosa and neonatal death in mice. Nat. Genet. 13, 370-373.

Current Biology 25, 2215-2227, August 31, 2015 ©2015 Elsevier Ltd All rights reserved 2225

CellPress



http://dx.doi.org/10.1016/j.cub.2015.07.031
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref1
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref1
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref2
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref2
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref3
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref3
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref3
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref4
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref4
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref4

10.

1.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

. Clark, K.A., McGrail, M., and Beckerle, M.C. (2003). Analysis of PINCH

function in Drosophila demonstrates its requirement in integrin-dependent
cellular processes. Development 130, 2611-2621.

. Leptin, M., Bogaert, T., Lehmann, R., and Wilcox, M. (1989). The function

of PS integrins during Drosophila embryogenesis. Cell 56, 401-408.

. Zervas, C.G., Gregory, S.L., and Brown, N.H. (2001). Drosophila integrin-

linked kinase is required at sites of integrin adhesion to link the cytoskel-
eton to the plasma membrane. J. Cell Biol. 152, 1007-1018.

. Wilcox, M., DiAntonio, A., and Leptin, M. (1989). The function of PS integ-

rins in Drosophila wing morphogenesis. Development 707, 891-897.

. Stark, K.A., Yee, G.H., Roote, C.E., Williams, E.L., Zusman, S., and Hynes,

R.O. (1997). A novel alpha integrin subunit associates with betaPS and
functions in tissue morphogenesis and movement during Drosophila
development. Development 724, 4583-4594.

Galko, M.J., and Krasnow, M.A. (2004). Cellular and genetic analysis of
wound healing in Drosophila larvae. PLoS Biol. 2, E239.

Gangishetti, U., Veerkamp, J., Bezdan, D., Schwarz, H., Lohmann, |., and
Moussian, B. (2012). The transcription factor Grainy head and the steroid
hormone ecdysone cooperate during differentiation of the skin of
Drosophila melanogaster. Insect Mol. Biol. 21, 283-295.

Fessler, J.H., and Fessler, L.I. (1989). Drosophila extracellular matrix.
Annu. Rev. Cell Biol. 5, 309-339.

Smith, A.V., and Orr-Weaver, T.L. (1991). The regulation of the cell cycle dur-
ing Drosophila embryogenesis: the transition to polyteny. Development 772,
997-1008.

Lesch, C., Jo, J., Wu, Y., Fish, G.S., and Galko, M.J. (2010). A targeted
UAS-RNAI screen in Drosophila larvae identifies wound closure genes
regulating distinct cellular processes. Genetics 186, 943-957.

Losick, V.P., Fox, D.T., and Spradling, A.C. (2013). Polyploidization and
cell fusion contribute to wound healing in the adult Drosophila epithelium.
Curr. Biol. 23, 2224-2232.

Huppertz, B., and Gauster, M. (2011). Trophoblast fusion. Adv. Exp. Med.
Biol. 7713, 81-95.

Shi, Y., Barton, K., De Maria, A., Petrash, J.M., Shiels, A., and Bassnett, S.
(2009). The stratified syncytium of the vertebrate lens. J. Cell Sci. 122,
1607-1615.

Alper, S., and Podbilewicz, B. (2008). Cell fusion in Caenorhabditis ele-
gans. Methods Mol. Biol. 475, 53-74.

Scherfer, C., Han, V.C., Wang, Y., Anderson, A.E., and Galko, M.J. (2013).
Autophagy drives epidermal deterioration in a Drosophila model of tissue
aging. Aging (Albany, N.Y.) 5, 276-287.

Mohler, W.A., Shemer, G., del Campo, J.J., Valansi, C., Opoku-Serebuoh,
E., Scranton, V., Assaf, N., White, J.G., and Podbilewicz, B. (2002). The
type | membrane protein EFF-1 is essential for developmental cell fusion.
Dev. Cell 2, 355-362.

Sapir, A., Choi, J., Leikina, E., Avinoam, O., Valansi, C., Chernomordik,
L.V., Newman, A.P., and Podbilewicz, B. (2007). AFF-1, a FOS-1-regulated
fusogen, mediates fusion of the anchor cell in C. elegans. Dev. Cell 712,
683-698.

Shemer, G., Suissa, M., Kolotuev, I., Nguyen, K.C., Hall, D.H., and
Podbilewicz, B. (2004). EFF-1 is sufficient to initiate and execute tissue-
specific cell fusion in C. elegans. Curr. Biol. 14, 1587-1591.

Kontani, K., Moskowitz, I.P., and Rothman, J.H. (2005). Repression of cell-
cell fusion by components of the C. elegans vacuolar ATPase complex.
Dev. Cell 8, 787-794.

Riesgo-Escovar, J.R., Jenni, M., Fritz, A., and Hafen, E. (1996). The
Drosophila Jun-N-terminal kinase is required for cell morphogenesis but
not for DJun-dependent cell fate specification in the eye. Genes Dev.
10, 2759-2768.

