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INTRODUCTION 

 

1. Epithelial morphogenesis 

 

Initial growth on the fertilized oocyte is followed during development by late patterned 

cell differentiation. Growth and cell specification advance as the embryo develops and 

eventually resolve in the building following a certain timing of specific structures of 

particular shape and size carefully organized in space. Thus, morphogenesis exerts a 

fundamental contribution to the development of an individual. Further, it is also 

essential, as we will see below, during organism regeneration. 

Epithelial tissues morphogenesis is one of the major events during early development 

but is also responsible of the late organization of many structures in vertebrates and of 

the complete external form of many invertebrates. Epithelial morphogenesis often 

proceeds through various steps, which must be carefully coordinated and integrated in 

order to achieve the appropriate biological outcome. These include amongst others: the 

specification of distinct cell fates by transcription factors leading to the differentiation 

of distinct cell types with different cellular behaviors (Leptin, 1995); the individual and 

collective cell behavioral changes and rearrangements promoted by external positional 

cues (Montell, 2001); and specific patterns of cell proliferation and cell death (Conlon, 

1999; Vaux, 1999). Extensive rearrangements, cell deaths and cell divisions are linked 

to other processes as the coordinated regulation of cell-cell adhesion (attachment and 

detachment of each cell to their neighbors), cell-matrix adhesion and cytoskeleton 

dynamics (Schöck, 2002). Further, the cells from an epithelial sheet can also 

delaminate, undergo epithelial-mesenchymal transition, change their shape or size, 

intercalate, migrate or fuse (Figure 1). All these events are at work in many 

morphogenetic movements both in vertebrates (gastrulation, epiboly, neural tube 

closure) and invertebrates (dorsal closure in Drosophila, ventral enclosure in C. 

elegans).  
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Figure 1. Actions during epithelial morphogenesis 

Schematic representation of different cellular behaviors during simple epithelial morphogenetic 

processes. A) Cellular condensation where cells that are separated tend to aggregate. B) In the involution, 

cells turn inward and move internally as a sheet. In the invagination sheet of cells coordinately deforms to 

form a hollow tube. C) During cavitation cells rearrange to form a cavity. In vertebrates the cavitation is 

necessary to form the blastocyst. D) Epithelial to mesenshymal transition (EMT) is achieved by cessation 

of expression of ‘epithelial’ cell-cell adhesion molecules, an increased expression of ‘mesenchymal’ cell-

matrix adhesion molecules and activation of motility. Changes in adhesion and active motility causes 

cells to leave their old epithelium and migrate away as mesenchyme. E) Mesenchymal to epithelial 

transition (MET) is used to create new epithelia from condensations of mesenchymal cells. F) Convergent 

extension is a mechanism that allows a structure to become long and thin without any increase in cell 

volume or number. G) Epiboly involves the thinning and spreading of cells. The sheet of cells enlarges 

the area it covers. H) Branching morphogenesis refers to the formation of tree-like networks of epithelial 

tubes through reiterated cycles of branch initiation, branch outgrowth and branch arrest (Slack, 2005). 
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1.1 Epithelial structure 

 

The simplest classification of epithelia is by cell proportions: a columnar epithelium 

features tall cells, a cuboidal epithelium features cells that are as high as they are wide, 

and a squamous epithelium consists of very flat cells. Most epithelia are single-layered, 

but few adult epithelia are multilayered such as the stratified skin of mammals. 

Single layer epithelia are comprised by coherent sheets of cells with oriented apical-

basal polarity attached among themselves by specific intracellular unions. Epithelia 

protect the body from the external environment, provide structural support maintaining 

the correct shape of internal organs and can carry secretory functions. Cells or cell 

aggregates lacking these criteria are defined as mesenchymal. Although mesenchymal 

cells are sometimes polarized, the orientation of their polarization is generally random.  

Every epithelial cell can be subdivided into two different domains, apical and 

basolateral, with distinct physiological and cellular functions (Figure 2). The apical 

surface of epithelial cells faces either the exterior environment, in the case of epidermal 

epithelia, or the luminal space, in the case of internal epithelia. It can be divided into a 

free apical surface and a subapical region that keeps defined contacts with neighboring 

cells. In Drosophila, epithelial polarization is established during embryogenesis when 

apical and basal cellular domains segregate as a consequence of the assembly of protein 

complexes at specific positions at the plasma membrane, (Tepass, 2001). The Marginal 

Zone, located in the subapical region, is defined by the accumulation of two protein 

complexes, the Crumbs (Crb) - Stardust (Sdt) - Discs lost (Dlt) complex and the 

Bazooka (Baz)/Par-3 - atypical Protein Kinase C (aPKC) - Par-6 complex (Tepass, 

2001). In vertebrates, functionally equivalent to the Marginal Zone, tight junctions are 

found in the subapical region and separate the apical and basolateral membrane domains 

(Fesenko, 2000). On the other hand, the basolateral domain is subdivided into a basal 

subdomain mostly involved in sustaining cell-matrix adhesions and a lateral domain 

providing further cell-cell contacts. In fully differentiated epithelia, Adherens Junctions 

(AJs) constitute a circumferential belt located just basal to the apico-basolateral 

boundary. Its major function is to link the actin cytoskeleton of neighboring cells 

(Figure 2) (Tepass, 2001). In Drosophila, the Baz/Par-3 complex is necessary for the 

establishment of the fully differentiated AJs (Müller, 1996; Tepass, 2001). The Septate 

Junctions (SJs) lie immediately basal to the AJs and probably acts as permeability 
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barriers (Tepass, 2001). A set of proteins, Disc large (Dlg), lethal giant larvae (Lgl) and 

Scribble (Scrib) form part of the Septate Junction and have been proposed to form a 

biochemical complex that controls and refines the segregation of apical and basolateral 

membrane domains (Bilder, 2000a; Bilder, 2000b). In Drosophila, Gap junctions are 

located in a position slightly basal to the Septate Junctions, forming intercellular 

channels allowing the transmission of ions and small molecules between cells (Phelan, 

2001).  

 

         
Figure 2. Epithelial cell structure 

A) Schematic representation of epithelial cell structure in an vertebrate cell B) Schematic representation 

of epithelial cell structure in an invertebrate cell. Subdomains of the plasma membrane and cellular 

junctions are indicated in the left. Protein distribution is listed in the right. In a vertebrate cell from apical 

to basal Marginal zone (MZ), Zonula adherens (ZA) and Gap junctions (GJ) are located. In a invertebrate 

cell from apical to basal, Apical hemi adherens junction (aHAJ), Marginal zone (MZ), Zonula adherens 

(ZA), Septate junction (SJ), Gap junction (GJ) and basal hemi adherens junction (bHAJ) are located 

(Tepass, 2001). 

 

1.2 Epithelial Fusion 

 

One of the principal functions of any epithelium both, during development and in the 

adult organism is to protect from the external environment. Epithelial fusion is 

evolutionary conserved and participates in different developmental events like the 

sealing of the ventral ectoderm in C. elegans, dorsal closure and imaginal discs fusion 

in Drosophila or the fusion of the secondary palate, eyelid closure and neural tube 

closure in vertebrates. Epithelial fusion is also essential for wound healing where, after 

damage, epithelial sheets must join to restore the protective function of the epidermis. 

Not surprisingly defects in the genetic machinery that controls epithelial fusion can 
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result in serious pathologies like cleft palate, anencephaly, open neural tube or 

inefficient wound healing (Martin, 2004). Much of the present knowledge regarding the 

cellular and molecular mechanism of epithelial fusion comes from three models of 

epithelial morphogenesis in simple organisms including dorsal closure (DC) in 

Drosophila, ventral enclosure (VE) in C. elegans and imaginal discs fusion during 

Metamorphosis (Martin, 2004; Martín-Blanco, 2001). By understanding the genetic 

principles that promote the movement and fusion of epithelial cells during normal 

development, we must be able to pinpoint the genetic culprits involved in these 

pathogenic condition and even one day to make wound healing a more efficient process. 

 

2. Epithelial fusion models in vertebrates 

 

2.1 Neural tube closure 

 

In vertebrates, the central nervous system generates from a flat sheet of thickened 

epithelial cells on the dorsal side of the embryo. In humans, mice, frogs, chickens, and 

most other vertebrates, neurulation involves a precisely orchestrated set of 

morphogenetic movements within the neural plate that forms the neural tube of the 

embryo. Studies of neural tube closure have revealed that the process consists of four 

stages: formation of the neural plate, shaping of the neural plate, bending of the neural 

plate and closure of the neural groove (Figure 3A). 

Formation of the neural plate involves apico-basal thickening of the ectoderm, resulting 

in the formation of a placode, a flat but thickened epithelial rudiment. During shaping of 

the neural plate, the nascent neural plate continues to thicken apico-basally. 

Additionally, it undergoes a convergent extension movement, narrowing medio-laterally 

and elongating rostro-caudally. Bending of the neural plate results in the formation of 

neural folds at the interface between the neuro-ectoderm and the epidermal ectoderm. 

Upon bending and involution, the two lateral neural folds contact at the dorsal midline 

and adhere to one another. Fusion establishes the roof of the neural tube and separates it 

from the overlying epidermal ectoderm (Colas, 2001). 
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2.2 Secondary palate fusion 

 

Formation of the palate, the organ that separates the oral cavity from the nasal cavity, is 

a developmental process which failure results in palatal cleft (Figure 3B). Non-

syndromic cleft lip and/or palate (CL/P) rank among the most frequent birth defects in 

humans, occurring in approximately one of 800 live births (Dudas, 2007). During the 

formation of the palate, mesenchymal cells from the neural crest migrate to the 

primitive oral cavity where in association with the craniopharyngeal ectoderm form the 

bilateral maxillary processes. Bilateral palatal shelves arise from these maxillary 

processes at embryonic day 12 in mice, day 6 in chickens and day 45 in man. In 

mammals these bilateral palatal shelves at first grow vertically down the sides of the 

tongue, but at a precise developmental stage they rapidly elevate to a horizontal position 

above the dorsum of the tongue. The fusion of the palate occurs when the two palatal 

shelves composed of epithelial and mesenchymal layers meet at the midline. Upon 

contact, the medial epithelium disappears in part by apoptosis and by epithelial to 

mesenchymal transition, thus exposing the underlying mesenchyme. Subsequently the 

mesenchyme layers from each palatal shelf fuse at the midline to form a continuous 

structure (Ferguson, 1988). Cleft palate may result from disturbances at any stage of 

palate development: defective palatal shelf growth, delayed or failed shelf elevation, 

defective shelf fusion, failure of medial edge cell death, post-fusion rupture and failure 

of mesenchymal consolidation and differentiation. 
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Figure 3. Epithelial fusion in Vertebrates 

A) Neurulation and neural crest formation. The four major steps of neurulation include the formation of 

the neural plate, shaping of the neural plate, bending of the neural plate and closure of the neural groove. 

In a later event, cells migrate away from the neural tube to form several other structures, including the 

neural crest. B) Expansion of epithelial sheets is also necessary for secondary palate fusion in the mouse. 

In specific mutant conditions, in this case a TGF-beta knock out, fusion of the palate fails (Taya et al., 

1999). 

 

3. Wound healing in vertebrates 

 

The adult vertebrate skin consists of two tissue layers: a keratinized stratified epidermis 

and an underlying thick layer of collagen rich dermal connective tissue providing 

support and nourishment. Appendages such as hairs and glands are linked and derived 

from the epidermis but they project deep into the dermal layer.  

The primary function of the skin is to serve as a protective barrier against the 

environment. Loss of the integrity of large portions of the skin as a result of injury or 

illness may lead to major disability or even death. Due to the protective function of the 

skin any break in it must be rapidly and efficiently mended with the initiation of a 

cascade of complex events that mediates tissue repair and eventually the re-

establishment of the barrier function of the skin.  

!"#$%&'(#!%")

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

Figure 2. Epithelial Fusion is a conserved morphogenetic event. 
*+) ,-./012.32) 456.78) 95:.8;) <18/:32) 18=2765:1) .8) C. elegans) .6) :16-786.>21) 47:)
=7?1:.8;) /01) ?18/:32) -3:/) 74) /01) 1@>:A7) 34/1:) ;36/:523/.78) B$3.=0) 1/) 32CD) EFFF+C) G+)
,H-386.78) 74) 1-./012.32) 6011/6) .6) 3267) 81=1663:A) 47:) 61=7893:A) -323/1) 456.78) .8) /01)
@7561C)!8)6-1=.4.=)@5/38/)=789./.786D).8)/0.6)=361)3)#IJK>1/3)L87=L)75/D)456.78)74)/01)
-323/1) 43.26) B#3A3) 1/) 32CD) EFFF>+CC) (+) *8327;7562AD) M7589) 0132.8;) 91-1896) 78) /01)
1H-386.78)389)456.78)74)1-./012.32)6011/6)9:.?18)>A)3=/.8)BI:761)389)N3:/.8D)EFFF+)

!

A 

7



 INTRODUCTION  
    

 

Classically, tissue repair has been divided into three stages: an inflammatory phase, a 

granulation phase with synthesis of new connective tissue and epithelial wound closure, 

and finally a scar-remodeling phase once the epidermal barrier has been re-established 

(Martin, 1997) (Figure 4). Recent advances in Cellular and Molecular Biology have 

greatly expanded our understanding of the biologic processes involved in wound repair 

and tissue regeneration.  

The first stage of wound repair, inflammation, occurs immediately after tissue damage. 

Tissue injury causes the disruption of blood vessels and extravasation of blood 

constituents, leading to the formation of the blood clot, which consists of platelets 

embedded in a mesh of cross-linked fibrin fibers derived by thrombin cleavage of 

fibrinogen, together with smaller amounts of plasma fibronectin, vitronectin and 

thrombospondin (Martin, 1997). Apart from providing a barrier to prevent infection, the 

blood clot reestablishes hemostasis and provides a provisional extracellular matrix for 

cell migration. Platelets not only facilitate the formation of a hemostatic plug but also 

secrete several mediators of wound healing, such as Platelet-Derived Growth Factor 

(PDGF), that both attract and activate macrophages and fibroblasts (Werner, 2007; 

Werner, 2003b). Neutrophils are also recruited in response to the activation of 

complement, the degranulation of platelets and the products of bacterial degradation 

(Grose, 2004). After 2-3 days, and in response to other chemo-attractors, such as 

Transforming Growth Factor β (TGF-β), monocytes appear in the wound and 

differentiate into macrophages that release growth factors, such as PDGF and Vascular 

Endothelial Growth Factor (VEGF), which trigger the formation of the granulation 

tissue (Singer, 1999). 

The second stage of wound repair, new tissue formation o re-epithelialization, occurs 2-

10 days after injury and is characterized by cellular proliferation and migration of 

different cell types. The first event is the migration of keratinocytes (the inner layer of 

the skin) towards the wound edge. A massive angiogenesis, principally regulated by 

VEGF-A and FGF-2, leads to the formation of a new vascular network (Werner, 

2003b). The sprouts of capillaries associated with fibroblasts and macrophages replace 

the fibrin matrix with granulation tissue, which form a new substrate for further 

keratinocyte migration. The keratinocytes behind the leading edge proliferate and 

mature and, finally, restore the barrier function of the epithelium. In the later part of this 

stage, fibroblasts are attracted from the edge of the wound or from the bone narrow. 
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Some of the wound fibroblasts differentiate into myofibroblasts, which are 

predominantly responsible for wound contraction. Fibroblasts and myofibroblasts 

interact and produce extracellular matrix, mainly collagen, which ultimately forms the 

bulk of the mature scar (Werner, 2007). 

The third stage of wound repair  (remodeling) begins 2–3 weeks after injury and lasts 

for a year or more. During this stage, all of the processes activated after injury cease. 

Most of the endothelial cells, macrophages and myofibroblasts undergo apoptosis 

(programmed cell death) or exit from the wound, leaving a mass that consists mostly of 

collagen and other extracellular-matrix proteins. In addition, over 6–12 months, the 

cellular matrix is actively remodeled from a mainly type III collagen backbone to one 

predominantly composed of type I collagen (Guntner, 2008). 

 

                                
voir of growth factors required during the later stages of
the healing process. Within a few hours after injury, in-
flammatory cells invade the wound tissue. Neutrophils
arrive first within a few minutes, followed by monocytes
and lymphocytes. They produce a wide variety of protein-
ases and reactive oxygen species as a defense against
contaminating microorganisms, and they are involved in
the phagocytosis of cell debris. In addition to these de-
fense functions, inflammatory cells are also an important
source of growth factors and cytokines, which initiate the
proliferative phase of wound repair. The latter starts with
the migration and proliferation of keratinocytes at the
wound edge and is followed by proliferation of dermal
fibroblasts in the neighborhood of the wound. These cells
subsequently migrate into the provisional matrix and de-
posit large amounts of extracellular matrix. Furthermore,
wound fibroblasts acquire a contractile phenotype and
transform into myofibroblasts, a cell type which plays a

major role in wound contraction. Massive angiogenesis
leads to the formation of new blood vessels, and nerve
sprouting occurs at the wound edge. The resulting wound
connective tissue is known as granulation tissue because
of the granular appearance of the numerous capillaries.
Finally, a transition from granulation tissue to mature
scar occurs, characterized by continued collagen synthe-
sis and collagen catabolism. The scar tissue is mechani-
cally insufficient and lacks appendages, including hair
follicles, sebaceous glands, and sweat glands. Scarring
can also be excessive, leading to hypertrophic scars and
keloids. In contrast, wound healing in mammalian em-
bryos until the beginning of the third trimester results in
essentially perfect repair, suggesting fundamental differ-
ences in the healing process between embryonic and
adult mammals (57, 168, 176).

In addition to the importance of cell-cell and cell-
matrix interactions, all stages of the repair process are

FIG. 1. Schematic representation of differ-
ent stages of wound repair. A: 12–24 h after
injury the wounded area is filled with a blood
clot. Neutrophils have invaded into the clot. B:
at days 3–7 after injury, the majority of neu-
trophils have undergone apoptosis. Instead,
macrophages are abundant in the wound tis-
sue at this stage of repair. Endothelial cells
migrate into the clot; they proliferate and form
new blood vessels. Fibroblasts migrate into
the wound tissue, where they proliferate and
deposit extracellular matrix. The new tissue is
called granulation tissue. Keratinocytes prolif-
erate at the wound edge and migrate down the
injured dermis and above the provisional ma-
trix. C: 1–2 wk after injury the wound is com-
pletely filled with granulation tissue. Fibro-
blasts have transformed into myofibroblasts,
leading to wound contraction and collagen
deposition. The wound is completely covered
with a neoepidermis.
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Figure 4: Schematic representation of different stages of wound repair 

A) 12–24 h after injury the wounded area is filled with a blood clot with Neutrophils. B) At days 3–7 

after injury, the majority of neutrophils die by apoptosis. Instead, macrophages are abundant in the 

wounded tissue. Endothelial cells proliferate and form new blood vessels in the clot. Fibroblasts 

proliferate and deposit extracellular matrix in the wounded area. The new tissue is called granulation 

tissue. Keratinocytes proliferate and migrate down the injured dermis and above the provisional matrix. 

C) 1–2 week after injury the wound is completely filled with granulation tissue. Fibroblasts have been 

transformed into myofibroblasts, leading to wound contraction and collagen deposition. The wound is 

completely covered with a neo-epidermis (Werner, 2003a). 
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4. Epithelial fusion models in invertebrates 

 

4.1 Ventral enclosure in C. elegans  

 

Ventral enclosure (VE) is an embryonic event involving epithelial fusion and 

expansion. In this process ventral epidermal cells migrate toward the ventral midline to 

encase underlying cells in an epithelial monolayer, ensues shortly after dorsal 

intercalation begins. During ventral enclosure in C. elegans, two different types of 

leading cell can be distinguished: two sets of contralateral anterior cells, which initiate 

the process, and two subpopulations of eight posterior cells, which appear to lead a later 

expansion event. These cells, which originate exclusively by lineage, localize at the free 

edge of each epithelial sheet (Chisholm, 2005). 

Ventral enclosure occurs in two phases. First, The initial migration is led by the anterior 

cells, which display filopodia protrusions. Once these cells have reached the opposite 

side, the remainder leading cells accumulate actin microfilaments, forming a ring, which 

pulls the edges of the hypodermal sheet as a ‘purse-string’. When the epithelial sheets 

meet at the ventral midline, cells make bilaterally symmetric contacts, thereby 

establishing new junctional connections at the ventral midline. The extreme anterior 

epidermis then completes the enclosure of the embryo (Figure 5) (Martin, 2004; Martín-

Blanco, 2001). 
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Figure 5. Epithelial Fusion during Ventral enclosure (VE) in C. elegans 

Schematics (left column, A-D) and DLG-1-GFP images (right column, I-L) of ventral enclosure. A and I) 

After gastrulation, the hypoderm (future epidermis) of C. elegans, composed of about 60 cells (purple), 

becomes specified. During VE the hypoderm must cover the ventral part of the embryo, which is 

composed of neuroblasts (grey), without increase in cell numbers. B and J) VE begins when two pairs of 

cells of the anterior hypoderm are specified as leading cells. They advance over the neuroblasts toward 

the ventral midline by extending cellular protrusions. C and K) After the joining of leading edge cells at 

the ventral midline, the ventral pocket is closed by contraction of an actomyosin cable and by cell 

migration of the ventral hypoderm cells. D and L) After fusion at the ventral midline, cells undergo 

contact inhibition (Modified from Chisholm, 2005). 

 

4.2 Dorsal closure in Drosophila 

 

Near the end of Drosophila gastrulation, the extension of the germ band over the dorsal 

surface and its subsequent retraction leaves a large hole on the dorsal surface of the 

embryo. An extra embryonic sheet of cells, called the amnioserosa, covers this dorsal 

hole. The process of bringing together the two epithelial edges over the amnioserosa 

(AS) to close the hole is known as dorsal closure. The dorsal hole is elliptical and 

closure, proceeding from the anterior and posterior ends of the opening towards the 

middle requires the most dorsal row of ectodermal cells defining the perimeter of the 

5. Ventral enclosure
Ventral enclosure (Movie 5, Movie 6 and Movie 7; Figure 4), the process by which ventral epidermal cells

migrate toward the ventral midline to encase underlying cells in an epithelial monolayer, ensues shortly after dorsal
intercalation begins (Figure 1). Based on 4-D Nomarski and multiphoton imaging, ventral enclosure occurs in two
phases. First, two pairs of anterior, or ‘leading’ cells extend large protrusions as they migrate towards the ventral
midline (Figure 5d-f; Movie 6). The anterior pair of leading cells are the two ventral cells that will later fuse to the
hyp6 syncytium; the posterior pair will eventually become part of hyp7. The migratory activity of these cells is
essential for enclosure, since ventral enclosure can be completely blocked by the laser inactivation of these two pairs
of cells (Williams-Masson et al., 1997). In these experiments the leading cells were irradiated with laser power
sufficient to prevent their movement, but not sufficient to kill them. In the second step, posterior ventral cells
become wedge shaped and elongate toward the ventral midline, lining a ‘pocket’ at the ventral midline (Figure 4).
Laser inactivation of a significant fraction of the ventral pocket cells also results in failure of enclosure; the elastic
recoil of the leading edge in such experiments further suggests that the pocket is under mechanical tension.
Ultimately, ventral epidermal cells make bilaterally symmetric contacts, thereby establishing new junctional
connections at the ventral midline. The extreme anterior epidermis then completes the enclosure of the embryo by a
sheet of epidermis (Figure 4).

Figure 4. Epidermal enclosure. Schematics (left column, A-D), Nomarski images (middle column, E-H, ventral view; see also Movie 5) and DLG-1::GFP
images (right column, I-L, ventral view; see also Movie 6) of ventral enclosure. Different embryos, at corresponding developmental stages, are shown in
middle and right columns. Scale bar = 5 µm. Ventral cells are shown in pink in the left-hand column; seam epidermal cells in yellow, and dorsal cells,
which wrap around the tail, in teal. Neuroblasts and other internal cells are depicted in gray. The first two pairs of ventral cells to reach the ventral midline
are termed "leading cells" (Williams-Masson et al., 1997), which extend long protrusions towards the midline (B). After the leading cells make contact at
the ventral midline, cells posterior to these cells, termed "pocket cells" (Williams-Masson et al., 1997), reach the midline (C). Finally, the anterior
epidermal cells enclose the head (D).
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epithelial sheet, termed the leading edge (LE) cells, the more ventral epithelial (VE) 

cells and the exposed AS for proper completion. DC takes place in four phases (Harden, 

2002; Jacinto, 2002) (Figure 6). The DC begins just prior to the completion of germ 

band retraction when the two opposing epithelial sheets move towards one another as a 

consequence of amnioserosal cell contraction. Leading edge cells accumulate actin and 

myosin just beneath the cell membrane at their apical edge. This actin accumulation 

forms a contractile cable, which pulls the leading edges of the epithelial sheets and 

drives LE cell apical constriction (i.e. a ‘purse-string’ mechanism) (Figure 6) (Martin, 

2004; Martín-Blanco, 2001). The LE cells as well as those cells located ventrally to 

them begin to elongate along the dorso-ventral axis. The combined actions of these cell 

shape changes draw the opposing epithelial sheets dorsally, towards one another. 

Filopodia from cells on the opposing epithelia meet and begin to interdigitate. 

Contraction of the LE cell actin cable and of the amnioserosal cells and interactions 

between opposing filopodial and lamellipodial protrusions appear to aid in drawing the 

two epithelial sheets towards one another and zipping them together. The zipping-up of 

epithelia during DC proceeds simultaneously from the anterior and posterior ends of the 

embryo, and follows compartmental restrictions. Finally filopodia regress and their 

transient adhesions are converted into permanent adhesions with the formation of 

Adherens Junctions creating a seamless midline (Martin, 2004; Martín-Blanco, 2001).  

 
182

Fig. 1 Dorsal closure (DC) of the Drosophila embryo. Panels show photyrosine antibodies to show closure of the epidermis over the
dorsal views of progressively older embryos stained with anti-phos- large, flat cells of the amnioserosa.

large, flat cells. DC involves a dorsalward migration of
the lateral epidermis from both sides of the embryo with
the epidermal flanks meeting at the dorsal midline, com-
pletely covering the amnioserosa and sealing the embryo
(Campos-Ortega and Hartenstein, 1985) (Fig. 1). Nu-
merous mutants have been identified in which DC fails,
leading to a dorsal hole in the larval cuticle (Jürgens et
al., 1984; Nüsslein-Volhard et al., 1984; Wieschaus et al.,
1984; Perrimon et al., 1989). It is the genetic and mol-
ecular characterization of the genes disrupted in these
mutants (the ‘‘DC genes’’) that has lead to the emer-
gence of DC as an excellent system for studying the
regulation of epithelial morphogenesis (reviewed pre-
viously in Knust, 1996; 1997; Martı́n-Blanco 1997; Gob-
erdhan and Wilson, 1998; Noselli, 1998; Noselli and
Agnès, 1999; Jacinto and Martin, 2001; Jacinto et al.,
2001).
During DC there is an accumulation of nonmuscle

myosin-II (hereafter referred to as myosin) and F-actin
at the leading edge (LE) of the advancing epidermis
(Young et al., 1993; Mizuno et al., 2002) (Fig. 2A, B).
This cytoskeletal band ringing the dorsal hole has been
proposed to draw the hole shut in what is known as the
purse-string model (Young et al., 1993). At the cellular
level, the purse-string is composed of a polarized ac-
cumulation of F-actin and myosin at the dorsal end of
each LE cell that acts as a contractile apparatus, driving
constriction of the cell in an anterior-posterior (A–P)
direction. The purse-string model is based on the obser-
vation that, during DC, cells in the lateral epidermis
shift from polygonal in shape to being elongated in the

D–V direction. This elongation is first seen in the LE
cells and is then ‘‘transmitted’’ to more ventrally located
cells. In the model, elongation of the LE cells is driven
by their constriction in the A–P direction, whereas
elongation of the more ventrally located cells in the lat-
eral epidermis is a passive response to events at the LE.
The net result is stretching of the lateral epidermis up
over the amnioserosa. The first DC gene analyzed in de-
tail was zipper (Nüsslein-Volhard et al., 1984) which en-
codes Drosophila nonmuscle myosin-II heavy chain
(Young et al., 1993). In zipper mutant embryos deficient
in myosin, cell shape change in the epidermis is aberrant
and DC is not completed (Young et al., 1993). That the
F-actin purse-string is driving cell constriction is sup-
ported by the observation that LE cells in which the
actin cytoskeleton is deficient tend to ‘‘splay out’’ in the
A–P direction (Harden et al., 1996; Grevengoed et al.,
2001). In addition to F-actin and myosin, there is an
accumulation of phosphotyrosine-rich structures at the
LE during DC (Harden et al., 1996). These structures
take the form of triangular nodes linking LE cells at
their dorsal end (Fig. 2C). The level of phosphotyrosine
in these structures is linked to the integrity of the LE
cytoskeleton, as losses of the cytoskeleton at points
along the LE are accompanied by losses of LE phospho-
tyrosine at the same positions (Harden et al., 1996). As
discussed below, the triangular nodes appear to be
adherens junctions contributing to organization of the
LE cytoskeleton.
It has become apparent that the contractile purse-

string is not the only mechanism driving closure of the

 
Figure 6. Dorsal closure (DC) of the Drosophila embryo 

Dorsal views of progressively embryos stained with anti-phosphotyrosine antibodies to show closure of 

the epidermis over the large flat cells of the amnioserosa (Harden, 2002) 
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4.3 Signaling cascades that controls dorsal closure 

 

The Jun Kinase signaling cascade has been characterized in Drosophila as one of the 

pathways involved in DC. JNKs belong to the family of MAPKs (Mitogen Activated 

Protein Kinases) like ERK (Extracellular Signal Regulated Kinase) and p38 Kinase 

(Johnson, 2002). The MAPKs respond to different inputs including growth factors, 

cytokines and stress. Signaling by MAPK is established trough sequential 

phosphorylation and activation of multiple kinases subsequently phosphorylating target 

proteins on serine and threonine residues, with the majority of targets identified being 

transcription factors. For JNK, the major targets are Jun and Fos which form 

heterodimers to constitute the transcriptional activator complex AP1 (Harden, 2002) 

(Figure 7).  

In Drosophila the core of the cascade is compound by the homologues of JNKK and 

JNK, which are codified by the genes hemipterous (hep) (Glise, 1995) and basket (bsk) 

(Riesgo-Escovar, 1996). Mutant analysis has revealed that the entire JNK cascade 

participates in DC completion. Mutants for hep, bsk or kayak (kay) (Fos in Drosophila) 

display embryonic dorsal holes (Harden, 2002). In JNK signaling mutants the leading 

edge cells slightly elongate but quickly afterward revert to polygonal shapes. They do 

not accumulate actin and myosin at the dorsal most edges and as a consequence they do 

not extend filopodia and the actin cable is not assembled (Homsy, 2006). 

A restricted activation of the JNK cascade is required for the differentiation of the 

leading edge during DC, where the JNK signaling pathway control the expression of the 

gene puckered (puc). puc encodes a dual specificity MAPK phosphatase that likely acts 

by downregulating DJNK/Bsk activity through dephosphorylation (Martín-Blanco, 

1998). The expression of puckered in the leading edge acts generating a negative feed 

back loop (Martín-Blanco, 1998). In puc mutants, the activity of JNK becomes 

upregulated, LE cells accumulate higher levels of actin and myosin and they undergo 

excessive progression resulting in puckering of the epidermis at the dorsal midline 

(Homsy, 2006). 

Another signaling cascade essential for DC is the one mediated by the activation of the 

Decapentaplegic (Dpp) [Bone Morphogenetic Protein (BMP)] cascade. In Drosophila 

the BMP pathway operates trough the binding of Dpp (BMP2/BMP4 homologue) to the 

type I receptor coded by the gene thick veins (tkv) and sequential recruitment of the type 
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II receptor coded by the gene punt (put) forming a heteromeric complex. This results in 

the phosphorylation of a transcription factor coded by mothers against dpp (mad) a 

member of the Smad family, that in association with a co-mediator Smad (coded by 

medea in Drosophila) is transported to the nucleus and activates or represses gene 

transcription (Affolter, 2001).  

During DC, dpp is expressed at the leading edge cells in response to JNK signaling. 

Embryos mutant for tkv, put or mad show defects during DC (Glise, 1997). 

 

 

 
Figure 7. JNK signaling in Drosophila and Mammals 

The JNK belongs to the Mitogen Activated Protein Kinase (MAPK) family. Activation of membrane 

receptors lead to the activation of small GTPases. These induce the sequential phosphorylation of a kinase 

cascade (JNKKK – Slipper; JNKK – Hemipterous; JNK – Basket in Drosophila). The JNK 

phosphorylates and activates the AP-1 transcription factor composed of JUN and FOS. AP-1 activates the 

transcription of a number of downstream factors including cytoskeleton regulators (Chickadee – a 

homolog of Profilin), signaling effectors like Dpp/TGF-β and the dual specificity JNK phosphatase 

Puckered, which promotes a negative feedback loop that downregulate JNK activity (Xia, 2004). 
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4.4 Imaginal discs fusion (Thorax Closure) in Drosophila 

 

Drosophila is a holometabolous insect that undergoes complete metamorphosis. During 

larval stages the adult epithelial precursors are organized in epithelial sacs (imaginal 

discs) that hang from the larval epidermis or are embedded in the larval tissues as nests. 

Before puparation the discs adopt a form of a planar sac with two sides that closes the 

lumen. One of the side, the “imaginal” side consist of a columnar epithelia that contains 

almost all the cells of the disc. In the other side, the peripodial side, the cells are more 

flattened, especially in its more central side. Within the first 5 h after puparium 

formation, the precursors of the adult structures evert. The wing discs, which during 

larval stages are connected through stalks to the larval epidermis evaginate by invading 

larval territories. The peripodial cells and the stalk cells of the disc interdigitate in 

between the larval cells breaking the basal lamina. As a result numerous small holes are 

formed in the larval epidermis, which coalesce into a big opening through which the 

wing discs evert. At the end of eversion, the cells of the peripodial and stalk form a 

band that surrounds the everted discs in their proximal domain (Pastor-Pareja, 2004) 

(Figure 8). This band of cells will act as a leading edge driving the movement of the two 

hemithoraces in order to fuse in the dorsal midline to seal the adult epidermis (Martín-

Blanco, 2000; Pastor-Pareja, 2004).  

One characteristic of thorax closure is the dramatic transformation of the leading edge 

cells, which undergo a pseudo epithelial to mesenchymal transition reducing their 

adhesive properties (Pastor-Pareja, 2004). They expand over the underlying larval 

epidermis emitting and retracting long filopodia and lamellipodia with mechanical and 

guiding functions as in dorsal closure. Upon initial contacts at the most anterior and 

posterior, a supra-cellular actin cable assemble at the leading front that by contracting 

leads to the gradual zippering of the two sheets and the subsequent closure of the thorax 

dorsal gap (Martín-Blanco, 2000) (Figure 8). 

As in dorsal closure different studies have shown that JNK signaling is also implicated 

in promoting imaginal disc fusion (Agnès, 1999; Martín-Blanco, 2000). During thorax 

closure the JNK activity is also restricted to leading edge cells and controls 

adhesiveness and actin dynamics. In JNK loss of functions, peripodial cells fail to 

undergo epithelial-mesenchymal transition and imaginal discs do not evaginate or in 
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hypomorph situations fail to close at the midline (Martín-Blanco, 2000; Pastor-Pareja, 

2004). 

 

 
Figure 8. Eversion and Thorax fusion in Drosophila 

A) puc expression is restricted to cells at the edge of a half-everted wing imaginal disc. More than 70% of 

puc expressing cells are present at the leading front, and will become the leading edge during thorax 

closure. puc is revealed by pucE69 β-gal expression (green). Actin (phalloidin) staining is shown in red. B) 

Confocal image projection of a 5-h APF pupa stained with phalloidin (actin – green) and TO-PRO3 

(nuclei – red). Long, thick filopodia extend from the wing imaginal disc edges, expand over the larval 

tissue, and eventually connect the confronting discs (arrowheads). C) Snapshots from a movie showing 

puc expression during the closure of the wing discs at the dorsal midline. After eversion, puc expressing 

cells become the leading front of the imaginal discs. Thorax fusion starts after de disc has completely 

everted at 4 hours after puparium formation (APF) and ends at 5,30-6 APF when the two hemithoraces 

fuse at the midline (Modified from Martín-Blanco, 2000; Pastor-Pareja, 2004). 

 

5. Wound Healing in invertebrates 

 

Like in other organisms, Drosophila is able to heal and regenerate structures. When an 

imaginal disc is cut and cultured in vivo prior to metamorphosis, the fragment 

regenerates the lost structures (Schubiger, 1971). This ability led during the 70s and 80s 

Changes of shape align with the filamentous bridges, suggesting
a mechanical role for these actin-rich structures.

Spreading and Fusion of Imaginal Cells Depend on JNK Signaling. The
JNK signaling cascade participates in the spreading and fusion of
discs during pupation. Wing discs of maternally rescued homozy-
gous hepr75 (D-JNKK) animals remain in their initial position in
the prepupa, they do not spread, and in many cases disc eversion
does not take place (ref. 6; unpublished observations). Milder
defects can be observed in several other conditions in which JNK
signaling is impaired. Thus, in hypomorphic heteroallelic com-
binations of kayak (a gene coding for the Drosophila homologue
of the transcription factor c-Fos) or hep, the thoracic epithelia
fail to reach the midline and fuse (7). Similar abnormalities are
observed after overexpressing Puc or dominant-negative Fos
with a Pnr-Gal4, a line that is expressed in the larval tissue and
the central notum region (‘‘pannier domain of expression’’) (19).

To analyze the role of JNK signaling in leading-edge cells, we
used the MZ980-Gal4 line. This Gal4 line is expressed specifi-
cally in the presumptive edge cells of wing (Fig. 4 A and B) and
haltere (not shown) discs and in the intervening larval cells (data
not shown). Expressing Puc ectopically with MZ980-Gal4 results
in adults with a mild thorax cleft phenotype (Fig. 4C) reminis-
cent of hep hypomorphic alleles (hep1) (Fig. 4D).

Complete failure of JNK signaling (in hepr75 animals) abol-

ishes both spreading and fusion. In many zygotic null animals
thorax closure does not proceed and wings occasionally fail to
evert (6). We found that in hepr75 animals, the expression of actin
is down-regulated in both the larval and the epidermal tissues.
In these mutants, filopodia departing from leading-edge cells are

Fig. 2. Imaginal cells spread over larval cells during thorax closure. Confocal
images of a 5-h APF pupa expressing a nuclear GFP (GFPn) under the control
of Arm-Gal4. GFPn is expressed in all imaginal (small diploid nuclei) and larval
(large polyploid nuclei) cells. (A) Dorsal surface focal plane. Leading-edge
imaginal cells are highlighted in red. The edge of the spreading discs is marked
in yellow. (B) A focal plane situated 6 !m below the dorsal surface. The edge
of the underlying larval epidermis is marked in light blue.

Fig. 3. Imaginal cells extend filopodia that connect contralateral discs. (A)
Confocal image projection of a 5-h APF pupa stained with phalloidin to label
polymerized actin and TO-PRO3 to mark nuclei. Long, thick filopodia extend
from the wing imaginal disc edges, expand over the larval tissue, and even-
tually connect the confronting discs (arrowheads). (B) At 6 h APF, after discs
contacted anteriorly, filopodia (arrowheads) extend from more posterior
areas of the leading edge (confocal projection). (C) Dorsal surface confocal
image of a 6-h APF pupa. Filopodia link the contralateral discs, and imaginal
cells change shape extending toward the midline.
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Figure 1. JNK Signaling Is Active in Peripo-
dial and Stalk Cells prior to and at Eversion

(A) puckered expression in wing imaginal
discs before eversion. puc is expressed in
the stalk of the disc throughout the third larval
stage and in an increasing number of PE cells
as larva ages. At the end of the third larval
instar, the entire PE expresses puc. puc is
detected by anti-!-gal staining in the pucE69

lacZ enhancer trap line.
(B) Puc ubiquitous expression, driven by ac-
tin-GAL4 (see Experimental Procedures), re-
presses JNK signaling in the PS cells of larval
wing discs. pucE69 !-gal expression (red and
lower panel) induced by JNK activity is abol-
ished upon expression of Puc (visualized by
GFP coexpression). Same effects on puc ex-
pression can be seen in hep (D-JNKK) mutant
discs (Martı́n-Blanco et al., 2000, and data
not shown)
(C) puc expression is restricted to cells at the
edge of a half-everted wing imaginal disc in
a wild-type pupa 4.5 hr APF. At this time,
more than 70% of puc expressing cells are
present at the leading front. Puc is revealed
by pucE69 !-gal expression (green). Actin
(phalloidin) staining is shown in red.

(Kayak [Kay]) (Zeitlinger and Bohmann, 1999; Zeitlinger embryonic dorsal closure, where the embryonic epider-
mis fuses along the dorsal midline (reviewed in Martı́n-et al., 1997), and an upstream kinase cascade homolo-
Blanco, 1997; Noselli, 1998). Based on these similarities,gous to the Jun-NH2-terminal kinase (JNK) pathway in
it has been suggested that a conserved mechanismmammals. The core of this cascade is formed by the
regulates the spreading and fusion of epithelial sheets.stress-activated kinases JNKK and JNK. In Drosophila,

In this paper, we uncover a new morphogenetic/cellu-JNKK and JNK homologs are encoded by the genes
lar mechanism for disc eversion based on histologicalhemipterous (hep) (Glise et al., 1995) and basket (bsk)
sections and direct observation of imaginal morphogen-(Riesgo-Escovar et al., 1996). JNK signaling mutant lar-
esis in vivo. We found that, at the onset of metamorpho-vae do not spread their discs in the process of thorax
sis, imaginal discs coordinately appose their peripodialclosure (Agnes et al., 1999; Martı́n-Blanco et al., 2000;
sides and stalks (PS cells) to the larval epidermis. Then,Noselli and Agnes, 1999; Suzanne et al., 2001; Tateno
eversion proceeds through the progressive invasion ofet al., 2000; Zeitlinger and Bohmann, 1999). This pheno-
the larval epidermis by PS cells undergoing a pseudo-

type is accompanied by a loss of puckered (puc) expres- epithelial-mesenchymal transition (PEMT). Multiple per-
sion in the disc stalk and the PE (Agnes et al., 1999). forations in the peripodial/larval bilayer are thus gener-
Puc is a dual-specificity phosphatase that selectively ated, which coalesce with the disc stalk into a single
inactivates Bsk and, thus, is thought to act in a negative hole, widening the gap and allowing disc evagination.
feedback loop (Martı́n-Blanco et al., 1998). JNK activity When eversion is complete, the PS cells localize to the
is necessary to maintain the adhesion of the imaginal leading front of the discs, spearheading their expansion
leading edge cells to their larval substrate and to pro- over larval cells. We also analyze the roles of the JNK
mote actin dynamics (lamellipodia and filopodia forma- pathway at discrete steps of disc morphogenesis pro-
tion) (Martı́n-Blanco et al., 2000). It has been shown that gression. We demonstrate that the JNK cascade func-

tions to promote the apposition of PS and larval cells,this signaling cascade also regulates the process of
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Figure 4. Intercalation and Motility in PS Cells

(A and B) Clonal analysis of wing imaginal discs PS cells (see Experimental Procedures).
(A) Clones (black) in the PE, as in the rest of the disc, are always compact in third instar larvae (dotted line).
(B) At 4 hr APF, clones (n ! 14) at the leading front show cell intercalation. Thus, cells from the same lineage become separated and the
cohesion of the clone is lost. The dotted line encloses a clone showing intercalation of puc-expressing cells. Actin (phalloidin) and the nuclei
of puc-expressing cells are shown in red and blue, respectively. Insets in right inside corner diagrams describe the position and orientation
of (A) and (B).
(C) Cells at the leading front emit lamellipodia (arrowhead) and long filopodia (arrow) in a 4.5 hr APF pupae (fixed tissue stained with phalloidin
[filamentous actin]).
(D) Snapshot from Supplemental Movie S2 showing the motile activity of a GFP-expressing pucE69-I GAL4 cell at disc eversion.
(E) Snapshots from Supplemental Movie S3 showing the closure of the wing discs at the dorsal midline in a GFP-expressing pucE69-I GAL4 pupa.
After eversion, PS cells become the leading front of the imaginal discs.

to reach their final position at the leading front, the PS a more rounded one and are found in close contact with
the larval epidermal cells via their basal surfaces (Figurecells would need to reposition themselves within the

epithelia. Although this rearrangement just could be 2B). Multiple actin-rich protrusions lead this apposition
(Figure 2F). At this step, the basal lamina in betweenachieved through a massive constriction of the PE, we

have uncovered a complementary mechanism, which both layers degrades, leading to an intimate adhesion
(Figure 2E).involves larval epidermis perforation and PE cells inter-

calation. Once imaginal discs appose the larval epidermis, we
observed that PS cells, mostly around the disc stalk,
invade the larval epithelium, gradually replacing the lar-Disc Eversion Proceeds throughout Invasion

and Perforation of the Larval Epidermis val cells at the pupal surface without compromising the
integrity of the peripodial sheet (Figure 3A). Severaland Planar Cell Intercalation of PS Cells

At third instar larval stages, the wing disc obliquely holes are opened in the peripodial/larval bilayer (Figures
3B, 3C, and 5B), which within a few minutes convergehangs from the larval epidermis, which is separated from

the peripodial surface of the disc at the notum level by with the original stalk into a single aperture (Figure 3D
and Supplemental Movie S1). Interfering with apoptosisseveral larval muscles and tracheal tubules (Figure 2A).