Sluss, H.K., Han, Z., Barrett, T., Goberdhan, D.C., Wilson, C., Davis, R.J.,
and Ip, Y.T. (1996). A JNK signal transduction pathway that mediates
morphogenesis and an immune response in Drosophila. Genes Dev. 10,
2745-2758.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Homsy, J.G., Jasper, H., Peralta, X.G., Wu, H., Kiehart, D.P., and
Bohmann, D. (2006). JNK signaling coordinates integrin and actin func-
tions during Drosophila embryogenesis. Dev. Dyn. 235, 427-434.

Wu, Y., Brock, A.R., Wang, Y., Fujitani, K., Ueda, R., and Galko, M.J.
(2009). A blood-borne PDGF/VEGF-like ligand initiates wound-induced
epidermal cell migration in Drosophila larvae. Curr. Biol. 19, 1473-1477.

Brock, A.R., Wang, Y., Berger, S., Renkawitz-Pohl, R., Han, V.C., Wu, Y.,
and Galko, M.J. (2012). Transcriptional regulation of Profilin during wound
closure in Drosophila larvae. J. Cell Sci. 125, 5667-5676.

Volk, T., and VijayRaghavan, K. (1994). A central role for epidermal
segment border cells in the induction of muscle patterning in the
Drosophila embryo. Development 720, 59-70.

Strumpf, D., and Volk, T. (1998). Kakapo, a novel cytoskeletal-associated
protein is essential for the restricted localization of the neuregulin-like fac-
tor, vein, at the muscle-tendon junction site. J. Cell Biol. 143, 1259-1270.

Kuranaga, E., Kanuka, H., Igaki, T., Sawamoto, K., Ichijo, H., Okano, H.,
and Miura, M. (2002). Reaper-mediated inhibition of DIAP1-induced
DTRAF1 degradation results in activation of JNK in Drosophila. Nat. Cell
Biol. 4, 705-710.

Moreno, E., Yan, M., and Basler, K. (2002). Evolution of TNF signaling mech-
anisms: JNK-dependent apoptosis triggered by Eiger, the Drosophila ho-
molog of the TNF superfamily. Curr. Biol. 12, 1263-1268.

Volk, T., Fessler, L.I., and Fessler, J.H. (1990). A role for integrin in the for-
mation of sarcomeric cytoarchitecture. Cell 63, 525-536.

Brakebusch, C., Grose, R., Quondamatteo, F., Ramirez, A., Jorcano, J.L.,
Pirro, A., Svensson, M., Herken, R., Sasaki, T., Timpl, R., et al. (2000). Skin
and hair follicle integrity is crucially dependent on beta 1 integrin expres-
sion on keratinocytes. EMBO J. 19, 3990-4003.

Lorenz, K., Grashoff, C., Torka, R., Sakai, T., Langbein, L., Bloch, W.,
Aumailley, M., and Fassler, R. (2007). Integrin-linked kinase is required
for epidermal and hair follicle morphogenesis. J. Cell Biol. 177, 501-513.

Raghavan, S., Bauer, C., Mundschau, G., Li, Q., and Fuchs, E. (2000).
Conditional ablation of beta1 integrin in skin. Severe defects in epidermal
proliferation, basement membrane formation, and hair follicle invagination.
J. Cell Biol. 150, 1149-1160.

Ingram, A.J., James, L., Ly, H., Thai, K., and Scholey, J.W. (2000). Stretch
activation of jun N-terminal kinase/stress-activated protein kinase in me-
sangial cells. Kidney Int. 58, 1431-1439.

Kippenberger, S., Loitsch, S., Miller, J., Guschel, M., Ramirez-Bosca, A.,
Kaufmann, R., and Bernd, A. (2000). Melanocytes respond to mechanical
stretch by activation of mitogen-activated protein kinases (MAPK).
Pigment Cell Res. 13, 278-280.

Pereira, A.M., Tudor, C., Kanger, J.S., Subramaniam, V., and Martin-
Blanco, E. (2011). Integrin-dependent activation of the JNK signaling
pathway by mechanical stress. PLoS ONE 6, e26182.

Kadrmas, J.L., Smith, M.A., Clark, K.A., Pronovost, S.M., Muster, N.,
Yates, J.R., 3rd, and Beckerle, M.C. (2004). The integrin effector PINCH
regulates JNK activity and epithelial migration in concert with Ras sup-
pressor 1. J. Cell Biol. 167, 1019-1024.

Huang, C., Rajfur, Z., Borchers, C., Schaller, M.D., and Jacobson, K.
(2003). JNK phosphorylates paxillin and regulates cell migration. Nature
424, 219-223.

Vjugina, U., Zhu, X., Oh, E., Bracero, N.J., and Evans, J.P. (2009).
Reduction of mouse egg surface integrin alpha9 subunit (ITGA9) reduces
the egg’s ability to support sperm-egg binding and fusion. Biol. Reprod.
80, 833-841.