The disc and the larval epidermis are isolated by their by overexpressing the P35 cell death inhibitor in imagi-
nal and larval tissues does not affect epithelial perfora-corresponding extracellular basal lamina (Figures 2C

and 2D). During late third instar stages and the first tion and disc eversion (data not shown).
Following coalescence, we observed the progressivehours APF, the notum-wing side of the disc folds pro-

gressively to acquire the adult organ shape. We found widening of the hole by intercalation of PS cells at the
leading front (Supplemental Movies S1 and S2). We per-that, at the initiation of pupariation, the disc affixes to

the larval epidermis through its peripodial side. At 3 hr formed a cell lineage analysis and found that multiple
clones of PS cells, which remain compact up to the thirdAPF, the PS cells lose their squamous shape to adopt

 C 
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to different analysis of the regenerative capabilities of wing and leg discs studying the 

healing process itself, cell proliferation, growth and pattern formation (Adler, 1984; 

Bryant, 1988; Dunne, 1981). 

In Drosophila the wound healing process have been studies in four different scenarios: 

embryonic wound healing, wound healing in Drosophila larvae, larval epidermis wound 

healing, adult wound healing and wound healing in imaginal discs (Figure 9).  

 

 
Figure 9. Wound healing models that can be used in Drosophila 

A)  Embryos can be wounded by hand with a glass needle or by laser ablation. B) Larval wounding 

(generally third instar) is mediated either with a needle or by “pinching” with forceps. C) Imaginal discs 

wounding was historically performed by mechanical cutting (broken red line) and required grafting back 

into an adult host, but new studies using Gal4-UAS-targeted apoptotic killing of defined populations of 

cells have been performed D) Finally, adult flies can be wounded using a tungsten needle or with 

iridectomy scissors, by cutting between the tergites of the abdomen (modified from Razell, 2011). 

 

5.1 Embryonic wound healing 

 

Similarly to vertebrate early embryos and dorsal closure, Drosophila embryos wounded 

at stage 15 show the assembly of an actin-cable and dynamic filopodia protrusions 

extending from the leading edge. During the adhesion phase of repair, just as during 

dorsal closure, filopodia from opposing epithelial cells made contact and the wound was 

subsequently tugged closed (Wood, 2002) (Figure 10). 	  

Though actin provides the mechanical parts required for sealing, its functions are not 

autonomous, but rely on several inputs from inside and outside the cells. While the actin 

cable (dependent on Rho) leads the pulling forward of the epithelium by a purse-string, 

a failure to assemble filopodia (which are dependent on the activity of the small GTPase 

Cdc42) blocks the final adjustment of the edge fronts as they finally meet (Wood, 

2002).  

2004); this plug subsequently becomes a
melanised scab. Deletion of crystal cells (a
haemocyte sub-lineage) impairs scab
formation, resulting in retarded wound
healing and a compensatory hyperinduction
of the JNK response (Galko and Krasnow,
2004). How this might relate to mammalian
wound healing is still unclear.

The role of Grainy head signalling
Grainy head signalling is required for both the
establishment and healing of the barrier
epidermal and cuticle layers of Drosophila
larvae (Mace et al., 2005) and mammalian skin
(Ting et al., 2005), providing a striking example
of co-evolution. Recent studies have shown
that several genes upregulated during wound
healing are downstream of Grainy head
signalling; some, but not all, of these are also
JNK-AP1 target genes, suggesting that
multiple signalling pathways that are induced
during wound healing can activate the various
components of the wound transcriptome
(Mace et al., 2005; Pearson et al., 2009).
Furthermore, one key target of Grainy head
signalling, Stitcher, activates ERK (Wang et al.,
2009), which in turn directly regulates Grainy
head signalling through phosphorylation and
enables expression of other Grainy head target
genes in epidermal cells following wounding
(Kim and McGinnis, 2011). Although Grainy
head signalling is active at low levels under
physiological conditions to maintain
epidermal integrity in both mammals
[grainyhead-like 3 (Grhl3)] and Drosophila,
these studies suggest that its activity is

upregulated to drive the wound healing
response.

Overall, the close parallels already
identified between fly and mammalian
wound healing suggest that further studies
in Drosophila will enable a fast-track
understanding of fundamental wound-
healing-associated signalling pathways and
their regulation.

Other signalling pathways involved
in the regeneration of larval imaginal
discs
In addition to JNK and Grainy head
signalling, several other pathways are now
emerging as potential players in wound
healing owing to their role in larval imaginal
disc regeneration. For example, the bone
morphogenetic protein (BMP;
Decapentaplegic in Drosophila) pathway
(Mattila et al., 2004), Hippo pathway
(Grusche et al., 2011), Wnt (Wingless in
Drosophila) pathway (Smith-Bolton et al.,
2009) and retinoid signalling (Halme et al.,
2010) are all active in regenerating tissue after
mechanical wounding or in settings in which
specific cell types have been genetically
ablated through the expression of pro-
apoptotic genes in specific regions of the disc.
Although these pathways have not yet been
shown to be essential for repair in fly models,
it is clear that they play a role in growth and
differentiation of regenerating tissue. In
addition, several of them have been linked to
vertebrate regeneration and/or repair (Halme
et al., 2010; Masterson et al., 2011).

Role of cell proliferation in wound
re-epithelialisation
Studies of mammalian skin healing have
provided clear evidence that cell division
occurs in the advancing wound epithelium
(Werner et al., 1994). If a significant amount
of tissue is lost through damage, it seems
logical that new cells should be generated to
replace it; however, studies have shown that
cell division, per se, is not essential for
healing. Indeed, in the fly embryo, small
holes can heal rapidly at a stage of
development when there is no cell division
within the epithelium: rather, the gap is filled
by cells changing shape and stretching in
order to increase their surface area (Wood
et al., 2002). Of course, this means that
embryos are a poor model for investigating
the regulation and role of cell division in
wound re-epithelialisation. However, when
larval imaginal discs are wounded, there is a
surge of cell proliferation at the wound
margin (Dale and Bownes, 1981), and this
might play a key role in the regenerative
process. Further studies of wounded imaginal
discs might therefore shed light on the
genetics that underlie this key aspect of the
vertebrate wound response.

Recruitment of innate immune cells
to wounds: studying the
inflammatory response
Tissue damage triggers a robust inflammatory
response to both fight infection and clear
wound debris. Unfortunately, in performing
these vital tasks, immune cells also induce
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Modelling wound healing in Drosophila PRIMER

Fig. 1. At all stages of development, from embryo to adult, Drosophila can and has been used as a wound-healing model. Wounded areas are shown in
red. (A) Embryos can be wounded by hand with a glass needle, which punctures the vitelline membrane (creating asterile wounds), resulting in ragged wounds
that vary in size. Laser-mediated wounding ablates a patch of epithelium, leaving a circular hole of reproducible size that gapes in the dorsoventral axis because
of tensions within the epithelium. These laser-mediated wounds leave the vitelline membrane intact and are therefore sterile. Embryo wounding is generally
performed at around stage 14, when dorsal closure (horizontal oval represents dorsal hole) is near completion, enabling comparisons between wound healing
and morphogenesis. (B) Larval wounding (generally third instar) is mediated either with a needle, which breaks the epidermal layer and results in the formation
of a melanin clot, or by ‘pinching’ with forceps, which damages the epidermis, but does not breach the barrier cuticle. (C) Within third instar larvae are imaginal
discs, which have long been used as a model of pattern regeneration. Wounding was historically mediated by mechanical cutting (broken red line) and required
grafting back into an adult host, but new studies use Gal4-UAS-targeted apoptotic killing of defined populations of cells in the wing and/or leg discs. (D) At pupal
stages, fly tissues are translucent and are amenable to wounding and dynamic imaging, but only after a window has been cut in the pupal case. (E) Finally, adult
flies can be wounded using a tungsten needle or with iridectomy scissors, by cutting between the tergites of the abdomen.
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2004); this plug subsequently becomes a
melanised scab. Deletion of crystal cells (a
haemocyte sub-lineage) impairs scab
formation, resulting in retarded wound
healing and a compensatory hyperinduction
of the JNK response (Galko and Krasnow,
2004). How this might relate to mammalian
wound healing is still unclear.

The role of Grainy head signalling
Grainy head signalling is required for both the
establishment and healing of the barrier
epidermal and cuticle layers of Drosophila
larvae (Mace et al., 2005) and mammalian skin
(Ting et al., 2005), providing a striking example
of co-evolution. Recent studies have shown
that several genes upregulated during wound
healing are downstream of Grainy head
signalling; some, but not all, of these are also
JNK-AP1 target genes, suggesting that
multiple signalling pathways that are induced
during wound healing can activate the various
components of the wound transcriptome
(Mace et al., 2005; Pearson et al., 2009).
Furthermore, one key target of Grainy head
signalling, Stitcher, activates ERK (Wang et al.,
2009), which in turn directly regulates Grainy
head signalling through phosphorylation and
enables expression of other Grainy head target
genes in epidermal cells following wounding
(Kim and McGinnis, 2011). Although Grainy
head signalling is active at low levels under
physiological conditions to maintain
epidermal integrity in both mammals
[grainyhead-like 3 (Grhl3)] and Drosophila,
these studies suggest that its activity is

upregulated to drive the wound healing
response.

Overall, the close parallels already
identified between fly and mammalian
wound healing suggest that further studies
in Drosophila will enable a fast-track
understanding of fundamental wound-
healing-associated signalling pathways and
their regulation.

Other signalling pathways involved
in the regeneration of larval imaginal
discs
In addition to JNK and Grainy head
signalling, several other pathways are now
emerging as potential players in wound
healing owing to their role in larval imaginal
disc regeneration. For example, the bone
morphogenetic protein (BMP;
Decapentaplegic in Drosophila) pathway
(Mattila et al., 2004), Hippo pathway
(Grusche et al., 2011), Wnt (Wingless in
Drosophila) pathway (Smith-Bolton et al.,
2009) and retinoid signalling (Halme et al.,
2010) are all active in regenerating tissue after
mechanical wounding or in settings in which
specific cell types have been genetically
ablated through the expression of pro-
apoptotic genes in specific regions of the disc.
Although these pathways have not yet been
shown to be essential for repair in fly models,
it is clear that they play a role in growth and
differentiation of regenerating tissue. In
addition, several of them have been linked to
vertebrate regeneration and/or repair (Halme
et al., 2010; Masterson et al., 2011).

Role of cell proliferation in wound
re-epithelialisation
Studies of mammalian skin healing have
provided clear evidence that cell division
occurs in the advancing wound epithelium
(Werner et al., 1994). If a significant amount
of tissue is lost through damage, it seems
logical that new cells should be generated to
replace it; however, studies have shown that
cell division, per se, is not essential for
healing. Indeed, in the fly embryo, small
holes can heal rapidly at a stage of
development when there is no cell division
within the epithelium: rather, the gap is filled
by cells changing shape and stretching in
order to increase their surface area (Wood
et al., 2002). Of course, this means that
embryos are a poor model for investigating
the regulation and role of cell division in
wound re-epithelialisation. However, when
larval imaginal discs are wounded, there is a
surge of cell proliferation at the wound
margin (Dale and Bownes, 1981), and this
might play a key role in the regenerative
process. Further studies of wounded imaginal
discs might therefore shed light on the
genetics that underlie this key aspect of the
vertebrate wound response.

Recruitment of innate immune cells
to wounds: studying the
inflammatory response
Tissue damage triggers a robust inflammatory
response to both fight infection and clear
wound debris. Unfortunately, in performing
these vital tasks, immune cells also induce
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red. (A) Embryos can be wounded by hand with a glass needle, which punctures the vitelline membrane (creating asterile wounds), resulting in ragged wounds
that vary in size. Laser-mediated wounding ablates a patch of epithelium, leaving a circular hole of reproducible size that gapes in the dorsoventral axis because
of tensions within the epithelium. These laser-mediated wounds leave the vitelline membrane intact and are therefore sterile. Embryo wounding is generally
performed at around stage 14, when dorsal closure (horizontal oval represents dorsal hole) is near completion, enabling comparisons between wound healing
and morphogenesis. (B) Larval wounding (generally third instar) is mediated either with a needle, which breaks the epidermal layer and results in the formation
of a melanin clot, or by ‘pinching’ with forceps, which damages the epidermis, but does not breach the barrier cuticle. (C) Within third instar larvae are imaginal
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Similarly to dorsal closure, wounded embryos heal without any cell division at the 

epithelial margin, so wound closure must be achieved by changes in cell shape and 

rearrangements. The front-row cells constrict their leading edges and elongate as the 

wound draw closes. Occasionally, cells withdraw from the front row and become 

accommodated in rows further back so that the number of cells with an edge forming 

part of the wound circumference decreases as the hole closes (Wood, 2002). 
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Figure 3. Parallels between wound healing and morphogenesis in Drosophila embryos. (a) Still from a movie of wound closure
in a Drosophila embryo expressing GFP-actin throughout its epithelium. The leading edge cells of the wound epithelium
express a clear actin cable and numerous filopodia and lamellar protrusions. (b) Transmission electron micrograph at the point
where wound edges meet one another to reveal interdigitation of filopodial protrusions from opposing epithelial cells. (c)
Dorsal closure in the Drosophila embryo is driven by a very similar assembly of actin cable and filopodial protrusions that
appear to knit together epithelial edges at anterior and posterior zipper fronts (region indicated in inset). (d) As during wound
healing, interactions between filopodia of opposing epithelial cells precedes cell–cell adhesion. (e–g) Schematic series to
illustrate how interdigitation of actin-rich filopodial protrusions may prime permanent adhesions between opposing epithelial
cells during dorsal closure and wound healing (adapted from Jacinto et al. (2001)).

(a) (b) (c) (d )

Figure 4. Early transcriptional events during morphogenesis and wound healing. (a) The gene, puckered, is expressed by
leading edge cells as they undergo dorsal closure (see figure 3c). (b) Immunocytochemistry for c-fos reveals transient staining
from 30 min post wounding in epithelial cells and, to a lesser degree, the wound mesenchyme (top right). (c) c-fos mRNA is
expressed in the front three or four rows of cells peaking at ca. 10–30 min post-wounding the mouse embryo. (d) Another
immediate early gene, krox 24, is induced within 5 min of tissue damage, and its expression domain also extends up to three
cell diameters back from the central wound site. Figure (a) courtesy of Dr Alfonso Martinez-Arias, Cambridge.

2. RESULTS AND DISCUSSION

(a) Re-epithelialization of an embryonic wound is
driven by actin purse-string contraction

At the cut edge of an adult cutaneous wound a mono-
layer of basal keratinocytes sweeps forward across a pro-
visional matrix of fibronectin, vitronectin and other matrix
molecules at the interface between the wound dermis and
the fibrin clot. Cells within the front few rows extend
lamellipodia and alter their integrin expression; specifically
they upregulate fibronectin/tenascin and vitronectin bind-
ing integrins and relocalize their collagen/laminin binding
integrins so that the epidermal sheet can attach down and

Phil. Trans. R. Soc. Lond. B (2004)

drag itself forward over the wound substratum (reviewed
in Grinnell 1992; Martin 1997; Werner & Grose 2003).

Our early studies in chick and mouse embryos revealed
how the epithelium swept forward over the wound
substratum (figure 2a,b), but suggested that lamellipodial
crawling was not the migratory mechanism used to cover
an embryonic wound. Transmission electron microscopy
shows that wound epithelial cells remain adherent to the
underlying basal lamina, which appears to be drawn along
with the epithelial cells as they move forward (McCluskey
et al. 1993). Fluorescently tagged phalloidin, used to vis-
ualize the distribution of filamentous actin, reveals a thick
cable of actin in the basal epidermis at the leading edge of

	  

Figure 10. Parallels between wound healing and morphogenesis in Drosophila embryos 

A) Image from a movie of wound closure in a Drosophila embryo expressing GFP-Actin. The leading 

edge cells of the wound epithelium create an actin cable and numerous filopodia and lamellar protrusions. 

B) Dorsal closure in the Drosophila embryo is driven by a very similar assembly of actin cable and 

filopodial protrusions (Modified from Wood, 2002). 

 

The signaling cascades and effectors that regulate the epithelial resealing process are 

just beginning to be unraveled. The requirement of JNK signaling is evident in mutants 

of the JNK downstream effector fos gene, which present defects in cells spreading and 

wound closure (Rämet, 2002). Recent studies have revealed some additional molecular 

components involved in healing including myosin, E-cadherin, echinoid and 

microtubules respond dynamically during wound repair. Perturbation in these 

components, as well as in the Cdc42 GTPase result in abnormal wound healing (Abreu-

Blanco, 2012). Genetic screenings have also led to the identification of the involvement 

of further genes. Some of these genes are known and have molecular or cellular 
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function related with the immune response, stress response, JAK-STAT signaling or 

cytoskeleton remodeling activities, but others are unknown (Campos, 2010). Further 

investigation of these unknown genes has shown that wound healing requires the 

function of Epidermal Growth Factor Receptor (EGFR) and ERK signaling (Geiger, 

2011; Kim, 2011) (see Discussion). 

 

5.2 Wound healing in the Drosophila larvae 

 

The larval epidermis has also been object of healing analysis. Immediately after 

puncture wounding, a variable amount of blood (hemolymph) escapes from the wound 

site and a plug forms in the gap. By 2 or 3 days after wounding, debris is cleared, the 

scab resolves, and the exterior of the animal resumes a nearly normal appearance 

(Galko, 2004a). In larval wounds, epidermal cells surrounding the wound site begin to 

elongate and to orient towards it. These cells fuse with each other to form a syncytium 

without proliferation. As healing progresses, cells spread along and through the wound 

to re-establish epithelial continuity using filopodia and lamellipodia but not an 

actomyosin cable (Galko, 2004a). A thin basal lamina is present along the length of the 

lamellipodia, suggesting the cells synthesize that basal lamina before or during their 

migration. Following re-epithelialization, the new cuticle is secreted, and by 24 h after 

wounding, a thick new cuticle layer is present.  

In larval epithelia wounds, inactivation of the JNK pathway inhibits epidermal 

spreading and re-epithelialization but does not affect scab formation (Galko, 2004a). It 

appears that the JNK pathway is activated in a gradient emanating from the wound 

limited by the scab and diffuses to the syncytium to promote cell spreading and re-

epithelialization. It has also been shown that the JNK pathway and its upstream 

regulators, the Rho family of small GTPases, are involved in localization of Non muscle 

Myosin II to larval wounds (Galko, 2004a; Kwon, 2010). In addition it has been 

demonstrated the Mmp1 (a matrix metalloprotease) is required in the epidermis to 

facilitate re-epithelialization by remodeling the basement membrane, and that the JNK 

pathway upregulates Mmp1 expression after wounding (Stevens, 2012). Genetic screens 

have also been recently performed to identify new genes involved in wound healing 

downstream of JNK signaling (Lesch, 2010) (see Discussion).  
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5.3 Wound healing in imaginal discs 

 

When wing imaginal discs are cut and implanted in the abdomen of adult flies they are 

capable to heal and regenerate. Confocal microscopy studies showed that immediately 

after cutting the columnar epithelium (CE) and, to a lesser extent, the peripodial 

epithelium (PE) curve toward each other. Such curling likely results from contraction of 

the actin-rich cable at the apical end of border cells of the wound (Bosch, 2005). This 

cable is more apparent along the wound edge of the PE and at the vertex areas of both 

epithelia. Actin cable contraction of both epithelia induces subsequent changes in the 

overall morphology of disc fragments, which is apparent 5 h after cutting (Figure 11B) 

and especially at 12 h (Figure 11C). Wound vertex area shows elongated peripodial 

cells leaning towards the CE (Figure 11E). Meanwhile, CE cells have closed the gap by 

their basolateral surface, whereas their apical regions still remain open (Figure 11F). At 

12 h a shortening of the wound surface is observed. Elongated PE cells cover the wound 

vertex and CE zipper through filopodia extensions, which allow contacts between cells 

and bring wound edges together. The zippering, that starts from filopodia at the basal-

lateral border of wound edge cells, while the apical part lagging behind in time, seems 

to proceed from proximal (central) to distal (peripheral) areas of the disc. This zippering 

process is completed at 24 h when the wound edges match together (Figure 11D). PE 

cells are still elongated towards the wound tip and CE cells have zipped the wound 

(Bosch, 2005). 
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Figure 11. Schematic representation of wound healing in imaginal discs 

A) Schematic representation of a 3/4 cut wing disc. CE is shown in dark blue and PE in yellow. B) At 5 h 

after cutting, an actin cable forms at the edge of the PE (red lines) pulling in the wound edges (black 

arrows). PE cells elongate towards the wound vertex (green arrow). CE cells extend filopodia (red lines) 

to zip wound cells at the vertex. C) At 12 h after cutting, the numbers of PE cells that elongate towards 

the wound vertex increase (green arrow) pulling in the wound edges (black arrows). The PE cells still 

cover the wound vertex, whereas filopodia (red lines) progressively zipper the wound (green arrows). D) 

At 24 h after cutting, wound healing is completed with PE cells covering the healed region (arrow). E) 

Schematic 3D representation of the zippering process. The wound closes (black arrows) from inside 

(distal) to outside (proximal) due to the contraction of the apical actin super-cable (thick red lines in the 

CE) and filopodial extensions (basal thin red lines). PE cells (orange) help wound healing elongating 

towards the wound and covering the vertex. F) Schematic representation of a Z section at the wound 

vertex. PE (orange) elongates down covering the wound vertex (arrows), whereas CE cells (blue) extend 

filopodial extension from their basolateral surfaces (arrowheads) (Modified from Bosch, 2005). 

 

Altogether, these observations suggest that healing of wing imaginal discs is completed 

by a purse-string contraction of the actin cable together with cellular zippering by 

filopodial extension and adhesion. In contrast to the larval and adult wound healing 

(Galko, 2004a; Rämet, 2002), a multicellular actin cable indicative of the purse-string 

closure mechanism has been reported in the spreading cells, as also described in 

embryonic wound healing (Wood, 2002). 

As in dorsal closure, thorax closure, embryonic wound healing and wound healing in 

the Drosophila larvae, the JNK pathway also operates in wound healing and 

regeneration in discs. In uncut wing imaginal discs puc, a downstream effector of the 

JNK signaling pathway, is strongly expressed in the stalk region, where imaginal discs 

surfaces of both epithelia curl over towards the lumen. Such
curling likely results from contraction of the actin-rich cable
at the apical end of border cells of the wound. This cable,
present in both epithelia, is more apparent along the wound
edge of the PE and at the vertex areas of both epithelia (Fig.
2A). In both epithelia, contraction of the actin cable induce
subsequent changes in the overall morphology of disc
fragments, which is already apparent 5 h after cutting (Fig.
9B) and specially at 12 h (Fig. 9C). The second driving
force is exerted through filopodial extensions already
present along the wound area soon after cutting. At the
vertex, such extensions allow contacts between cells which
start the zippering process by pulling and knitting wound
edges together (Figs. 2B–D; 9E). This process seems to
proceed from proximal (central) to distal (peripheral) areas
of the disc until the wound is closed. At the cellular level,

zipping appear to start from filopodia at the basal–lateral
border of cells at the wound edge, the apical part lagging
behind in time (Figs. 1E, G, I). This proximal–distal, basal–
apical, zippering process is completed at 24 h (Fig. 9D).
Similar to embryonic dorsal closure (Jacinto et al., 2002),
the actin cable might also restrict an excess of activity of
filopodia in imaginal disc wound healing maintaining a
smooth edge for a more efficient zippering. However, this
remains to be tested.

Altogether, these observations suggest that healing of
wing imaginal discs is completed by a bpurse-stringQ
contraction of the actin cable together with cellular
zippering by filopodial extension and adhesion. In contrast,
neither in larval and adult experimental wound healing
(Galko and Krasnow, 2004; Rämet et al., 2002), a multi-
cellular actin cable indicative of the bpurse-stringQ closure

Fig. 9. A tentative model of wound healing in imaginal discs. (A) Schematic PE view of a 3/4 wing disc fragment soon after cutting. CE is shown in dark blue

and PE in orange. (B) 5 h after cutting. Left, PE view. An actin cable forms at the edge of the PE (red lines, left) pulling in the wound edges (black arrows)

shrinking the wound surface. PE cells elongate towards the wound vertex (green arrow). Right, CE view. CE cells extend filopodial processes (red lines) to zip

wound cells at the vertex. (C) 12 h after cutting. Left, PE view. Increasing numbers of PE cells elongate towards the wound vertex (green arrow) pulling in the

wound edges (black arrows). Right, CE view. PE cells still cover the wound vertex, whereas filopodial processes (red lines) progressively zipper the wound

(green arrows). (D) PE view of a 3/4 wing disc fragment 24 h after cutting. Wound healing is completed with PE cells covering the healed region (arrow). (E)
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(distal) to outside (proximal) due to the contraction of the apical actin supercable (thick red lines in the CE) and filopodial extensions (basal thin red lines). PE
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(arrowheads) knitting the CE cells at the wound edge.

M. Bosch et al. / Developmental Biology 280 (2005) 73–86 83

surfaces of both epithelia curl over towards the lumen. Such
curling likely results from contraction of the actin-rich cable
at the apical end of border cells of the wound. This cable,
present in both epithelia, is more apparent along the wound
edge of the PE and at the vertex areas of both epithelia (Fig.
2A). In both epithelia, contraction of the actin cable induce
subsequent changes in the overall morphology of disc
fragments, which is already apparent 5 h after cutting (Fig.
9B) and specially at 12 h (Fig. 9C). The second driving
force is exerted through filopodial extensions already
present along the wound area soon after cutting. At the
vertex, such extensions allow contacts between cells which
start the zippering process by pulling and knitting wound
edges together (Figs. 2B–D; 9E). This process seems to
proceed from proximal (central) to distal (peripheral) areas
of the disc until the wound is closed. At the cellular level,

zipping appear to start from filopodia at the basal–lateral
border of cells at the wound edge, the apical part lagging
behind in time (Figs. 1E, G, I). This proximal–distal, basal–
apical, zippering process is completed at 24 h (Fig. 9D).
Similar to embryonic dorsal closure (Jacinto et al., 2002),
the actin cable might also restrict an excess of activity of
filopodia in imaginal disc wound healing maintaining a
smooth edge for a more efficient zippering. However, this
remains to be tested.

Altogether, these observations suggest that healing of
wing imaginal discs is completed by a bpurse-stringQ
contraction of the actin cable together with cellular
zippering by filopodial extension and adhesion. In contrast,
neither in larval and adult experimental wound healing
(Galko and Krasnow, 2004; Rämet et al., 2002), a multi-
cellular actin cable indicative of the bpurse-stringQ closure

Fig. 9. A tentative model of wound healing in imaginal discs. (A) Schematic PE view of a 3/4 wing disc fragment soon after cutting. CE is shown in dark blue

and PE in orange. (B) 5 h after cutting. Left, PE view. An actin cable forms at the edge of the PE (red lines, left) pulling in the wound edges (black arrows)

shrinking the wound surface. PE cells elongate towards the wound vertex (green arrow). Right, CE view. CE cells extend filopodial processes (red lines) to zip

wound cells at the vertex. (C) 12 h after cutting. Left, PE view. Increasing numbers of PE cells elongate towards the wound vertex (green arrow) pulling in the

wound edges (black arrows). Right, CE view. PE cells still cover the wound vertex, whereas filopodial processes (red lines) progressively zipper the wound

(green arrows). (D) PE view of a 3/4 wing disc fragment 24 h after cutting. Wound healing is completed with PE cells covering the healed region (arrow). (E)

Schematic frontal views of the wound vertex soon after cutting (left) and during the zippering process (right). The wound closes (black arrows) from inside

(distal) to outside (proximal) due to the contraction of the apical actin supercable (thick red lines in the CE) and filopodial extensions (basal thin red lines). PE

cells (orange) help wound healing elongating towards the wound and covering the vertex. (F) Schematic representation of a Z section at the wound vertex. PE

(orange) elongates down covering the wound vertex (arrows), whereas CE cells (blue) extend filopodial processes from their basal–lateral surfaces

(arrowheads) knitting the CE cells at the wound edge.

M. Bosch et al. / Developmental Biology 280 (2005) 73–86 83

surfaces of both epithelia curl over towards the lumen. Such
curling likely results from contraction of the actin-rich cable
at the apical end of border cells of the wound. This cable,
present in both epithelia, is more apparent along the wound
edge of the PE and at the vertex areas of both epithelia (Fig.
2A). In both epithelia, contraction of the actin cable induce
subsequent changes in the overall morphology of disc
fragments, which is already apparent 5 h after cutting (Fig.
9B) and specially at 12 h (Fig. 9C). The second driving
force is exerted through filopodial extensions already
present along the wound area soon after cutting. At the
vertex, such extensions allow contacts between cells which
start the zippering process by pulling and knitting wound
edges together (Figs. 2B–D; 9E). This process seems to
proceed from proximal (central) to distal (peripheral) areas
of the disc until the wound is closed. At the cellular level,

zipping appear to start from filopodia at the basal–lateral
border of cells at the wound edge, the apical part lagging
behind in time (Figs. 1E, G, I). This proximal–distal, basal–
apical, zippering process is completed at 24 h (Fig. 9D).
Similar to embryonic dorsal closure (Jacinto et al., 2002),
the actin cable might also restrict an excess of activity of
filopodia in imaginal disc wound healing maintaining a
smooth edge for a more efficient zippering. However, this
remains to be tested.

Altogether, these observations suggest that healing of
wing imaginal discs is completed by a bpurse-stringQ
contraction of the actin cable together with cellular
zippering by filopodial extension and adhesion. In contrast,
neither in larval and adult experimental wound healing
(Galko and Krasnow, 2004; Rämet et al., 2002), a multi-
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connect to the larval epidermis, as well as in rows of cells of the PE (Figure 12A) 

(Pastor-Pareja, 2004). This endogenous pattern of puc expression is maintained 

throughout discs healing and regeneration. Further, puc is also expressed at the wound 

of healing discs. Interestingly, this expression is not immediately detected after cutting 

(Figure 12B). At 5 h, a few positive cells for puc are seen in both epithelia of the wound 

edge (Figure 12C). By 12 h, the number of puc-GFP-positive cells reaches a maximum, 

though its range is maintained to 10–15 rows of cells from the wound edge (Figure 

12D). At 24 h, the number of GFP cells has decreased, though its range still spans 10–

15 rows of cells, and the wound are almost completely healed (Figure 12E). From then 

onwards, GFP expression persists around the healed wound up to 6–7 days of culture 

when regeneration is completed (Figure 12F) (Bosch, 2005). 

 

 
Figure 12. puc expression during imaginal disc wound healing 

puc (Green) and Fasciclin III (red). A) Intact wing disc. puc expression at the stalk (arrow). B) Disc 

immediately after cutting. puc is expressed at the stalk but not at the wound edge (arrowhead). C) 5 h in 

vivo culture. puc is weakly detected in few cells from the wound edge (arrowheads). D) 12 h in vivo 

culture. puc is strongly expressed at the wound edge (arrow) in parallel with wound contraction 

(arrowheads). E) 24 h in vivo culture. puc is expressed at the wound (arrowheads), which is almost closed. 

F) 7 days of in vivo culture. A few cells express puc at the wound region (arrow) (Modified from Bosch, 

2005). 

 

sion is present but in fewer cells than in 12 h (Fig. 3G)
and 24 h (Fig. 3H) regenerating controls. To test whether
the non-healing phenotype results from lower JNK
activity, the pucE69-F-Gal4 strain, which inactivates puc
function, was used. 3/4 fragments from hepr75/Y flies
with one dose of puc+ showed at 24 h increased levels
of JNK activity and puc expression (monitorized by
GFP) (Fig. 4G). Moreover, these fragments had the
wound more closed. Closer inspection of the healed area
shows curled wound edges (Fig. 4H) and PE cells
elongating towards the wound (Fig. 4E). Interestingly,
discs pucE69-F-Gal4;UAS-GFP in hepr75/Y background,
showed a higher number of puc-positive rows of cells
than controls.

Overexpression of dominant negative forms of basket and
Dfos affects wound healing through the JNK pathway

Since Djun, bsk, and Dfos are targets of the JNK
pathway downstream of hep, they are likely to be
switched on and needed during imaginal disc wound
healing. To test it, we overexpressed a UAS dominant
negative form of bsk (UAS-bskDN) driven by en-Gal4 in
3/4 regenerating fragments. Because en is expressed only
in the posterior compartment, bskDN will also be

expressed there. Two types of cuts were performed in
discs of en-Gal4; UAS-GFP/UAS-bskDN larvae. First, a
908 sector was cut within the anterior compartment giving
3/4 regenerating fragments in which the wound area is
limited by anterior cells which do not express bskDN (Fig.
5A). Such fragments were used as controls. Second, a 908
similar cut was performed within the posterior compart-
ment leaving a 3/4 regenerating fragment in which cells of
the wound area do express bskDN (Fig. 5C). The GFP
expression driven by en allowed both cuts to be done at a
safe distance from the A/P compartment boundary. As
expected, all (n = 11) 3/4 bskDN control fragments
showed normal wound healing at 24 h (Fig. 5B). Instead,
all 3/4 experimental fragments (n = 10) which expressed
bskDN at the wound area were not healed (Fig. 5D). In all
cases, the en pattern monitored by GFP was identical in
control and experimental fragments. Statistical analysis
using the Fisher exact test (Fisher, 1935) showed that
there was a significant difference (P b 0.05) between
bskDN control and experimental fragments. Finally, to
check whether GFP overexpression or activation of the
Gal4/UAS system might affect wound healing, 3/4 frag-
ments from en-Gal4; UAS-GFP larvae were cut in similar
ways as experimental discs and monitored. In all cases
(n = 13), 3/4 fragments were healed at 24 h (Fig. 5E).

Fig. 3. puc expression patterns during imaginal disc wound healing. Double staining for puc (green; pucE69-A–Gal4;UAS-GFP) and Fasciclin III (red). (A)

Diagrammatic representation of the main components of the JNK signalling pathway in Drosophila studied in this work. For further details, see text. (B) Intact

wing disc. puc expression at the stalk (arrow) holds along wound healing and regeneration. (C) 3/4 fragment immediately after cutting. puc is expressed at the

stalk but not at the wound edge (arrowhead). (D) 3/4 fragment after 5 h of in vivo culture. puc is weakly detected within several rows of cells from the wound

edge (arrowheads). (E) Enlargement of white square in (D) at the PE confocal plane. puc is expressed in a few PE cells. hth (blue) marks peripodial cells. (F)

Magnification of square in (D) at the CE confocal plane. puc is expressed in a few scattered CE cells. (G) 3/4 wing disc fragment after 12 h in vivo culture. puc

is strongly expressed at the wound edge (arrow) in parallel with wound contraction (arrowheads). (H) 3/4 fragment after 24 h of in vivo culture. puc is

expressed at the wound (arrowheads) which is almost closed. (I) 3/4 fragment after 7 days of in vivo culture. A few cells express puc at the former wound

region (arrow). The regenerated CE (bracketed) does not express puc. (J, K) Enlargement of square in (G). More PE cells (J) and CE cells (K) express puc than

at 5 h. In all figures, except E, F, J, K, scale bar: 100 Am.
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Embryonic dorsal closure, disc thoracic closure, and larval and adult wound healing are 

morphologically similar to imaginal wound healing in that they also rely on JNK 

activation. Accordingly, wound healing during regeneration fails to initiate or is 

aberrant in different mutants of the JNK pathway. At 5 h, hepr75 wounded discs showed 

only an actin-rich area at the wound vertex but not in the rest of the wound. The 

zippering process was also affected in this mutant. At 5 h, and even after 24 h, the 

wound remained wide open and the number of filopodial protrusions was much reduced 

when compared to control fragments (Bosch, 2005).  

Recent studies have developed a new system to allow temporally restricted induction of 

cell death in situ. Using Gal4/Gal80 and UAS-Rpr constructs, targeted ablation of a 

region of the disc could be performed and healing and regeneration monitored without 

the requirement for microsurgical manipulation. This model includes two phases. The 

first, which occurs near the wound edges, involves JNK activity, cytoskeletal 

reorganization and is important for healing and local proliferation. The second involves 

proliferation to compensate for the loss of tissue (Bergantiños, 2010). 

Recently, un study of the regenerative behavior of wing discs at 0, 24 and 72 hours after 

fragmentation and implantation into adult females have been developed (Blanco et al., 

2010). Based on expression profiles at different times of regeneration, early and late 

genes involved in the process were identified. These genes were classified in four 

categories: 1) genes that appear modified within the first 24 hours; 2) genes with 

differential expression between 24 and 72 hours; 3) genes displaying changing 

expression levels between the two time periods; 4) genes that steadily increase or 

decrease their expression levels throughout regeneration (Blanco et al., 2010).  

 

5.4 Drosophila adult wound healing 

 

A final model to study wound healing in Drosophila is the one used by Rämet et al. 

They mechanically wounded the adult epidermis of Drosophila either with razor blades, 

needles or iridectomy scissors. As occurs with wounds made in the epidermis of the 

Drosophila larvae, the first response to epithelial wound in adult flies is the formation 

of a clot at the initial site. Subsequently, the clot becomes melanized making the 

location of the wound clearly visible. During the first 2 h after wounding no sign of 

epithelial cell movement can be seen. In most cases, the edges of the cut epidermis are 
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found far away from the broken cuticle. As for the wounded embryonic epidermis 

(Kiehart, 2000), the adult epidermal layer may be subjected to an intrinsic isotropic 

epidermal tension that retracts it upon any break injury. By 4 h, the epithelial cells of 

the edge of the wound seem to shed from the disrupted cuticle. These cells change their 

shape and exhibit cytoplasmic protrusions. By 12 h, the protrusive cytoplasmic 

extensions extend from the cells of the edge of the wound and “migrate” toward each 

other under the clot. These cytoplasmic extensions suggest that the adult epidermis is 

healed by the activity of dynamic lamellipodia or filopodia, as occurs during embryonic 

wound healing or dorsal or thorax closure.  At this point, the epithelial cells are still 

enlarged but start to return to their initial shape. The suture of the epithelium is 

normally achieved within 18 h after injury. By this time, the wounded epithelium has 

healed, and cells have returned to their original shape (Rämet, 2002).  

As occur in other wound healing system, puc gene expression is specifically induced in 

epithelial cells at the edge of the wound, and the JNK signaling pathway is required for 

the healing of the adult epidermis (Rämet, 2002).   

Although we know in outline the main events involved in the healing of a wound, many 

of the underlying mechanisms are still unclear. Understanding this molecular basis will 

lead to medical advances allowing accelerated tissue repair, rebuild new tissues and 

restoring homeostasis. Fruit flies provide a fantastic opportunity for studying these 

mechanisms because they are an ideal system to study genetics. 
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OBJECTIVES 

 

In this Thesis we have performed a genetic analysis to identify new genes involved on 

the earliest phases of wound healing in imaginal discs of Drosophila. Specific 

objectives were as follow: 

 

1. Establish a new in vitro system for imaginal discs culture that enable 

wound healing. 

2. Study the gene expressing profile of cells involved in healing versus cells 

not involved in healing in wing imaginal discs.  

3. Functionally characterize new genes involved in thorax fusion and 

wound healing. 

4. Identify genes involved in wound healing conserved through phylogeny. 
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MATERIALS AND METHODS 

 

Fly Stocks 

 

All the Drosophila melanogaster lines were maintained on Standard culture media and 

according to standard procedures. Fly crosses were performed at 25º C. Overexpression 

of UAS or RNAi lines were performed at 18º C, 25º C and 29º C. Specific temperature 

shifts are indicated in the text.  

 

UAS/Gal4 system 

 

The UAS/Gal4 system is an inducible expression system developed by Andrea Brand 

(Brand, 1993). This system permits to express ectopically any gene in any part of the fly 

using specific drivers. The yeast Gal4 transcription factor is able to recognize UAS 

regulatory sequences. We used this property to specifically express in different tissues 

or patterns different target genes.  

 

GAL4 Drivers 

Driver Genotype Reference 

Pnr-Gal4 yw; if/CyO; pnr-gal4/TM6B Calleja et al. 
1996 

Pnr-Gal4–PucE69 yw; If/CyO; pnr-Gal4, pucE69Lacz/TM6B Pastor-Pareja 
et al. 2004 

Puc-Gal4; UAS-GFP Yw; UAS-GFP; puc-Gal4/TM6B Pastor-Pareja 
et al. 2004 

En-Gal4 En-Gal4 Aza-Blanc et 
al. 1997 
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v27731 VDRC

v27730 VDRC

3181R-1 NIG-FLY

3181R-2 NIG-FLY

CG5248 loco v9248 VDRC

9862R-2 NIG-FLY

9862R-3 NIG-FLY

18592R-1 NIG-FLY

18592R-3 NIG-FLY

31918R-2 NIG-FLY

31918R-3 NIG-FLY

CG30092 jbug v32433 VDRC

CG5809 CaBP1 v43148 VDRC

CG17068 CG17068 17068R-4 NIG-FLY

CG13247 CG13247 13247R-3 NIG-FLY

CG1528 gammaCop v25101 VDRC

v47383 VDRC

v47385 VDRC

CG8027 CG8027 8027R-3 NIG-FLY

CG15015 Cip4 2060R-3 NIG-FLY

CG10962 CG10962 7090R-2 NIG-FLY

11926R-1 NIG-FLY

11926R-3 NIG-FLY

CG31005 CG31005 31005R-1 NIG-FLY

CG8231 CG8231 v23751 VDRC

CG1515 l(1)G0155 v19329 VDRC

CG6133 CG6133 v37601 VDRC

CG32409 CG32409 v34543 VDRC

CG1167 Ras64B v6225 VDRC

5053R-1 NIG-FLY

5053R-3 NIG-FLY

CG8327 SpdS v35883 VDRC

v5600 VDRC

v44885 VDRC

v22996 VDRC

v22997 VDRC

CG9750 rept v19021 VDRC

v27069 VDRC

v27070 VDRC

3608R-1 NIG-FLY

3608R-2 NIG-FLY

15027R-1 NIG-FLY

15027R-3 NIG-FLY

CG1871 CG1871 v14019 VDRC

7200R-1 NIG-FLY

7200R-3 NIG-FLY

UAS Lines

ID stock Source

CG15027 CG15027

CG7200 CG7200

CG4164CG4164

CG12781 CG12781

CG3608 CG3608

CG11926 CG11926

CG5053 CG5053

CG9623 CG9623

CG6724 CG6724

CG3181 Ts

CG9862 Rae1

CG Symbol

CG31918 CG31918

CG8396 Ssb-c31a
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CG8602 CG8602 31935R-2 NIG-FLY

9296R-2 NIG-FLY

9296R-3 NIG-FLY

8654R-1 NIG-FLY

8654R-2 NIG-FLY

6565R-1 NIG-FLY

6565R-2 NIG-FLY

15629R-1 NIG-FLY

15629R-2 NIG-FLY

CG7054 CG7054 7054R-2 NIG-FLY

CG11027 CG11027 v12931 VDRC

CG15096 CG15096 15096R-2 NIG-FLY

v22288 VDRC

v22287 VDRC

5001R-1 NIG-FLY

5001R-3 NIG-FLY

8095R-1 NIG-FLY

8095R-2 NIG-FLY

v4891 VDRC

10642R-1 NIG-FLY

10642R-2 NIG-FLY

11073R-1 NIG-FLY

11073R-2 NIG-FLY

v45582 VDRC

v27995 VDRC

17574R-1 NIG-FLY

17574R-2 NIG-FLY

10802R-1 NIG-FLY

10802R-3 NIG-FLY

CG1424 mst 1424R-3 NIG-FLY

13941R-1 NIG-FLY

13941R-3 NIG-FLY

7830R-1 NIG-FLY

7830R-3 NIG-FLY

1114R-1 NIG-FLY

1114R-2 NIG-FLY

3100R-1 NIG-FLY

3100R-2 NIG-FLY

10618R-1 NIG-FLY

10618R-2 NIG-FLY

11142R-1 NIG-FLY

11142R-2 NIG-FLY

1443R-1 NIG-FLY

1443R-4 NIG-FLY

CG32697 l(1)G0232 v33744 VDRC

CG10098 CG10098 10098R-1 NIG-FLY

CG10618 CG10618

CG11142 CG11142

CG1443 CG1443

CG7830 CG7830

HphCG31543

CG3100 b6

CG17574 CG17574

CG10802 CG10802

CG13941 CG13941

CG10642 Klp64D

CG11073 CG11073

CG7421 Nopp140

CG6189 CG6189

CG5001CG5001

scbCG8095

CG8654 CG8654

CG6565 CG6565

CG15629 CG15629

CG9296 CG9296
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1703R-1 NIG-FLY

1703R-2 NIG-FLY

v32826 VDRC

CG31794 Paxillin 18061R-2 NIG-FLY

11142R-1 NIG-FLY

11142R-2 NIG-FLY

12143R-1 NIG-FLY

12143R-3 NIG-FLY

4182R-1 NIG-FLY

4182R-4 NIG-FLY

4182R-1 NIG-FLY

4182R-4 NIG-FLY

v23951 VDRC

v23949 VDRC

v3245 VDRC

v3243 VDRC

CG4576 CG4576 4576R-2 NIG-FLY

CG12880 CG12880 12880R-1 NIG-FLY

31694R-1 NIG-FLY

31694R-2 NIG-FLY

9689R-3 NIG-FLY

9689R-4 NIG-FLY

6579R-1 NIG-FLY

6579R-2 NIG-FLY

CG6830 CG6830 45578/GD VDRC

CG3825 CG3825 15238/GD VDRC

CG11326 Thrombospondin 7535/GD VDRC

1155R-1 NIG-FLY

1155R-4 NIG-FLY

13780R-1 NIG-FLY

13780R-2 NIG-FLY

7356R-1 NIG-FLY

7356R-2 NIG-FLY

CG7447 CG7447 30935/GD VDRC

CG9338 CG9338 8609/GD VDRC

32471R-1 NIG-FLY

32471R-3 NIG-FLY

4674R-2 NIG-FLY

4674R-3 NIG-FLY

30217R-1 NIG-FLY

30217R-6 NIG-FLY

v25604 VDRC

v25606 VDRC

7016R-1 NIG-FLY

7016R-2 NIG-FLY

CG7811 b 2890/GD VDRC

CG14748 CG14748 14748R-3 NIG-FLY

CG4674 CG4674

CG30217 CG30217

CG7016 CG7016

CG1155 Osiris 14

CG13780 Pvf2

CG7356 CG7356

CG31694 CG31694

CG9689 CG9689

CG6579 CG6579

yellow-cCG4182

CG9735 Tryptophanyl-tRNA synthetase

CG10913 Serine protease inhibitor 6

CG1703CG1703

CG11142 CG11142

CG12143 Tetraspanin 42Ej
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3448R-1 NIG-FLY