Almeida, E.A., Huovila, A.P., Sutherland, A.E., Stephens, L.E., Calarco,
P.G., Shaw, L.M., Mercurio, A.M., Sonnenberg, A., Primakoff, P., Myles,
D.G., and White, J.M. (1995). Mouse egg integrin alpha 6 beta 1 functions
as a sperm receptor. Cell 87, 1095-1104.

. Schwander, M., Leu, M., Stumm, M., Dorchies, O.M., Ruegg, U.T,,

Schittny, J., and Miiller, U. (2003). Beta1 integrins regulate myoblast fusion
and sarcomere assembly. Dev. Cell 4, 673-685.

2226 Current Biology 25, 2215-2227, August 31, 2015 ©2015 Elsevier Ltd All rights reserved


http://refhub.elsevier.com/S0960-9822(15)00834-9/sref5
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref5
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref5
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref6
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref6
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref7
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref7
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref7
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref8
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref8
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref9
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref9
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref9
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref9
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref10
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref10
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref11
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref11
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref11
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref11
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref12
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref12
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref13
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref13
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref13
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref14
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref14
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref14
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref15
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref15
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref15
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref16
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref16
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref17
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref17
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref17
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref18
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref18
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref19
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref19
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref19
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref20
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref20
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref20
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref20
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref21
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref21
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref21
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref21
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref22
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref22
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref22
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref23
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref23
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref23
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref24
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref24
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref24
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref24
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref25
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref25
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref25
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref25
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref26
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref26
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref26
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref27
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref27
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref27
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref28
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref28
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref28
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref29
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref29
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref29
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref30
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref30
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref30
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref31
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref31
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref31
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref31
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref32
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref32
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref32
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref33
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref33
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref34
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref34
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref34
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref34
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref35
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref35
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref35
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref36
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref36
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref36
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref36
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref37
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref37
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref37
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref38
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref38
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref38
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref38
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref39
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref39
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref39
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref40
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref40
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref40
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref40
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref41
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref41
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref41
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref42
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref42
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref42
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref42
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref43
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref43
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref43
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref43
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref44
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref44
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref44

45. Brzdska, E., Bello, V., Darribére, T., and Moraczewski, J. (2006). Integrin ~ 47. Abmayr, S.M., and Pavlath, G.K. (2012). Myoblast fusion: lessons from

alpha3 subunit participates in myoblast adhesion and fusion in vitro. flies and mice. Development 739, 641-656.

Differentiation 74, 105-118. 48. Millay, D.P., O'Rourke, J.R., Sutherland, L.B., Bezprozvannaya, S.,
46. Pajcini, K.V., Pomerantz, J.H., Alkan, O., Doyonnas, R., and Blau, H.M. Shelton, J.M., Bassel-Duby, R., and Olson, E.N. (2013). Myomaker is a

(2008). Myoblasts and macrophages share molecular components that membrane activator of myoblast fusion and muscle formation. Nature

contribute to cell-cell fusion. J. Cell Biol. 780, 1005-1019. 499, 301-305.

Current Biology 25, 2215-2227, August 31, 2015 ©2015 Elsevier Ltd All rights reserved 2227


http://refhub.elsevier.com/S0960-9822(15)00834-9/sref45
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref45
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref45
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref46
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref46
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref46
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref47
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref47
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref48
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref48
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref48
http://refhub.elsevier.com/S0960-9822(15)00834-9/sref48

	Integrin Adhesions Suppress Syncytium Formation in the Drosophila Larval Epidermis
	Introduction
	Results
	PINCH Knockdown Leads to Syncytium Formation in the Larval Epidermis
	The PINCH Epidermal Syncytium Phenotype Requires Early RNAi Expression in Adjacent Epidermal and Tendon Cells
	Regional β-Integrin and ILK Knockdown Also Leads to Exuberant Syncytia
	Syncytium Formation after β-Integrin Knockdown or Wounding Involves Cytoplasmic Content-Mixing and Membrane Breakdown
	Blocking Cell Division Rules Out a Mitotic Contribution to Wound-Induced and Loss of PINCH-Induced Epidermal Syncytium Form ...
	JNK Signaling Hyperactivation Correlates with and Can Drive Epidermal Cell-Cell Fusion
	Wounding Relocalizes PINCH and ILK from Epidermal Cell Membranes near the Wound
	FA Protein Relocalization Precedes Cell-Cell Fusion upon JNK Hyperactivation

	Discussion
	Experimental Procedures
	Fly Strains and Genetics
	Puncture and Pinch Wound Assays

	Supplemental Information
	Acknowledgments
	References