3448R-2 NIG-FLY

CG17723 CG17723 7461/GD VDRC

CG8649 Fimbrin 47514/GD VDRC

CG1146 CG1146 7450/GD VDRC

CG9336 CG9336 9336R-1 NIG-FLY

5993R-1 NIG-FLY

5993R-2 NIG-FLY

9026R-2 NIG-FLY

9026R-3 NIG-FLY

CG11819 CG11819 11819R-1 NIG-FLY

6739R-2 NIG-FLY

6739R-3 NIG-FLY

CG11765 Peroxiredoxin 2540 18708/GD VDRC

CG9579 AnnX 9579R-2 NIG-FLY

31955R-2 NIG-FLY

31955R-3 NIG-FLY

10531R-1 NIG-FLY

10531R-4 NIG-FLY

13224R-1 NIG-FLY

13224R-2 NIG-FLY

CG6045 CG6045 6045R-1 NIG-FLY

CG8511 8511R-2 NIG-FLY

8511R-4 NIG-FLY

CG6330 CG6330 v44326 VDRC

13532R-1 NIG-FLY

13532R-2 NIG-FLY

CG1516 CG1516 41576/GD VDRC

CG8804 wunen 6446/GD VDRC

1151R-2 NIG-FLY

1151R-3 NIG-FLY

CG6281 Tissue inhibitor of 
metalloproteases v15372 VDRC

8913R-1 NIG-FLY

8913R-2 NIG-FLY

CG30035 CG30035 8126/GD VDRC

31313R-6 NIG-FLY

31313R-9 NIG-FLY

8303R-2 NIG-FLY

8303R-2 NIG-FLY

7103R-1 NIG-FLY

7103R-2 NIG-FLY

4322R-1 NIG-FLY

4322R-2 NIG-FLY

17914R-1 NIG-FLY

17914R-3 NIG-FLY

5397R-1 NIG-FLY

5397R-3 NIG-FLY
CG5397 CG5397

CG7103 Pvf1

CG4322 CG4322

CG17914 yellow-b

CG8913 CG8913

CG31313 CG31313

CG8303CG8303

CG13224 CG13224

CG8511

CG13532 CG13532

CG1151 Osi6

CG6739 CG6739

CG31955 CG31955

CG10531 CG10531

CG3448 CG3448

CG5993 os

CG30022 CG30022
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10527R-1 NIG-FLY

10527R-2 NIG-FLY

CG1780 Imaginal disc growth factor 4 14624/GD VDRC

10559R-1 NIG-FLY

10559R-2 NIG-FLY

10160R-1 NIG-FLY

10160R-2 NIG-FLY

9026R-2 NIG-FLY

9026R-3 NIG-FLY

CG6186 Tsf1 6186R-2 NIG-FLY

CG10999 CG10999 16171/GD VDRC

15006R-1 NIG-FLY

15006R-2 NIG-FLY

CG9023 Drip v51936 VDRC

11527R-1 NIG-FLY

11527R-2 NIG-FLY

11527R-1 NIG-FLY

11527R-2 NIG-FLY

UAS-SPO

UAS-SP6

CG7807 CG7807 UAS-Ap-2 Kerber, B

CG10601 CG10601 UAS-mirror McNeill, H

CG11491 CG11491 UAS-Broad Horiuchi

UAS-Sptr

UAS-Sptr-2

CG10571 ara UAS-ara  Diez del Corral, R

UAS-Dlg  Budnik, V

UAS-DlgGFP Bachmann, A

CG15532 CG15532 UAS-Head Samakovlis, C

CG10631 CG10631 UAS-I4 Venkatesha, K

UAS-Grain1

UAS-Grain2

CG10605 caup UAS-Caup Grillenzoni, N

CG6944 CG6944 UAS-Lamin Krasnow, M.A

CG12172 Spn43Aa UAS-Spn43 Levashina, A

UAS-Bil082

UAS-Bil083

UAS-Bil080

CG9102 bab2 UAS-Bab2  Kopp, A

Prada, F

Brown, S

Gubb,D

 Schock, F

CG11084 CG11084

CG11527 Tig

CG12653CG12653

CG15006

CG6378 BM-40-SPARC

CG1725 dlg1

CG10160 ImpL3

CG30022 CG30022

CG15006

CG9656 grn

CG10527 CG10527

CG10559 CG10559
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Imaginal discs culture 

 

Third instar larvae wing imaginal discs were dissected and incubated in a MM3 medium 

(Shields and Sang´s) supplied with fly extract. The Fly extract was prepared following 

the protocol suggested by the DGRC, Indiana University (2005):  

• Collect 300 flies/100 ml of extract 

• Put 6,8 ml of medium/gr of flies and homogenize at 4º C 

• Centrifuge at 1500 g during 15 minutes at 4ºC.  

• Discard the precipitate and collect the supernatant in a new tube. 

• Incubate the supernatant during 5 minutes at 60º C.  

• Centrifuge at 1500 g during 90 minutes at 4º C. Discard the precipitate. Filtrate 

the supernatant with a 0,22 µm filter.  

This modified media allows the culture of the wing imaginal discs for more than 24 

hours  

 

Cells dissociation  

 

Before sorting the cells by FACS we dissociated the imaginal discs by trypsinization. 

The trypsinization was done in a 35mm dish (Nunclon) with 1ml of Trypsin-EDTA 

(Sigma –T4174) 9X and 5 µl of Hoechst 33342 to stain nuclei. Around 100 imaginal 

discs were added and agitated 2-3 h (170 rpm) at room temperature. During the last 30 

minutes 5 µl of propidium iodide (1mg/ml, Invitrogen) were added to detect dead cells. 

The degree of dissociation was observed under the scope.  

 

Selection of different cells populations 

 

The selection and sorting of the GFP positives and negatives cells were done by flow 

Cytometry using a MoFlo equipment (DakoCytomation). Simple excitations were done 

with an ion-argon laser, Coherent Enterprise II. We considered different parameters for 

cell sorting: 
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• The GFP and PI fluorescence, FSC and SSC parameters were obtained using the         

488 nm line at 220mW. 

• UV excitation (25 mW) was used for Hoechst 33342 

• Optic alignments were based on optimal signals for 10 µm fluorescence particles 

(Flowcheck, Coulter Corporation). 

• Cell sorting using MoFlo was based on a drop formation system. The different 

areas of cell sorting were defined by the combination of the green fluorescence 

intensity (GFP), red (propidium iodide - PI) blue (Hoechst 33342) and 

refringency parameters (FSC and SSC). 

• GFP signal: we consider GFP positives cells those with a signal higher than 101 

and GFP negatives those with no GFP signal. 

• PI signal: we consider dead cells those with a PI signal between 101- 102. 

• Hoechst signal: we considered alive and intact cells those with Hoechst intensity 

around 103. This staining allowed us to differentiate whole cells from degraded 

cells and aggregates.  

 

RNA extraction and Quantification  

 

RNA was extracted following the protocol of the Qiagen RNeasin® Micro Kit. In order 

to obtain approximately 10 ng of RNA we employed around 30.000 to 40.000 cells. The 

quality and quantity of the extracted RNA were analyzed using the RNA Pico Lab Chip 

with an Agilent Bioanalyzer (Agilent Technologies).  

 

Linear Amplification and hybridization to Affymetrix chips 

 

Due to the small size of the sample, the RNA was indirectly labeled with two rounds of 

linear amplification. The amplification and the labeling include the following steps:  
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• Synthesis of the first chain of cDNA 

using a T7 primer (dT) by Reverse 

Transcription  

• Synthesis of the second chain of cDNA 

generating a double cDNA chain to be 

transcribed  

• cDNA purification by eliminating RNA, 

primers, enzymes and salts.  

• In vitro Transcription. In this step 

multiple aRNA biotinylated copies are 

synthesized from the cDNA. 

• aRNA purification. Elimination of non-

incorporated NTPs, salts, enzymes and 

inorganics phosphates for a proper 

stability of the aRNA. 

• Connective Dye reactions. Between the 

biotinylated residues and the Cy3 and 

Cy5 reagents.  

• Purification of the labeled aRNA.  
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Immunofluorescence Microscopy 

 

Third instar larvae imaginal discs dissection were performed in 1X PBS followed by 

culturing in MM3 media for 16-18 hours. We found that in the described culture 

medium, the imaginal discs lose their morphology after some 5-6 hours of culture, 

becoming spherical in shape. To flatten the samples we placed a small piece of cover 

slip above the imaginal discs to prevent the change in morphology and yet obtain 

perfect healing. By doing so, we were also able to immobilize the disc at the bottom of 

culture dishes, enabling time-lapse confocal imaging (Figure 13)  

 

 
Figure 13. Schematic representation of the imaginal discs culture for inmunostaining  

Imaginal discs are placed on a slide surrounded by small pieces of cover slips. The space created by the 

cover slips was filled by MM3 medium to allow imaginal discs culture. Finally a cover slip is placed 

above the small pieces of cover slip producing a chamber that immobilizes the discs and prevents change 

in morphology.  

 

After 16-18 hours the imaginal discs were recovered using a 200 µl pipette humidified 

in MM3 media to avoid the imaginal discs to stack in the walls of the tips, followed by a 

fast wash in PBS 1X to eliminated the remnants of the MM3 media. The wash was 

followed by fixation in 4% paraformaldehyde for 20 minutes. 

 Antibody incubations were performed following standard procedures. The following 

primary antibodies were used: anti-Fasciclin III (mouse–Developmental Studies 

Hybridoma Bank – DSHB, 1:1000); rabbit anti D-Pax (S. Thomas, 1:100); mouse anti 

LacZ (1:500, Sigma); rabbit anti – cheerio (NS. Sokol, 1:500), mouse anti-windbeutel 

(mouse–Developmental Studies Hybridoma Bank – DSHB, 1:1000).  

The primary antibodies were diluted in PBS 1X, 0.1% TritonX-100, 1% BSA and the 

discs incubated overnight at 4ºC. After extensive washes, secondary antibodies 

Cover	  slip Cover	  slip 

Slide 

Imaginal	  
discs 

MM3	  media 
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conjugated with Alexa-488, Alexa-555 or Alexa-633 (Invitrogen) were added at a 

dilution of 1:300 and incubated for 2 hours at room temperature. For nuclei staining, 

DAPI (Sigma) was used at a dilution of 1:1000 from an stock solution at 1 mg/ml. The 

actin cytoskeleton was labeled with Phalloidin coupled with Rodamine (Molecular 

Probes) 1:1000 (1 mg/ml). After several washes, imaginal discs were mounted in 

Vectashield (Vector). Images were captured with Leica SP2 and SP5 confocal 

microscopes. 

 

Wounded imaginal discs time-lapse imaging 

 

With the objective of analyze the imaginal wound healing process in vivo time-

lapse imaging were done. To this propose we developed a new system that enabled the 

culture of imaginal discs avoiding MM3 media evaporation or morphological changes 

of the imaginal discs. Third instar larvae were dissected in MM3 media and transfer into 

a Silicone square within a slide (Figure 14).  At least 10 imaginal discs were placed into 

the silicone square area and cut using tungsten needles. When all discs were cut the 

slide corresponding to field was refilled with MM3 media mixed with 1 µl of FM4-64 

to label the imaginal disc membranes. The imaginal discs in media were covered with a 

coverslip and a bit of pressure were exerted over to minimize the free space between the 

slide and the coverslip avoiding the spherical deformation of the imaginal discs. The 

ready-made chamber also prevents desiccation. Time-lapse recording was initiated after 

5 hours of incubation. 
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Figure 14: Schematic representation of the imaginal discs culture for time-lapse imaging 

Third instar larvae imaginal discs were dissected in MM3 media and at least five of them were transfer to 

the silicone square made in a slide. When imaginal disc were cut using tungsten needles, the space created 

by the silicone square were filled with fresh MM3 media mixed with dyes. A cover slip were placed 

above of the silicone square enabling time-lapse imaging.  

 

Using inverted Leica SP5 and SP2 confocal microscopes and 40x objective, images 

were captured each 10 minutes and in diferent positions to film at least 3 imaginal discs 

per slide.  Laser intensity was kept at a minimum to avoid photo bleaching and to 

minimize photo toxicity.  

 

Image Analysis 

 

Image analysis was performed with a Leica Confocal Software and ImageJ (NIH Image) 

was used for mounting time-lapse movies in AVI format.  

 

 

 

 

Silicone 

slide 

MM3 media 

Imaginal discs 
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Gene mapping in the genome 

 

All gene sets were mapped in the genome of D. melanogaster using the RefSeq track of 

the UCSC genome browser annotations (genome assembly dm2, April 2004). Only one 

transcript per gene was considered (the first one present in the annotations). The file 

refGene.txt was used to retrieve the coordinates of each gene in RefSeq. The statistics 

of gene distribution on each chromosome were computed using the 19,670 unique 

RefSeq genes contained in the file refGene.txt as well. To measure the statistical 

significance of the gene distribution, 1,000 rounds of sets of genes with the same size 

were randomly generated to evaluate the p-value of each result using a hyper-geometric 

distribution. The sets of up- and down-regulated genes in the microarray were then 

mapped in the genomes using the appropriate catalogue of genes.  

 

Cluster identification 

 

A cluster is defined as a group of neighboring genes located in a limited region of the 

genome, not necessarily consecutive, that show the same expression pattern (up-

regulation or down-regulation) in the microarray experiment. Clusters are determined 

by the physical position in the genome, the number of co-expressed genes inside and the 

total number of genes in such a genomic fragment. To evaluate the significance of the 

number of clusters identified in our microarray, 100 randomly generated sets with the 

same size and chromosomal gene distribution of the obtained sets of genes involved in 

wound healing were generated. Then the clustering analysis was performed in such data 

sets to find out how many clusters could be obtained by chance (expected clusters).  

 

Clustering characterization 

 

Different values on the genes that constitute the clusters were computed (using the file 

refGene.txt downloaded from the UCSC genome browser): the average gene length, the 

gene length distribution, the number of bidirectional/opposed genes on each cluster 

according to their strand, and the average intergenic distance. Such values were 
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compared to those observed in the whole set of genes annotated in the fruit fly genome, 

to evaluate their significance.  

 

Functional annotations 

 

GO terms and relationships were downloaded (file gene_ontology_edit.obo, release 1.2) 

and the associations between gene products from D. melanogaster and GO terms (file 

gene_association.fb, release 1.94) from the GO web site. Different gene sets annotations 

were done using the annotation available at level 3 of the 'molecular function' ontology 

tree. We climbed up in the ontology to obtain the corresponding parent term at level 3 

for those genes that were annotated at deeper levels in the hierarchical tree. The 

statistical analysis was performed using hypergeometric distribution to test the 

probability of observing a given GO term significantly enriched in genes belonging to 

such clusters. 
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RESULTS 

 

1. Set-up of a new in vitro model for Imaginal Discs culture 

 

In Drosophila the ability to heal and regenerate is well known. When an imaginal disc 

is cut and is cultured in the abdomen of an adult fly regenerates the lost structures. 

Wound healing is the first necessary step for regeneration. Firstly, it is important to 

isolate the wounded tissue from the external media avoiding intrusion of pathogens and, 

secondly, it is a prerequisite to reinitiate growth and pattern formation.  

While we are beginning to understand some of the mechanisms of wound healing, is 

still unknown what makes some wounds fail to heal. Genetically amenable simple 

invertebrate systems, such as wound healing in Drosophila imaginal discs, do not model 

all aspects of the repair process, such as inflammation or connective-tissue contraction 

and fibrosis but should allow to explore many aspects of the healing response: 1) Which 

are the cues that regulate the migratory and proliferative machinery of re-

epithelialization? 2) Which are the signals and transduction pathways responsible for 

initiating actin remodeling in leading edge cells? 3) How are adhesions between 

neighboring cells modified within the epithelium? 4) How sealing of the epithelia is 

achieved? 5) Which are the inhibitory cues that cancel the healing machinery when it is 

completed? Answering these and other questions demands in first place the systematic 

identification and functional analysis of wound specific genes. 

Examination of gene expression patterns using whole-genome techniques has been 

applied to the identification of most or all genes participating in specific developmental 

processes or of potential relevance to the pathogenesis of many diseases.  To define the 

transcriptome program and to identify pathways and genes critical to wound healing in 

Drosophila imaginal discs, we carried out a genome-wide expression profiling on 

imaginal cells actively involved in healing (JNK-activity positive) versus those not 

involved in healing (JNK-activity negative).  

To study heal and regeneration in Drosophila, the technique of choice till now has been 

the implantation of imaginal discs in adult fly abdomens. However, this process is not 

adapted for biochemical or genomics studies due to the difficulty and time that entails. 

To solve these problems we developed an in vitro cultured system employing a 
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modified medium, healing-permissive, allowing culturing a high amount of wounded 

imaginal discs. 

Dissected third instar larvae wing imaginal discs were incubated in a MM3 medium 

enriched with fly extract preserving the viability of the discs and avoiding cell death. 

Once the imaginal discs were dissected from larvae, they were washed in fresh medium 

and kept in Petri dishes with pre-warmed medium until they were wounded. To avoid 

contaminations, the medium was further replaced at least three times and the injured 

explants were cultured by appropriate periods of time. 

 

1.1 Healing of incised wing discs in culture 

 

To morphologically evaluate and study the cellular properties of the healing process of 

wing discs in vitro, we performed single cuts and cultured the discs in humid chambers. 

Under these conditions, the imaginal discs lost their morphology after some 5-6 hours 

of cultivation, becoming spherical in shape. Placing a small piece of a cover slip above 

the disc obtaining reliable healing prevented this change in morphology. By 

immobilizing the discs, we also enable time-lapse confocal imaging for different time 

lengths.  

Few hours (6) after wounding we observed a clear shortening of the wound edge while 

cells at the wound margin showed actin-rich protrusions more abundant in the close 

proximity of the vertex of the healing wound.  In addition to these filopodia, we 

detected a rapid actin cytoskeleton reorganization that occurred in both the columnar 

and the peripodial epithelium with the formation of a purse-string. 12 hours after cutting 

the discs, the size of the gap is considerably reduced and by 16-18 hours the incised 

discs have zipped and sealed the gap (Supplemental Movie 1). Hence, healing does 

undergo a slightly slower kinetics than that showed for implanted discs (12 hours for 

completion).  Also, in contrast to in vivo cultured discs, a mass of cell debris was 

frequently observed, attached to the wound vertex that was actively extruded upon 

edges apposition.  

To test if the JNK pathway was active during wound healing in vitro, as previously 

observed in vivo, we studied its main downstream effector, puckered (puc) expression 

by monitoring GFP signal driven by the pucE69A-Gal4 enhancer trap line during the 

healing of wing discs. In uncut wing imaginal discs, the pucE69A-Gal4 was only 

41



 RESULTS  
 

 

expressed in the stalk region, which connects the discs to the larval epidermis, as well as 

in rows of peripodial cells. This pattern of puc expression was sustained through healing 

(Figure 15). In vivo, from 5 h after wounding, puc-positive (pucE69A-Gal4; UAS-GFP) 

cells are seen both in the imaginal and in the peripodial epithelia. First, a few scattered 

cells, and then, up to an average of 10 to 15 cell rows from the wound edge, reaching a 

maximum by 12 h. At 24 h, the number of GFP-positive cells decreased, although some 

GFP expression persists around the healed wound up to 6–7 days of culture, when 

regeneration is completed. In cultured discs, by 4 h of culture, GFP expression kicks off 

in most of the examined discs. By 16 hours, high levels of GFP were observed in those 

cells actively engaged in healing, widening laterally from the leading edge at the time of 

sealing completion. Afterwards, GFP expression slowly decreased (Figure 16). The 

dynamics of puckered expression thus corroborates the described correlation between 

healing and JNK activity, while the timing of the in vitro system is delayed compared 

with the in vivo one.  

 

 
Figure 15. In vitro Imaginal Disc Culture 

Imaginal discs were cultured in modified medium during 16-18 hours. Actin is shown in red (Phalloidin) 

and puc expression is shown in green (puc-GFP). A) Dissected wing imaginal disc before injury.  

A´) Dissected imaginal disc just after injury. B) Wing imaginal disc almost healed after 16 hours of 

culture. C) Magnification of the wound area showing actin accumulation in cells involved in healing 

(puc-GFP positives). C´) Phalloidin staining showing an actin purse-string at the healing domain. 

 

 

!

A C  

C´ 

A´ B 
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Figure 16. Time-lapse snapshots of the wound healing process in cultured discs 

Imaginal discs were cultured in modified medium during 16-18 hours. Membranes are shown in red 

(FM4-64) and puc expression is shown in green (puc-GFP). A-H) Different time points from the 

Supplemental Movie 1 showing the closure of a wounded imaginal disc. A´-H´) puc expression during 

wound healing.  

 

 

1.2 Cell sorting  

 

To perform a genome-wide expression comparison of imaginal cells actively involved 

in healing (JNK-activity positive) versus those not involved in healing (JNK-activity 

negative), we optimized the in vitro cultured system by dissecting the wing imaginal 

discs in three pieces in order to maximize the number of cells involved in healing. This 

number of cuts proved to be optimum as higher number impaired the healing process. 
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Wounded discs (around 100) were cultured during 16-18 hours (maximum GFP 

expression and healing completion) before cell harvesting. 

After culture, wing discs were dissociated by trypsinization and analyzed by flow 

cytometry using two markers: propidium iodide, to monitor cell death (only marks the 

nuclei of cells with broken membranes) and Hoescht, to detect the presence of cellular 

aggregates. To optimize the process of dissociation and to obtain high amounts of cells, 

different trypsin incubation times at different temperatures and shaking regimes were 

tested. Less than 2 hours of trypsinization by shaking at 170 rpm at room temperature 

led to a low level of dead cells but samples were not properly dissociated (a high 

amount of aggregates was detected). Incubation times longer than 3 hours resulted in 

widespread cell death but low level of aggregates. To reach a balance between cell 

death and number of aggregates we performed 2 hours of trypsinization at room 

temperature shaking the sample at 170 rpm followed by an extra hour of manual 

shaking every 15 minutes with a pipette. Once cells were properly dissociated we 

stopped the reaction by adding 50% of BSA and sorted GFP-positive and GFP-negative 

cells by Fluorescence Activity Cell Sorting (FACS). FACS showed a homogeneous 

population of cells with variable GFP intensity (Figure 17). As a control we monitored 

the GFP intensity channel for non-expressing GFP discs. They display a homogeneous 

cell population with GFP intensity lower than 102 (Figure 17A). We considered and 

selected two populations of cells, one with a GFP expression level higher that 102 

(healing-engaged cells), and one showing no GFP expression (cells not involved in 

healing) discarding the cells in between to avoid contamination (Figure 17B).  

Both in unwounded and wounded imaginal discs puckered is expressed in peripodial 

and stalk cells. Thus, sorted GFP-positive cells carried a contaminating population of 

cells not involved in healing. In order to discriminate the genes whose expression was 

modified only in the healing cells population we worked out four different categories of 

samples; GFP-positive cells of wounded discs, GFP-negative cells of wounded discs, 

GFP-positive cells of unwounded discs and GFP-negative cells of unwounded discs.  

To verify that the collected GFP cells in each population were effectively alive and 

GFP-positive, we stained them with DAPI (to determine the integrity of their nuclei) 

and anti-GFP. All cells were positively stained for both, demonstrating that they were 

alive and GFP positive (Figure 18). 
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Figure 17. Cell sorting profile 

Wing Imaginal discs cultured, dissociated by trypsinization and analyzed by flow cytometry. GFP 

intensity is shown in the vertical axis. Size of particle is shown in the horizontal axis. A) Cells profile of 

control discs (non-GFP expressing discs) showing that cells auto florescence is not higher that 102. B) 

Cells expression profile of wounded discs showing a homogeneous population in terms of GFP intensity. 

GFP positive cells are shown in red. To avoid contamination GFP positive cells were considered above a 

102 and GFP negative cells below 101. 

 

 
Figure 18. Purified GFP-expressing cells of wing imaginal discs 

Wing imaginal cells dissociated and sorted by FACS were cultured to verify that cells were GFP positive 

and alive. An anti-GFP staining was done to see the puc-GFP expression (green). Nuclei were stained 

with DAPI (blue) to corroborate that cells were alive after sorting. Each cell present in the culture are 

puc-GFP positive and alive (arrow). 

 

To validate that cells collected by cells sorting  (alive and GFP-positive) were also puc 

expressing cells, we performed a real time PCR for puc and the ribosome protein 18s as 

a control (Figure 19). As expected cells involved in healing show a higher expression of 

puc in comparison with those not involved in healing. In contrast there was no 
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difference in between these two cell populations when we analyzed the ribosome 

protein 18s. 

 

 
Figure 19. Real time PCR 

Fluorescent signal at each time point is shown in the vertical axis. PCR cycles number is shown in the 

horizontal axis. Sorted puc-GFP expressing cells are represented in blue, while non puc-GFP cells are 

represented in green. Left panel shows the Real Time PCR for puc. Right panel shows the Real Time 

PCR for the ribosome 18s.  puc expression increments in GFP-positive cells with respect to GFP-negative 

cells (left panel) while 18S ribosome protein expression did not show changes between both populations 

(right panel). 

 

1.3 RNA extraction 

 

The selected cell subpopulations were directly collected into lysis buffer and frozen at -

80ºC to avoid any potential RNA degradation. From pools of 30,000 cells, 

approximately 10 ng of RNA were extracted and their quality and integrity verified with 

the RNA Pico Lab Chip kit in an Agilent Bioanalyzer (Agilent technologies) (Figure 

20).  
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Figure 20. RNA profile 

An Agilent Bioanalyzer was used to analyze RNA quality. Vertical axis shows fluorescence units. 

Horizontal axis shows time. Bioanalyzer Electropherogram shows that the ratio of the peaks representing 

18S and 28S rRNA indicates that the RNA is intact with no degradation.  

 

The amount of RNA obtained in these preparations was not enough for standard 

hybridization to Affymetrix chips and the samples had to be amplified by linear in vitro 

transcription. The resulting cRNAs were hybridized to GeneChip Drosophila Genome 

2.0 Arrays (Affymetrix, Santa Clara, CA). Three different independent samples 

(biological replicas) for each population were used and the median expression ratios 

were compared.  Using a stringent filter setting (see Experimental Procedures) different 

sets of transcripts were identified. The linear amplification, the hybridization and the 

processing of the chips were done in collaboration with the genomic platform of the 

Hospital Clinic de Barcelona.  

 

1.4 Statistical Analysis 

 

The Microarrays datasets were analyzed by 2 different statistical analysis: a global 

comparison of healing-competent (GFP-positive) cells to their non-engaged siblings 

(SOLAR analysis) and dual comparisons between GFP and non-GFP cells of both 

wounded and unwounded discs (LIMMA analysis).  
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1.4.1 SOLAR 

 

In this statistical analysis we performed a comparison between GFP and non-GFP cells 

of wounded discs. This task followed several steps: 

• Processing of the numerical raw data:  

This step consisted on the adjustment of the values for each experiment in order to be 

able to compare signals coming from different hybridizations. A “quantile” method was 

applied. This method ensures that the background-corrected intensities have the same 

empirical distribution across arrays and channels.  

• Combination of replicated values: 

Average values and dispersion measurement were calculated by RMA (Robust 

Multichip Average) algorithm. This algorithm was specifically developed for 

Affymetrix arrays and provides a robust way to sum normalized and background-

corrected intensities.  

• Statistical analysis:  

In order to assign statistical significance measurements to each probe the LIMMA 

package from Bioconductor was used and a linear model was fitted to the expression 

data. The expression data were represented by the log-expression values for each probe. 

The coefficients of the fitted models describe the differences between the RNA sources 

hybridized to the arrays. After fitting a model, the standard errors were moderated using 

a simple empirical Bayes model. A moderated t-statistic and log-odds of differential 

expression were computed to compare each gene.  

• Dynamic visualization and filtering of results: 

The main result from the analysis consists on a set of numerical values and descriptions 

associated to each probe in the microarrays. These values are the basis for the 

application of numerical and textual filters in order to detect both statistically significant 

and biologically relevant genes (genes whose expression level was different in the 

control channel and in the experimental channel).  

Once the statistical analysis was accomplished we selected statistically significant genes 

by applying a p-value lower than 0,05 and a 2 fold change cut off. The analysis 

rendered 302 upregulated and 209 downregulated genes in GFP-positive cells versus 

GFP-negative ones (see Supplemental Table 1). Applying more relaxed conditions (1.5 
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fold change), 449 upregulated and 645 downregulated genes were identified 

(Supplemental Table 2).  

 

1.4.2. LIMMA profile – Dual comparison 

 

The results obtained with the SOLAR analysis only display expression level changes of 

GFP-positive versus GFP-negative cells in wounded discs. In these experiments, as 

previously stated, was not possible to sort out the transcriptomic profiles of GFP-

positive cells involved in healing versus those coming from the stalk and the peripodial 

layer (not involved in healing). To solve this issue, we performed, as a control, an 

additional microarray analysis of GFP-positive and GFP-negative cells from 

unwounded discs. Dual comparisons of these two microarrays were performed to 

distinguish the significance of the observed differences in the distinct experimental 

conditions (wounded discs versus controls).  

The numerical raw data were processed as in the global comparison. The statistical 

significance of differential gene expression signals was assessed using a moderated t-

statistic with the LIMMA Bioconductor package. The corresponding p-values were 

corrected for multiple hypotheses testing using a False Discovery Rate criterion. A 

relatively mild fold change cut-off (1,3) was applied and individual analysis and 

computation of the interaction terms amongst datasets was performed (Supplemental 

Table 3). Successive intersectional computation allowed to identify three relevant gene 

subsets (Figure 21): 430 genes (293 upregulated and 137 downregulated) significant and 

differentially expressed between GFP-positive and GFP-negative cells in wounded discs 

only (dw1_dnw0_dd1), 634 genes differentially expressed between GFP-positive and 

GFP-negative cells both in wounded (399 upregulated and 235 downregulated) and 

unwounded discs (431 upregulated and 203 downregulated) but significantly different 

in the two conditions (dw1_dnw1_dd1) and 1174 genes (dw0_dnw1_dd1) significantly 

and differentially expressed between GFP-positive cells and GFP-negative cells only in 

unwounded discs (dw0_dnw1_dd1) (Supplemental Tables 4, 5, and 6). 
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Figure 21. Genes subsets relations 

Venn diagram was used to represent the interactions of the different identified populations. The dw 

subpopulation corresponds to those 2253 genes whose expression is modified in wounded discs. The dnw 

subpopulation corresponds to those 3201 genes whose expression is modified in unwounded discs. The 

dd subpopulation corresponds to those 2565 genes in wounded or unwounded discs that appear 

differentially modified between GFP-positive cells and GFP-negative cells. Red intersection covers the 

430 genes differentially expressed in wounded discs only. The intersection in grey shows the 634 genes 

differentially expressed in wounded and in unwounded discs but distinctly in both conditions. The cyan 

intersection covers the 1174 genes differentially expressed in unwounded discs only. 

 

Dual comparison between wounded and unwounded discs not only gave more 

information about the behavior of the cells involved in healing respect to their 

neighboring cells, but allowed us to create graphical representations of the expression of 

GFP-positive and GFP-negative cells for all chips in both conditions, wounded and 

unwounded (Supplemental Tables 7, 8 and 9).   

The genes belonging to the dw1_dnw1_dd1 population are differentially expressed in 

GFP-positive versus GFP-negative cells both in wounded and unwounded discs, but 

distinctively for each condition. This population can be subdivided in 6 different 

subpopulations: (1) genes that show higher upregulation in wounded discs than in 

unwounded; e.g. CG13744 (Figure 22A); (2) genes that show higher upregulation in 

unwounded discs than in wounded; e.g. CG13848 (Figure 22B); (3) genes that shows 

higher downregulation in wounded than in unwounded; e.g. CG31640 (Figure 22C); (4) 

genes that show higher downregulation in unwounded than in wounded; e.g. Klar 

(Figure 22D); (5) genes upregulated in wounded but downregulated in unwounded 
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discs; e.g. raps (Figure 22E); (6) genes downregulated in wounded but upregulated in 

unwounded discs; e.g. CG12255 (Figure 22F). 

 

 
Figure 22 Genes belonging to the dw1_dnw1_dd1 population 

A) Genes upregulated in wounded versus unwounded discs. B) Genes upregulated in unwounded versus 

wounded discs. C) Genes downregulated in wounded versus unwounded discs. D) Genes downregulated 

in unwounded versus wounded discs. E) Genes upregulated in wounded and downregulated in 

unwounded discs. F) Genes downregulated in wounded and upregulated in unwounded discs. Green spots 

show the level of expression for each replica in GFP-positive cells. Black spots show the levels of 

expression for each replica in GFP-negative cells. 

 

The genes belonging to the dw1_dnw0_dd1 population are differentially expressed in 

GFP-positive versus GFP-negative cells only in wounded discs, while in unwounded 

ones their expression does not change. This population can be subdivided in 2 different 

subpopulations (Figure 23): (1) upregulated genes subdivided into (a) genes that show 

upregulation in GFP-positive cells; e.g. CG10540 (Figure 23A); and (b) genes that show 

downregulation in GFP-negative cells; e.g. CG9298 (Figure 23B); (2) downregulated 

genes subdivided into (a) genes that show downregulation in GFP-positive cells; e.g. 

GCR (ich) (Figure 23C); and (b) genes that show upregulation in GFP-negative cells; 

e.g. CG15313 (Figure 23D). 
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Figure 23. Genes belonging to the dw1_dnw0_dd1 population 

A) Genes upregulated in GFP-positive cells only in wounded discs. B) Genes downregulated in GFP-

negative cells only in wounded discs. C) Genes downregulated in GFP-positive cells only in wounded 

discs. D) Genes upregulated in GFP-negative cells only in wounded discs. 

 

The genes belonging to the dw0_dnw1_dd1 population only change their expression in 

unwounded discs. This population can be subdivided in 2 different subpopulations 

(Figure 24): (1) upregulated genes subdivided into (a) genes that shows upregulation in 

GFP-positive cells; e.g. CG3355 (Figure 24A); and (b) genes that show downregulation 

in GFP-negative cells; e.g. CG1850 (Figure 24B); and (2) downregulated genes 

subdivided into (a) genes that shows downregulation in GFP-positive cells; e.g. 

CG33217 (Figure 24C); and (b) genes that show upregulation in GFP-negative cells; 

e.g. CG3323 (Figure 24D). 
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Figure 24. Genes belonging to the dw0_dnw1_dd1 population 

A) Genes upregulated in GFP-positive cells only in unwounded discs. B) Genes downregulated in GFP-

negative cells only in unwounded discs. C) Genes downregulated in GFP-positive cells only in 

unwounded discs. D) Genes upregulated in GFP-negative cells only in unwounded discs. 

 

With these analyses we compared absolute expression values for each gene in the four 

different experimental conditions evaluated. Thus, it was possible to determine if 

overall changes in expression were due to changes in GFP-positive cells or due to 

changes in GFP-negative cells (relatively to its level of expression in unwounded 

controls); i.e. an apparent differential upregulation of expression detected for a 

particular gene in GFP-positive, healing-engaged cells, in wounded discs could be 

consequence of the upregulation of the gene in this population or its specific 

downregulation in GFP-negative sibling cells (relatively to its level of expression in 

unwounded controls).  For instance, the gene CG10540 was upregulated during healing 

due to an increase of its expression in GFP-positive cells (Figure 23A), while the gene 

CG9298 (Figure 23B), apparently upregulated, was, indeed, decreasing its expression in 

sibling’s GFP-negative cells. On the other hand, other genes previously classified in the 

global analysis as upregulated or downregulated in GFP-positive cells are not so: e.g. 

CG15313 (Figure 23D), which in the dual comparison analysis display an upregulation 
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in GFP-negative cells in wounded tissues while their expression in GFP-positive cells is 

unchanged, although was originally considered as downregulated in GFP-positive cells. 

Thus, information just from wounded discs shows to be insufficient for understanding 

gene roles during the healing process.  

 

1.5 Validation of genomic expression analysis 

 

To validate the datasets obtained from the microarray analyses we contrasted 

(quantitative and topologically) the level of expression of selected genes in different 

experimental conditions.  

We focused in highly upregulated genes in wounded discs and we first synthesized 

RNA probes to validate their expression by “in situ” hybridization. The synthesized 

probes were hybridized to unwounded discs and then their expression compared to that 

in wounded ones. Genes to study were selected by their level of expression (low) in 

unwounded discs and their fold change (high) in wounded ones. Genes with high level 

of expression in unwounded discs were discarded, as it would be very difficult to 

distinguish changes in their expression levels. Indeed, we observed increments in the 

level of expression for most of the genes tested (data not shown) 

Secondly, we surveyed the literature for available antibodies and gene expression was 

analyzed by direct immunostaining of wounded discs during healing. Three gene 

expression patterns are shown (Figure 25). Antibodies for Paxilin, a focal adhesion 

protein that acts as a cytoskeleton scaffolding protein (upregulated 2,30 times in GFP-

positive cells), show a ubiquitous staining in the wing imaginal discs enhanced in those 

cells involved in healing (Figure 25A). Similar results were observed when we analyzed 

the expression of Cheerio, an actin binding protein (upregulated 3,12 times in GFP-

positive cells) (Figure 25B) and Windbeutel, a resident protein of the endoplasmic 

reticulum (upregulated 2,98 times in GFP-positive cells) (Figure 25C). Altogether, these 

results support the accuracy of the transcriptome data obtained.  
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Figure 25. Paxilin, Cheerio and Windbeutel expression during healing 

A) Overlay of antibodies signal (red) and Puc-GFP expression (green) in wounded discs (12 hours after 

wounding). We can see an enhanced staining of Paxilin, Cheerio and Windbeutel staining is enhanced in 

leading edge cells of the wounded area. B) Paxilin, Cheerio and Windbeutel expression in wounded disc. 

C) Puc-GFP expression in wounded discs. 

 

1.6 Ontology analysis 

 

Overall, the analytical processing of our microarray data identified 349 upregulated and 

210 downregulated genes during healing with a fold change higher or lower than 2 (-2) 

(923 downregulated and 878 upregulated with a 1,5 fold change) (see above).  

The potential impact that a particular gene may have in tissue repair will depend on its 

function. Gene’s differential expression in healing-engaged cells does not ensure their 

significance as regulators or structural elements participating in the healing process. 

They will only show to become relevant after characterizing its activity in a healing 

model. To determine which “healing” genes we should prioritize for functional assays 

we first performed an exhaustive GO analysis [Biological Process (BP), Molecular 

Function (MF) and Cellular Component (CC)] of those genes whose expression 
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changed in our comparative analysis. Given a set of the genes/probes whose expression 

changed (up or down) in our selected categories (dw1_dnw0_dd1 and dw1_dnw1_dd1), 

a hypergeometric test (GOStats) was performed to assess GO terms overrepresentation 

relative to aleatory assignation.  For instance, the GO (BP) term “antibacterial humoral 

response (sensu Protostomia)” has a node size in the Drosophila whole transcriptome of 

18 genes. Considering the size of our population of differentially expressed genes, we 

should expect an aleatorial representation of 1,2 genes. On the contrary, we found this 

GO term assigned to 5 genes in our analysis, suggesting that this particular ontology 

function is relevant in our process.  

For dw1_dnw0_dd1, 26 Biological Process (BP), 22 Molecular Function (MF) and 17 

Cellular Component (CC) enriched nodes were identified with a Pvalue <0,05; while 78 

BP, 34 MF and 10 CC were detected for dw1_dnw1_dd1 (Supplemental Tables 10 to 

15).  These figures decrease after multiple testing correction (Pvalue FDR <0.2), 0 BP, 

0 MF and 9 CC for dw1_dnw0_dd1 and 7 BP, 13 MF and 1 CC for dw1_dnw1_dd1 

(Supplemental Tables 16 to 19). 

Globally, these analyses gave us an outline of the enriched categories for genes 

differentially expressed during the healing process. However, their high heterogeneity 

did not let us to prioritize any particular set of genes for functional analysis and 

prompted us to perform a general unbiased survey of the potential role of selected genes 

in wound healing, independently of their annotation.   

 

1.7 Cluster Analysis 

 

An assessment of our datasets identifies Genes, up or downregulated, belonging to the 

same family and located in the same chromosomal positions with potential similar 

functions; e.g. Tetraspanin 42Ej, Tetraspanin 42Ed and Tetraspanin 42El located in the 

chromosome 2R in position 42E5. To investigate the possibility that during wound 

healing certain clusters of genes could be co-regulated, we performed a cluster analysis, 

defining clusters as group of genes located close to each other, but not necessarily 

adjacent, on the same chromosome showing the same expression behavior (up- or 

down-regulation) during healing.  
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Figure 26. Chromosomal clustering of SOLAR and LIMMA analysis  

Graphical representation of the chromosomal clustering of the SOLAR analysis (Upper panel), the 

dw1_dnw1_dd1 LIMMMA analysis (middle panel) and the dw1_dnw0_dd1 LIMMMA analysis (lower 

panel). Red bars shows upregulated genes and green bars shows downregulated genes.  

 

All genes identified through our two analyses (SOLAR and LIMMA) with a fold 

change higher or lower than 2 and -2 respectively were mapped to the fly genome using 

the RefSeq track of the USSC genome browser and chromosomal clusters were 

computationally identified (Figure 26). For SOLAR, 33 upregulated and 19 

downregulated gene clusters were identified (Supplemental Table 20). For LIMMA, we 

found 10 clusters of downregulated dw1_dnw1_dd1 genes (Supplemental Table 21) but 

none for upregulated dw1_dnw1_dd1 or dw1_dnw0_dd1 genes. While some of the 

clusters are fully represented in the microarray datasets; e.g. cluster chr3L: 21671604 – 

21676282 (CG14567, CG14566 and CG14572 downregulated in the dw1_dnw1_dd1 

population), others are only partially represented; e.g. cluster chr3R: 12000027 – 

12028802 (CG8925, Bin1 and CG6126, out of 5 genes, downregulated in the 

dw1_dnw1_dd1 population). Interestingly, for some of the clusters, specific GO terms 
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are overwhelmed represented; e.g. in the cluster chr2R: 13913252 – 13924698, the GO 

defense response is overrepresented with an 88%. 

 

2. Functional analysis of “healing” genes 

 

2.1 Functional analysis in thorax closure 

 

To investigate the potential role of selected genes in wound healing, we aimed to 

employ an in vivo healing model using the Gal4-UAS system. Different Gal4 drivers 

were used to overexpress two types of UAS-constructs: 1) UAS-RNAi lines to interfere 

with the expression of those genes upregulated in “healing” cells, and 2) UAS lines to 

reload back by overexpression those genes downregulated.  

We used three criteria to pick and choose particular genes for functional analysis during 

healing; (1) Robust changes of gene expression between different populations, (2) 

availability of functional tools, and (3) relevance of gene annotation (when known) in 

relation to JNK signaling and healing in Drosophila or other model systems.  

A search for suitable tools was performed through the literature and relevant stock 

centers. We gathered 2 collections, which are non-saturating, of 206 UAS-RNAi lines, 

mostly non-previously tested, designed to specifically interfere with the expression of 

123 upregulated genes (Supplemental Table 22), and 21 UAS lines designed to direct 

the expression by the same methodological approach of 15 downregulated genes 

(Supplemental Table 23). Future expansion of these collections should provide 

additional relevant information on the functionality of not yet tested genes. 

To test all these lines in the wound healing model is an enormous task that would take 

long time, for that reason we decided to perform a previous analysis of their 

functionality in a heterologous morphogenetic epithelial model (similar to wound 

healing), the fusion of wing imaginal discs during metamorphosis. Imaginal discs evert 

and differentiate upon metamorphosis to form the external structures of the adult.  

Around 3,5 and 4 hours after puparium formation, the wing discs initiate evagination. 

At 5 hours they are completely externalized and assume their positions at the surface of 

the prepupal animal.  Between 5 and 5,5 hours after pupariation, the proximal disc 

regions release their connection with the larval epidermis and expand upon it, replacing 
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it gradually.  Contralateral and ipsilateral discs adjoin each other and finally meet and 

fuse. At 6 hours, the thorax is completely fused at the dorsal midline. Filopodia and 

actin bridges that, protruding from the leading edge, mediate the stretching of the 

imaginal epithelia drive the spreading of the imaginal discs over the larval tissue. As in 

wound healing (embryos, imaginal discs or adult epidermis), the thorax fusion depends 

on the JNK activity. The activation of the JNK signaling pathway (through the 

expression of puc) is detected in the leading edge cells (Figure 27A) and mutant flies for 

the JNK pathway show distinct morphogenetic problems during the fusion of the 

thorax; the imaginal tissue does not spread or fails to reach the midline and to suture the 

thorax as a continuum epithelium (compare Figure 27B to 27C or 27D). Same 

phenotypes are also observed when JNK activity is reduced in the pro-notum using the 

Pnr-Gal4 driver (a line that is expressed in the central notum region) by overexpressing 

Puc (that acts as a negative regulator), dominant-negative JNK transgenes, or by 

interfering in downstream effectors, (Figure 28). 
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Figure 27.  The JNK pathway during Thorax fusion in Drosophila 

A) Dorsal view of the thoracic area of a dissected pupa 6 h APF. Expansion and fusion of imaginal discs 

are driven by leading edge cells, which extend long filopodia (star) and accumulate an actin cable 

(arrowhead) at the front edge (Phalloidin – red). Activation of the JNK signaling pathway in the leading 

edge cells (arrows) can be observed through the expression of puc (pucE69-LacZ - green). Nuclei are 

labeled with DAPI (blue) (Martín-Blanco et al., 2000). B) Thorax of a wild type adult (dorsal view). C) 

Mild defects in thorax closure in a hep1 hypomorphic mutant. D) Strong defect in thorax closure in an 

escaper  hepr75 hemizygous fly in which the two hemithoraces do not fuse properly in the dorsal midline. 
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Figure 50: Thorax cleft phenotype observed when expressing diverse RNAi lines under the control of 

pnrGAL4 driver. 
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Figure 28.  Interference on JNK signaling with the Gal4-UAS system 

A) Overexpression of Puckered using the Pnr-Gal4 line inducing strong defects (thorax cleft) during wing 

imaginal discs fusion. B) Similar phenotype after interfering with (basket) expression in wing imaginal 

discs with an RNAi construct (UAS-bskRNAi).  

 

Due to the similarities between healing and imaginal discs fusion we decided to use this 

model to test all collected lines (UAS-RNAi and UAS lines) in the Pnr-Gal4 driver 

expression territory and monitor for thorax fusion defects.  

Thorax defects were classified into different classes: no defects, bristles defects, weak 

cleft, cleft, big cleft, pupal lethality and embryonic lethality. In brief, 89 UAS-RNAi 

lines (43 % of those tested) corresponding to 54 genes (44 %) displayed thorax closure 

phenotypes ranging from weak cleft to embryonic lethality (Supplementary Table 24) 

(Figure 29). For the UAS construct, 18 of them (42 %) corresponding to 11 genes (44 

%) also lead to thorax fusion defects (Supplemental Table 24) (Figure 29). These results 

probably underscore the real number of possible positive candidates because many of 

the RNAi lines have not been tested before and they might not be efficient knocking 

down gene expression.  
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Figure 29. Thorax cleft phenotypes in response to the expression of diverse RNAi or UAS- lines 

under the control of the Pnr-GAL4 driver 

A) The overexpression of Caupolican produce pupal lethality and failure of disc eversion. B to F) 

Knocking down of CG8231, CG1703, CG7356 or CG6189 by RNAi expression or the overexpression of 

Lamin produce a big cleft (arrows) and scutellum abnormalities (arrowheads). G to K) Knocking down of 

pvf2, CGt421, CG8828 or CG7549 by RNAi expression or the overexpression of Buttonhead produces 

bristle abnormalities (star). L) Weak cleft produced by overexpression of CG11737t RNAi. M) Excess of 

fusion produced by knocking down CG9735. 

 

Some of the genes inducing pupal lethality or strong thorax phenotypes were further 

analyzed by looking to specific properties of the leading edge cells: shape, actin 

accumulation and puc expression.  For this purpose we crossed specific UAS-RNAi 

lines with Pnr-Gal4, pucE69-LacZ recombinant flies. Thoraces from pupae of 4,5 to 7 h 

APF were dissected and immunostained for actin (Phalloidin), puc expression (LacZ) 

and nuclei (DAPI). Four characteristic lines are described below. 

The gene Tryptophanyl-tRNA synthetase (Aats-trp-CG9735) is upregulated 2,41 fold 

(SOLAR analysis) although was not highlighted in the LIMMA double comparisons. 

The overexpression of the CG9735 RNAi line in the Pannier area resulted in an 

accumulation of microchaetae and an excess of fusion where both epithelia collapse in 

the midline. 7 to 7,5 h APF thoraces display an apparently normal fusion and regular 
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puc expression indicating that the JNK signaling seems to not be affected. However, a 

closer view permits to identify an excess convolution of the leading cells over the 

midline (Figure 30). These extra folds stretch the imaginal tissue leading to smaller nota 

in the adult.  

 

                
Figure 30. Aats-trp downregulation during thorax closure 

7-7,5 h APF thoraces stained with Phalloidin (actin - red), DAPI (nuclei - blue) and Anti-LacZ (puc 

expression - Green). Anterior is up and left up. A) Dorsal view of a thorax completely closed. B) 

Phalloidin staining points to a gap in the thorax midline. C) Wild type-like puc expression in the thorax 

midline. D) Close view and transversal sections of the thorax midline displaying the folding of the 

epithelia at the midline (arrows). 

 

The gene CG1703 is upregulated 2,25 fold (SOLAR analysis) although was not 

highlighted in the LIMMA double comparisons. Not much is known about the product 

of this gene except that it includes an ATP-binding-cassette (ABC) domain and belongs 

to the ABC-F subfamily of ABC proteins, which lack trans-membrane domains. Several 

ABC-F proteins have recently been shown to play roles in the regulation of translation. 

The overexpression of CG1703 RNAi lines in the Pannier area resulted in a strong 

 D 
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thorax cleft and the development of a necrotic area in the scutellum. At the cellular 

level, actin expression declines at the leading edge and puc expressing cells detach and 

round up (6 to 7 h APF). The two contralateral hemithoraces fail to fuse (Figure 31). 

This phenotype is very reminiscent of that resulting from the early hiperactivation of the 

JNK pathway, where a high number of cells round up, ultimately escaping from the 

epithelium. Posteriorly, in the presumptive scutellar area, a premature and massive 

death of larval cells is detected. This observation correlates with the necrotic tissue 

noticed in the adult phenotype.  

 

 
Figure 31. CG1703 downregulation during thorax closure 

6-7 h APF thoraces stained with Phalloidin (actin - red), DAPI (nuclei - blue) and Anti-LacZ (puc 

expression - Green). Anterior is up. A) Dorsal view of a thorax with closure defects. B) Phalloidin 

staining points to a reduced actin accumulation in the leading edge cells. C) Strong puc expression in the 

cells detached from the leading edge. D) Nuclei staining showing picnotic nucleus in the scutellum area. 

E) Close view of the midline area showing many detached round cells. F) Close view of the midline area 

showing that detached cells express puc. G) Close view of the scutellum showing picnotic nuclei. 

 

The gene Tg (CG7356) is upregulated 2,72 fold (SOLAR analysis). In the LIMMA dual 

comparison is included in the dw1_dnw1_dd1 subpopulation. Its expression in GFP 

(puc) positive cells is 3,29 times higher than in their siblings in wounded discs, while is 

5,78 times higher in unwounded discs. The comparative fold change difference is -1,43. 

Tg expression in GFP (puc) cells does not change in between wounded and unwounded 
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discs. However, non-GFP expressing cells (puc negative) increment their level of 

expression in wounded discs (Supplemental Table 7). Tg encodes for a protein-

glutamine gamma-glutamyltransferase involved in hemolymph coagulation. The 

overexpression of CG7356 RNAi lines in the Pannier area resulted in a strong thorax 

cleft and a reduced scutellum. At the cellular level (6 to 7 h APF), actin expression and 

filopodia are lightly affected anteriorly but strongly at the most posterior part of the 

fusing edges and several cells at edges round up. puc expression is not affected 

suggesting that JNK signaling is not altered (Figure 32). 

 

 
Figure 32. Tg downregulation during thorax closure 

6-7 h APF thoraces stained with Phalloidin (actin - red), DAPI (nuclei - blue) and Anti-LacZ (puc 

expression - Green). Anterior is up. A) Dorsal view of a thorax with closure defects. B) Phalloidin 

staining points to a reduced accumulation of actin and the presence of filopodia anteriorly (arrowheads) 

which is more prominent at posterior positions. Several cells at the leading edge detach and round up. C) 

Wild type-like puc expression in the thorax midline. D) Nuclei staining showing a closure gap in the 

center of the notum. 

 

The gene lethal (1) 1Bi (CG6189) is upregulated 1,99 fold (SOLAR analysis) although 

was not highlighted in the LIMMA double comparisons. The overexpression of 

CG6189 RNAi lines in the Pannier area resulted in thorax cleft. At the cellular level (6 

to 7 h APF), the epithelium lacks continuity after hemithoraces merge anteriorly 

suggesting fusion problems. Rounded puc-expressing cells detached from the leading 

edge, occupied the gap that widen posteriorly. No actin accumulation or filopodia 

extensions are present (Figure 33).  
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Figure 33. lethal (1) 1Bi downregulation during thorax closure 

6-7 h APF thoraces stained with Phalloidin (actin - red), DAPI (nuclei - blue) and Anti-LacZ (puc 

expression - Green). Anterior is up-left. A) Dorsal view of a thorax with closure defects. B) Phalloidin 

staining shows no actin accumulation and filopodia extensions in the leading edge (arrowheads). C) The 

anterior part of the notum is filled by rounded puc-expressing cells. Rounded puc-expressing cells are 

also present in the posterior part of the notum.  

 

In summary, downregulation during thoax fusion of genes that appear modified in the 

wound healing analysis by overexpressing RNAi lines using the Pnr-Gal4 driver, has 

leaded us to identify new genes necessaries for the proper thorax closure process. In 

general, actin accumulation is impaired, a fundamental process necessary for a proper 

fusion, suggesting that this genes are related to the actin reorganization. Only one of the 

genes, the CG1703, seems to be related to the JNK signaling pathway due to the 

phenotype that produce, which is very reminiscent of that resulting from the early 

hiperactivation of the JNK pathway, where a high number of cells round up, ultimately 

escaping from the epithelium. 

 

2.2 Functional analysis in wound healing 

 

Once identified a set of genes whose overexpression or interference elicit defects in 

thorax closure and may have a role in wound healing, a secondary screen employing an 

imaginal disc healing assay was performed for a few of those selected lines. Two 

different Gal4 lines were used in this study: Pnr-Gal4 which is expressed in the 

presumptive notum area of the wing imaginal disc and En-Gal4 which is expressed in 

all cells of the posterior compartment both in the notum and the wing presumptive 
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domains of the imaginal disc. All the crosses were made at 25ºC and those that show no 

phenotype were retested at 29ºC. These functional analyses are preliminary and further 

studies are in progress in our laboratory in a common enterprise with another graduate 

student, Srividya Tamirisa. Four representative examples are presented below. 

The gene coding for Serpin 55B (CG10913-Spn55B) is upregulated 2,42 fold (SOLAR 

analysis) although was not highlighted in the LIMMA double comparisons. The 

downregulation of the Serpin 55B gene with specific RNAi constructs in the dorsal area 

of the adult thorax with Pnr-Gal4 causes a failure of imaginal discs fusion and a thorax 

cleft. A single cut was done in the pnr area in cultured discs, which were maintained for 

20-24 hours in modified media and immunostained for actin (Phalloidin), puc 

expression (LacZ) and nuclei (DAPI). Healing progresses almost normally, and puc 

expression is sustained but distal completion of closure and tissue relaxation of the 

sealed area (downregulation of actin accumulation) is not achieved (Figure 34).  

 

 
Figure 34. Serpin 55B downregulation during wound healing 

20-24 hours cultured wounded discs stained with Phalloidin (actin - red), DAPI (nuclei - blue) and Anti-

LacZ (puc expression - Green). A) Overlay of confocal sections of a wounded disc. B) Phalloidin staining 

shows high levels of actin in the sealed area (arrow). C) puc expression in cells at the edge of the wound. 

D) DAPI (nuclei) staining.  

 

The gene coding for the chaperonin T-cp1ζ is upregulated 2,54 fold (SOLAR analysis) 

although was not highlighted in the LIMMA double comparisons. The chaperonin T-

cp1ζ (CG8231)  regulates proper protein folding of specific targets in other models and 

affects mitosis, spindle organization, centriole replication and cytoplasmic microtubule 

organization. The downregulation of the T-cp1ζ with specific RNAi constructs in the 

dorsal area of the adult thorax with Pnr-Gal4 causes a failure of imaginal discs fusion 

and a big thorax cleft (Figure 29). When this downregulation is performed in the En-
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Gal4 domain, healing completion fails 20-24 hours after discs wounding (Figure 35). 

While the columnar epithelia tries to heal the injury, the peripodial epithelia do not 

progress resulting in healing failure (Figure 35 and Supplemental Movie 2).  

 

 
Figure 35. chaperonin T-cp1ζ downregulation during wound healing 

20-24 hours cultured wounded discs stained with Phalloidin (actin - red) and DAPI (nuclei - blue). A-A`) 

Overlay of confocal sections of the peripodial and columnar epithelium of a wounded disc. B-B`) 

Phalloidin staining showing the lack of progression of the peripodial epithelia and healing failure. C-C`) 

DAPI (nuclei) staining. 

 

The gene coding for the PDGF and VEGF related factor 1 (Pvf-1) is upregulated 5,20 

(SOLAR analysis). In the LIMMA dual comparison is included in the dw1_dnw1_dd1 

subpopulation. Its expression in GFP (puc) positive cells is 4,85 times higher than in 

their siblings in wounded discs, while is 9,04 times higher in unwounded discs. The 

comparative fold change difference is -1,46. pvf1 expression in GFP (puc) cells does not 

change in between wounded and unwounded discs. However, non-GFP expressing cells 

(puc negative) increment their level of expression in wounded discs (Supplemental 

Table 7). The downregulation of the Pvf1 with specific RNAi constructs in the dorsal 

area of the adult thorax with Pnr-Gal4 causes a failure of imaginal discs fusion and a big 

thorax cleft. When this downregulation is performed in the En-Gal4 domain, healing 

completion fails 20-24 hours after discs wounding (Figure 36). Actin fails to accumulate 

at the leading edge and filopodia are absent. 
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Figure 36. Pvf1 downregulation during wound healing 

20-24 hours cultured wounded discs stained with Phalloidin (actin - red) and DAPI (nuclei - blue). A) 

Overlay of confocal sections of a wounded disc. B) Phalloidin staining shows the absence of actin in the 

cells involved in healing (arrow). C) DAPI (nuclei) staining.  

 

The gene coding for Nopp140 is upregulated 2,09 (SOLAR analysis). In the LIMMA 

dual comparison is included in the dw1_dnw0_dd1 subpopulation. Its expression in 

GFP (puc) positive cells is 2,21 times higher than in their siblings in wounded discs, 

while is 1,12 times higher in unwounded discs. The comparative fold change difference 

is 1,98. Nopp140 expression in GFP (puc) cells increases in wounded discs respect to 

their siblings and to the unwounded discs (Supplemental Table 8). These results suggest 

that the upregulation of this gene is specific in the puc-GFP positive cells only when 

they are involved in healing. However, the downregulation of this gene by 

overexpression of RNAi lines don’t produce any alteration in the healing process 

(Figure 37).  
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Figure 37. Nopp140 downregulation during wound healing 

20-24 hours cultured wounded discs stained with Phalloidin (actin - red) and DAPI (nuclei - blue). A) 

Overlay of confocal sections of a wounded disc. The arrow shows the injured area. B) Phalloidin staining 

shows perfect healing. C) DAPI (nuclei) staining.  

 

In summary, downregulation of different genes that appear modified during healing by 

RNAi overexpression has leaded us to identify new genes necessaries for a proper 

closure completion. Fundamental processes for wound healing are affected, like actin 

accumulation in leading edge cells, peripodial epithilia movement, or tissue relaxation.  

 

3. Vertebrate homology 

 

The aimed of this project was not only to generate a comprehensive database of those 

genes whose expression is altered during wound repair in Drosophila, but also identify 

genes and highly conserved pathways which are likely to be of crucial importance for 

wound healing by comparing our data to those obtained in other healing model systems 

(genes regulated by injury in different vertebrate models). We set up a collaborative 

project with a series of groups performing transcriptional analysis in humans and mice 

in order to identify those genes conserved through the phylogeny.  

 

3.1 In vivo wound healing model in skin-humanized mice 

 

While wounding experiments with human volunteers are restricted by size and 

frequency of sampling, a skin-humanized mouse model offers a wider range of 

possibilities. A two-layer tissue-engineered skin composed of primary human 

A B C 

69



 RESULTS  
 

 

fibroblasts assembled in a fibrin matrix that serves as a three-dimensional dermal 

scaffold was developed. The wound model on skin-humanized mice is based on the 

regeneration of human skin on the back of immunodeficient mice by transplantation of 

the bio-engineered skin (Figure 38). This tissue-engineered skin equivalent has recently 

been used in clinics as permanent skin coverage in burned patients. Wounded skin-

humanized mice (either control or gene-targeted, using a marker gene) re-capitulated 

native human skin wound healing features.  

 

 
Figure 38. Schematic representation of the skin-humanized mice procedure 

Superficial human skin was harvested from human donor, cultured, modified and posteriorly transplanted 

onto the back of mice. Human peripheral blood mononuclear cells, obtained from buffy coats of blood 

donors, were activated and infused to the mice. Mice were killed at the end of the experiment and tissues 

of interest were collected.   

 

Excisional full-thickness wounds were produced with a biopsy punch on the regenerated 

human skin on immunodeficient mice (10-12 weeks post grafting). In each experiment 3 

animals were wounded, and wound tissue (2 mm rings surrounding the wound) was 

isolated 24 hours later. Analysis of global mRNA expression in 24 hours wounds in the 

skin-humanized mice versus unwounded controls were performed using the 

Affymetrix´s Human Genome U133 Plus 2.0 array platform. 

 

3.2 Wound healing in mice 

 

To identify key players involved in murine wound healing a global genomic expression 

analysis in wounds of wild type mice was performed. In each experiment, 4 age-

matched animals were wounded and the wounded tissue was isolated 24 hours after 
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injury. The skin which was removed during wounding served as a 0 hours control. 

Samples from normal and wounded skin were pooled from different mice and used for 

RNA isolation. The purified RNA was used to hybridize Affymetrix gene chip arrays 

(Mouse Genome 430v2.0), and the experiment was repeated with a second set of RNAs 

from an independent wound healing experiment.  

 

3.3 Comparative study 

 

All the data collected from the different arrays done in human and mice were compared 

in order to identify genes conserved in vertebrates involved in healing process. The 

comparison of the humanized skin and mice wounds shows 715 genes that appear 

modified in both models. From those 715 genes, 588 genes appear modified equally in 

both systems (Figure 39).  

We search for the Drosophila homologues of the 715 genes whose expression is 

modified in human/mice using four different informatics and mathematical tools:  

• Affimetrix: Homologous probes identification amongst any chip platform.  

• HomoloGene: Automated detection of homologues among annotated genes of 

completely sequenced eukaryotic genomes. 

• Inparanoid: Algorithm that finds orthologous and paralogous genes. 

• Manual Blast: Application of NCBI tools.      

From the 715 genes modified in humans and mice we found 615 human/mice genes 

with 1174 Drosophila homologues or quasi-homologues (Supplemental Table 25). If we 

study separately the genes that appear modified equally or opposite in human and mice 

we found 981 Drosophila homologues or quasi-homologues for 510 of the 588 genes 

that appear modified equally, and 193 Drosophila homologues or quasi-homologues for 

105 of the 127 genes that appear opposite modified (Figure 39). Due to gene 

polymorphism and redundancy each Drosophila probe/gene may be considered 

homologue or quasi-homologue of more than one human/mice gene and many 

Drosophila probe/genes may be homologues or quasi-homologues of one single 

human/mice gene.  
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Figure 39. Drosophila and human/mice comparison diagram 

Different comparative analyses were done to obtain a final number of 93 genes (41 upregulated and 52 

downregulated) modified in all organisms in the same sense (“healing signature”). 

 

Amongst the 193 Drosophila homologues or quasi-homologues of human/mice genes 

that behave in opposite ways during healing we only found 31 whose expression change 

during healing in flies. On the other hand, from the 981 homologues or quasi-

homologues identified for the human/mice genes that were equally regulated during 

healing, 205 were found to be subject of expression changes during healing in 

Drosophila. To identify genes whose expression pattern during healing was conserved 

through phylogeny we searched for those that change equally in human/mice and 

Drosophila and ended up with 41 upregulated and 52 downregulated genes for all 

systems (Supplemental Table 26). 

In this reduced list we found 26 RNAi lines and 13 UAS-lines available in the literature 

and in relevant stock centers. They were tested in the thorax closure assay. From the 25 

RNAi lines, the downregulation of 16 genes produces a thorax fusion defect while 9 

didn’t produce any defect. When the UAS-lines were tested, only 11 of them induced 

thorax phenotypes (Supplemental Table 27). 
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Those genes giving defective fusion phenotypes during thorax closure are currently in 

the process of being tested in wound healing assays in the laboratory by Srividya 

Tamirisa. 

To test the functionality of those genes upregulated in human/mice and conserved in 

Drosophila we also performed scratch assays in human cells cultures (Figure 40). In 

this assays cells suspensions are added to a well in which a rectangular object is inserted 

in the middle to create a barrier for cells growth. The cells suspensions are cultured for 

24 to 48 hours until monolayers were formed. Then, the objects were removed 

generating “wound fields” of constant areas. This time point was considered the T0. 

Cells then migrate from both sides of the gap to close the wound area (Figure 40). After 

18 hours the wound area was measured to determine time point T18. Cells suspensions 

were previously treated with different siRNAs to test their involvement in the healing 

process by comparing their ability to colonize the wound field. The functional analysis 

in human cells was done in collaboration with the Biophenics laboratory of the Institute 

Curie, Paris.  
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Figure 40. Schematic representation of a scratch assay 

A cell suspension is added to a well in which an object, that will produce the wound, is present. These 

cells suspension were cultured until a monolayer is form. Then the object was removed creating a “wound 

field”.  

 

We tested siRNAs for all the genes upregulated in humans/mice/Drosophila using 

fibroblast cells. 41 genes were tested in the scratch assay using 4 different siRNAs each 

in triplicate. The criteria to determine if one specific gene was involved in healing 

process was that at least 2 of the triplicate and 2 of the 4 siRNAs were producing 

migration defects. From the 41 genes tested, 26 show a healing phenotype. From those 

26 genes, only in 2 its downregulation induced a block in healing with the 4 siRNAs 

tested. 12 genes were inducing healing defects with 3 out of the 4 siRNAs, and 12 

induce defects with 2 out of 4 siRNAs (Figure 41).  
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Figure 41. Scratch assays examples 

A) Control scratch assay. B) Scratch assay with siRNA1 for TWF1. C) Scratch assay with siRNA1 for 

ERH. 

 

Preliminary information compiling thorax healing assays in Drosophila and scratch 

assays in human cells results for the 41 upregulated genes from the   

human/mice/Drosophila healing signature is presented in table 1. These genes, 

functionally relevant in healing models across phylogeny constitute potential candidates 

for deep translational studies. 
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Table 1. human/mice/Drosophila healing signature genes 

Human/mice/drosophila genes included in the “healing signature”. Left column correspond to drosophila 

genes. Right column correspond to vertebrate homologues. Colors represents differents kind of healing. 
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DISCUSSION 

 

Wing discs explants as a wound healing model 

 

Wound healing has been studied in Drosophila at different stages and on different 

tissues: embryonic epidermis, larval epidermis, imaginal discs and adult epidermis. 

Remarkably, all these models resemble vertebrate healing and demand epithelial 

expansion and the activation of the JNK signaling in the wounded area (Martin, 1992; 

Verrier, 1986). In all, the JNK pathway is activated at the leading edge of the 

repairing/migrating tissue and downregulated by the activity of the JNK pathway 

immediate early gene puckered, which implements a negative feedback loop. The JNK 

signaling has a fundamental role in healing completion as it has in the morphogenetic 

processes of dorsal closure and imaginal discs fusion, which naturally resemble wound 

repair. The JNK cascade is also essential in other processes in Drosophila as the 

collective migration of border cells, response to stress, morphogenetic apoptosis and 

control of life span (Adachi-Yamada and O'Connor, 2002; Llense and Martin-Blanco, 

2008; Stronach and Perrimon, 1999). 

The best analyzed repair model in Drosophila is the healing of imaginal discs. After 

fragmentation, imaginal discs reestablish epithelial integrity by healing the wound. 

When an injury is inflicted, both the columnar (imaginal) and squamous (peripodial) 

disc epithelia participate in the healing process The first response proceeds through the 

contraction of the wound and reduction of the wound surface, which favors the close 

apposition of the both layers and the establishment of transient heterotypic contacts. 

After this initial stage, cells at both wound edges get involved in homotypic contacts 

and undergo shape changes that stream both epithelia towards each other. Cytoskeletal 

rearrangements are also necessary for proper healing and filopodia are extended to close 

the wound and an F-actin cable develops along the wound edges. The JNK pathway is 

activated in the leading edge of the wound at the onset of healing (not in apoptotic cells) 

and contributes to actin cable and filopodia formation. Inactivation of JNK signaling 

compromises both imaginal disc healing and regeneration. Importantly, a major class of 

genes whose expression increases during early regeneration include AP1 transcription 

factor binding sites in their regulatory regions. These sequences are likely targeted by 
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the Fos and Jun dimer that forms the AP-1 transcription factor activated by JNK 

signaling. 

One of the major challenges of epithelial repair and regeneration research is to identify 

the early signals triggered after cell death or injury and responsible for re-epithelization. 

Wound closure in imaginal discs, whose general features are comparable to other post-

injury events in Drosophila (in embryos, larvae and adult cuticle) seems to be a good 

model to address this issue. However, in vivo culture of discs is a technically difficult, 

time consuming and cumbersome process that does not allow the recovery of enough 

material to proceed to genomic or biochemical studies, thus impairing its study and the 

identification of key elements of the healing process.  

We have developed a new in vitro model of wound healing for wing imaginal discs. 

Isolated imaginal discs were injured or cut and cultured in a modified MM3 medium. 

This in vitro model is healing permissive and recapitulates all the healing stages 

previously described. Specifically, cell rearrangements, heterotypic and homotypic 

contacts, the presence of an actin cable and filopodia, and the activation of the JNK 

signaling cascade at the wound edges. The only differences to in vivo classical imaginal 

disc healing and regeneration after implantation in the abdomen of adult flies were a 

slight delay of the whole process and the absence of the removal of cell debris. In vivo, 

the number of puc-GFP-positive cells responding to JNK signaling reaches a maximum 

at 12 hours compared to 16 hours in our model. Full healing is also partially delayed 

and takes around 18-20 hours. These delays could be cause by a need for recovery from 

dissection and adaptation to the media and the new culture environment or, 

alternatively, to the lack of external signals provided in the abdominal “milieu” or the 

absence of haemocytes (macrophages) that could provide a facilitating function to the 

healing process. The absence of macrophages might also be the cause of the lack of 

removal of cellular debris.  

The in vitro culture presents two major advantages. First, allows time-lapse recording of 

the process increasing dramatically its analytical capabilities. Second, it lets to design 

and develop biochemical and genomic analysis. Indeed, it has been essential for the 

establishment of the transcriptome of healing engaged (pucE69-A-Gal4/UAS-GFP 

expressing) versus non-healing engaged cells  (see discussion below). 
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Achieving the healing transcriptome 

 

Genetic screens have been undertaken by various laboratories to identify genes that 

drive wound healing and/or the wound inflammatory response in the Drosophila 

embryo and in larvae (Campos, 2010; Juarez et al., 2011; Lesch, 2010). Campos et al. 

performed a forward genetic screen on the basis of insertional mutagenesis by 

transposons that led to the identification of 30 lethal mutants with defects in embryonic 

epithelia repair. This set of genes includes most of those previously described to have a 

role in dorsal closure (DC). Several wound-responsive markers have also been 

employed by Juarez et al in wounded embryos to screen a set of deficiencies and single 

gene mutations for their role in the healing response to laser cuts. From this large 

unbiased screen, several genes were identified as regulators of the signals that activate 

wound response transcription near puncture wounds. At the cellular level, there appears 

to be a correlation between genetic functions required for localizing wound-induced 

gene activation, and cellular functions required for endocytosis and/or apical-basal 

polarity. Lesch et al. screen was performed by overexpression of UAS-RNAi transgenes 

in Drosophila larvae aiming to identify genes involved in control and coordination of 

epithelial migration during postembryonic wounds. Interestingly, it highlighted genes 

involved in JNK and Stress-Activated Protein Kinases (SAPK) signaling and actin 

cytoskeleton remodeling. Further, genetic screens to identify the regulators of 

regenerative growth have also been performed analyzing several deficiencies and loss of 

function conditions after specifically activating the apoptosis program in wing imaginal 

discs with the GAL4/UAS system (Smith-Bolton et al., 2009). These screens are recent, 

and so the subsequent follow-up work has been limited, but already they have shown us 

that several aspects of the mammalian wound response are conserved in Drosophila. 

There is promise that many unidentified wound-healing genes will be uncovered by 

these screens that will guide further work for researchers interested in the more complex 

processes of mammalian tissue repair.  

Gene function characterization using Drosophila as a model system has principally been 

done through loss of function mutations. However, this methodology has important 

limitations. Firstly, loss of function mutations could produce early lethality during 

development, which would make difficult the study gene function in late steps. 

Secondly, the existence of genes with redundant functions could mask the role of 

79



 DISCUSSION  
 

 

individual genes. Lately, the identification of a gene function in a specific process could 

be impeded by pleiotropic phenomena. Gain of function analyses constitute a possible 

alternative by which the overexpression of genes avoids redundancy and pleiotropic 

problems (Røth, 1996; Røth, 1998). Nonetheless, gene overexpression could affect the 

normal development of a tissue wherever this gene is not normally expressed. 

Considering these factors, instead of directly addressing a functional screening, we 

decided to study the elements involved in the wound healing process through an 

intermediate identification step by microarray analysis. A microarray would detect 

simultaneously the expression of thousand of genes in a specific condition and 

comparative expression analysis in two different samples would allow identifying 

significant changes in the expression of determined genes. From here, genes with 

different expression profiles in between control samples and samples under evaluation 

may have important functional roles that could eventually been explored.  

Two previous, screens, performed in Drosophila, aimed to explore the transcriptomic 

make up of healing tissues based in microarray technology. Comparison of the RNA 

profiles of laser wounded vs. unwounded wild type and macrophage-deficient serpent 

(srp) mutant embryos (Stramer et al., 2008) led to the identification of wound-activated 

hemocyte genes more related to the immune response associated to healing than to 

healing itself. More relevant, to identify new genes involved in regeneration, microarray 

analyses were performed in regenerating wing disc after being manually fragmented and 

implanted into adult females at several time frames. These assays allowed the 

identification of early- and late expressing genes involved in the regeneration process, 

including members of the JNK and N pathways and chromatin regulators (Blanco et al., 

2010). Still, lack of discrimination between healing engaged and passive discs 

constituents reduces the informative capacity of this study. 

Applying the in vitro wound-healing model, we aimed to identify the relevant “healing 

transcriptome” through microarray analysis. For this purpose we separated and 

compared cells actively involved in healing (puc-GFP expressing cells) from those not 

involved in healing but coming from the same wounded wing imaginal discs. Our 

analysis was based on pucE69-A-Gal4/UAS-GFP imaginal discs, which express GFP in 

puckered (healing-engaged; JNK active) expressing cells and respond both to JNK 

signaling agonists and antagonists and to incisive and ablating wounding. The 

conditions necessary for cell dissociation and sorting by flow cytometry were as mild as 
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possible and allowed the isolation of homogeneous populations of intact GFP as well as 

non-GFP cells. To distinguish between the endogenous transcriptional response of JNK 

active cells [present in intact discs at the stalk and the peripodial membrane (Pastor-

Pareja, 2004)] and that of the cells activating JNK in response to wounding, we 

performed triplicate assays for wounded and unwounded discs. It is important to make 

clear that those genes potentially activated or inhibited wounding in the JNK active cells 

do not necessarily should respond to the JNK signaling and can be activated or inhibited 

by parallel mechanisms. In this assay, the JNK activity (GFP-expression) is just a 

marker. It is also important to state that the samples were suffering incisive wounding 

indicating that no proliferation was needed for epithelia repair. Further, wounded discs 

were retrieved at 18h of culture, at the time of maximum level of puc-GFP expression 

and at almost full healing completion. Thus our transcriptomic analyses aimed to the 

study of relatively early events after wounding and those related mostly to cell 

rearrangements, cell adhesion and cytoskeleton dynamics. 

 

The response to wound healing  

 

In imaginal discs injured by microsurgery or following cell death genetic induction, puc 

expression is observed after just a few hours. This is one of the first signals activated 

during regeneration and points to the JNK pathway as one of the early responses to 

wounding. But how is this pathway activated? In other words, how epithelial 

perturbation may be associated with unrestrained JNK activation? A network for JNK 

phosphorylation has been proposed following a screen to identify regulators of the JNK 

cascade (Bakal et al., 2008). Some of these regulators are genes encoding components 

of apico-basal polarity complexes that act as JNK suppressors. A similar situation is 

found in fly tumors, where mutations in polarity genes activate JNK signaling and 

downregulate the E-Cadherin/β-Catenin adhesion complex, conditions necessary and 

sufficient to cause oncogenic RasV12-induced tumors (Igaki et al., 2006). Thus, it is 

possible that de-repression of JNK signaling and alterations in cell polarity induced in 

the wound edge cells after injury or massive death, are related. Actually, there is 

evidence that apoptosis and the pro-apoptotic genes reaper and hid can also activate the 

JNK pathway (Adachi-Yamada et al., 1999; Ryoo et al., 2004). JNK is required for 

healing and early regeneration as puc-expressing cells do not die (Bergantiños, 2010; 
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Bosch et al., 2008; Bosch, 2005; Lee et al., 2005; Mattila et al., 2005) and cell lineage 

studies of the puc-expressing domain show that these cells contribute to regenerated 

tissues (Bergantiños et al., 2010; Bosch et al., 2008). Growth factors, mechanical 

stretching of the wound edge cells, loss of cell polarity or necrotic signals are all 

candidates for upstream activators of this signaling pathway (Igaki et al., 2006; Nelson 

et al., 2005; Rämet, 2002). Indeed, several small GTPases of the Rho family are 

upstream activators of JNK signaling during healing in mammals and flies (Baek et al., 

2010; Brock et al., 1996; Harden, 2002; Stronach and Perrimon, 2002; Su et al., 1998; 

Yin et al., 2008), regulating the actin cytoskeleton, cell migration and proliferation 

(Hall, 1998; Kaibuchi et al., 1999). Alternatively, release of intracellular ATP or Ca2+ 

by damage or signals secreted by inflammatory cells may participate in JNK activation 

(Kushida, 2001). 

The JNK pathway activation is not the only signaling cascade induced during wound 

healing. The small GTPases also play a critical role in WNT/Frizzled planar cell 

polarity (PCP) signaling in Drosophila (Strutt et al., 1997; Yan et al., 2009), leading to 

the hypothesis [demonstrated clearly in mammals where multiple PCP gene mutants 

exhibit defects in wound healing (Caddy et al., 2010)] that the PCP pathways could also 

be important for epidermal repair in flies. Other pathway involved in healing is that 

transduced by Grainy head (Grh), which is a transcription factor involved in sustaining 

epithelial sheet integrity activated during healing in both flies and mice (Mace et al., 

2005; Pearson et al., 2009). A transcriptional target of Grh, stitcher (stit), encodes a Ret-

family receptor tyrosine kinase that activates the extracellular signal-regulated kinase 

(ERK) signaling and Grh coordinating cytoskeletal rearrangements leading to re-

epithelization (Wang et al., 2009). 

On the other hand, information is minimal on which are the primary responses triggered 

by the initial activation of JNK following injury. Matrix metalloproteinase-1 (Mmp-1), 

which is important for basement membrane degradation, is regulated by JNK and Fos 

(Uhlirova and Bohmann, 2006) and localizes near wounds in regenerating discs 

(McClure et al., 2008). Other effectors may include the cell polarity factor Bazooka and 

the cytoskeleton adaptor D-Paxilin, through which JNK modulates cell–cell contacts 

and maintains sheet migration (Llense and Martin-Blanco, 2008). Additionally, a major 

class of genes whose expression increases during early regeneration have AP1 

transcription factor binding sites in their regulatory regions (Blanco et al., 2010). These 
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sequences are likely targeted by the Fos and Jun dimer that forms the AP-1 transcription 

factor. Many of these genes are transcription factors that somehow might be involved in 

tissue remodeling, although functional information is lacking. Another potentially 

involved target is the JAK/STAT signaling cascade, which promotes cell proliferation 

in different cellular contexts (Zeidler et al., 2000). After wounding, unpaired (upd), 

which encodes a JAK/STAT-activating cytokine related to interleukin-6, is elevated in a 

JNK dependent manner (Pastor-Pareja et al., 2008). JAK⁄ STAT might be involved in 

the propagation of JNK activity after wounding (Wu et al., 2010). 

All this information still represents a very partial account of the pathways and genes 

potentially participating in the healing of Drosophila epithelia. Initially, to obtain a 

global genomic description of the process we compared the expression level for each 

Drosophila gene in cells involved in healing (puc-GFP) versus neighboring cells not 

involved in healing (non puc-GFP) by one to one comparisons. However, a certain 

subpopulation of puc-GFP positive cells in wounded discs is not related to the healing 

process and derives from those cells at the disc stalk or at the peripodial epithelia that 

would constitute the leading edge of the disc during eversion and fusion. This 

population could be relatively significant and introduce a bias in the bioinformatics 

analysis. Accordingly, a secondary statistical analysis comparing not only the 

expression level of puc-GFP cells and non puc-GFP cells in wounded discs but also 

puc-GFP and non puc-GFP in unwounded discs was performed. Dual comparisons by 

successive intersectional computation let to define three relevant subpopulations: genes 

modified in puc-GFP cells in wounded discs and unwounded disc but with differential 

expression in between both (dw1_dnw1_dd1), genes only modified in puc-GFP cells of 

wounded discs (dw1_dnw0_dd1) and genes only modified in puc-GFP cells in 

unwounded discs (dw0_dnw1_dd1). Modified genes that belong to the dw1_dnw0_dd1 

subsets would be specific factors to the wound healing process but not for discs 

eversion and fusion. On the contrary, modified genes belonging to the dw0_dnw1_dd1 

subset would be important for discs eversion and fusion but no for healing. Those genes 

included in the dw1_dnw1_dd1 subsets must be important for both processes. 

Functional annotations lead to classify the genes with differential expression pattern 

during healing according to their GO terms. Indeed, specific GO terms are differentially 

overrepresented or underexpressed in the individualized distinct expression 

subpopulations (dw1_dnw0_dd1 and dw1_dnw1_dd1) obtained from the dual 
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comparisons, while others present distinctive relevance in both groups. This implies 

that, functionally, the wound healing and eversion and fusion expression profiles differ 

from one each other. 

 

• dw1_dnw1_dd1 subpopulation 

 

The activities of genes involved in the regulation of cell motility, cell adhesion 

properties and cell communication is essential for migration and fusion, both events 

extremely important for imaginal discs closure and healing (Bosch, 2005; Martín-

Blanco, 2000; Pastor-Pareja, 2004). Indeed, they are overrepresented in the 

dw1_dnw1_dd1 subpopulation of upregulated genes. Importantly, these genes display 

distinct expression profiles at healing and closure perhaps highlighting at the genetic 

levels the morphogenetic differences between these two processes. In both instances, 

the implementation of cell sheets migration and integrity is regulated through the 

activation of the JNK signaling. However, the closure between imaginal discs is a 

programed process that involved the spreading of two cells sheet over a cells substrate 

while healing occurs as a secondary response to injury where no cells substrate exist to 

spread over and cell migration is mostly driven by purse-string contraction of an actin 

cable in combination with cellular zippering by filopodial extensions. 

Intracellular communication is essential for cell migration and consequently for 

epithelial fusion (Bryant and Fraser, 1988). The two most common mediators of cell 

communication are cytokines and growth factors, including PDGF, VEGF, TGF-β 

(Transforming Growth Factor β), FGF (Fibroblast Growth Factor) or Egr (Eiger), which 

have been previously reported to be necessaries for healing and thorax fusion 

completion (Braddock, 2001; Martín-Blanco, 2000; Singer, 1999; Werner, 2003). 

Amongst the genes involved in intracellular communication represented in the 

dw1_dnw1_dd1 subpopulation of upregulated genes are pvf-1 and pvf-2, which code for 

PDGF and VEGF related factors. They, as discussed, show differential levels of 

upregulated expression between puc-GFP and non puc-GFP cells when comparing 

healing and thorax fusion. By analyzing dual comparison graphical representations for 

individual experiments in all cellular conditions we observed that for both genes their 

level of expression in GFP cells are similarly high in wounded and unwounded discs but 

much lower in unwounded discs for non-GFP cells. This suggest that these factors are 
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important in cells actively involved in fusion processes (healing and thorax) and they 

are non-autonomously upregulated in neighboring cells when these are involved in 

healing. 

Surprisingly, the GO terms cell cycle regulation and cell proliferation are also 

overrepresented amongst the genes upregulated during closure and healing. Thorax 

fusion occurs without any proliferation and, in our wound-healing model, no 

proliferation was apparently needed for epithelial repair. We reason that the cell 

proliferation machinery could be activated during healing to recover those cells 

potentially lost during injury but have no explanation for their potential role in closure. 

No evidence of hiperproliferation was detected in the stalk or peripodial cells expressing 

puc-GFP in non-wounded cultured cells. 

In terms of the genes downregulated in puc-GFP cells, we found that GOs related to 

organ development, cell metabolism regulation and structural constituents of cuticle 

were overrepresented. These results suggest that the downregulation of these groups of 

genes is important both for thorax closure and wound healing. In this last case the 

normal activity of this genes must be interrupted after dissection and injury for proper 

repair.  

 

• dw1_dnw0_dd1 subpopulation 

 

Interestingly, in the dw1_dnw0_dd1 subpopulation GOs for biological processes related 

to protein and cellular biosynthesis and ribosome activity are overrepresented amongst 

upregulated genes. This suggests that, upon injury, new proteins synthesis is strictly 

required and the biosynthetic machinery of the cells needs to be immediately activated 

in order to initiate the complex process of healing. In close relationship, same applies to 

the chromatin remodeling, which is necessary prior to gene expression and proteins 

synthesis and was previously reported to be essential for imaginal disc healing (Bosch, 

2005). Other overrepresented GO categories are those related to mitochondria activity 

and ATP synthesis. Mitochondria generate most of the cell's supply of adenosine 

triphosphate (ATP), which is used as a source of the chemical energy necessary to 

complete any biological process. In addition to supplying cellular energy, mitochondria 

are involved in other tasks such as signaling, immunology, cellular differentiation, cell 

death, as well as the control of the cell cycle and cell growth (McBride et al., 2006). 
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Previous works have demonstrated that the release of intracellular ATP or Ca2+ by 

damage or signals secreted by inflammatory cells may participate in JNK activation 

(Kushida, 2001), suggesting that mitochondrial activity could be involved in the 

activation and propagation of JNK signaling.  

Cellular localization at the membrane and upregulation of genes related to the secretary 

pathway or which products are secreted to the extracellular region were overrepresented 

GO terms during wound healing. Membranes must be presumably remodeled to 

accommodate cell shape changes and the cytoskeletal reorganizations necessaries for 

the early accomplishment of healing and posterior cell migration. Further, after injury, 

many proteins have to be secreted to remodel cell communication and to initiate the 

immune response to wounding and or to modify extracellular matrix attachments. In 

vertebrates it has been extensively demonstrated the importance of these secretory 

factors in the repair of wounded areas (Werner, 2003). In flies, secreted factors like 

Mmp1 (matrix metalloprotease 1) or Timp (Tissue inhibitor of matrix metalloproteases), 

regulated by the JNK signaling pathway, have been identified as necessary elements for 

matrix remodeling participating in the degradation and deposit of new matrix 

components on wound edges (McCawley, 2001; Stevens, 2012). These and other 

extracellular matrix proteins are upregulated in puc-GFP cells specifically during 

wound healing.  In this scenario, peptidases and endopeptidases are overrepresented 

amongst those genes specifically downregulated during healing.  

Wound healing is thus a complex process involving many cell rearrangements and the 

overrepresentation of these categories during healing remarks the importance of the 

cellular metabolism and membrane remodeling during this process. 

 

• dw1_dnw1_dd1 and dw1_dnw0_dd1 subpopulations 

 

Some GOs are overrepresented in both subpopulations, remarking the importance of the 

expression modification of these genes during both eversion and repair but specially 

during healing. In particular those genes related to cytoskeleton or GTPase activity are 

overrepresented amongst upregulated genes, indicating their importance during both 

processes. This is not unexpected, as cytoskeletal rearrangements along the edges 

during the initial phases of both wound healing and imaginal discs fusion are essential, 

while the upregulation of small GTPases may be related to their described function as 
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upstream activators of JNK signaling during healing both in mammals and flies and 

their role in the regulation of actin cytoskeleton, cell migration and proliferation (Baek 

et al., 2010; Brock et al., 1996; Harden, 2002; Stronach and Perrimon, 2002; Su et al., 

1998; Yin et al., 2008). Further, genes related to the defense response or response to 

stress, probably more related to innate immunity than to epithelial fusion, appear 

significantly enriched. This could also constitute a response to surgical manipulation 

during the dissection of both wounded and unwounded discs. Indeed, it has been 

reported that mechanical manipulation is able to induce an antibacterial response that 

might prime the organism to fight what is perceived to be an increased likelihood of 

infection (Stramer et al., 2008).   

Other overrepresented GOs for both conditions are apoptosis and induction and 

regulation of cell death. Indeed, there is evidence that apoptosis and pro-apoptotic genes 

can activate the JNK pathway (Adachi-Yamada et al., 1999; Ryoo et al., 2004), which is 

required for healing, early regeneration and thorax fusion (Bergantiños, 2010; Bosch et 

al., 2008; Bosch, 2005; Lee et al., 2005; Mattila et al., 2005). 

Other enriched GO term amongst the upregulated genes include JAK/STAT signaling 

elements that could potentially be downstream of JNK. As discussed above, this 

cascade that promote cell proliferation in a JNK dependent manner, might be involved 

in the propagation of JNK activity (Pastor-Pareja et al., 2008; Wu et al., 2010; Zeidler et 

al., 2000). 

 

Recent expression profile studies during regeneration using whole imaginal discs have 

shown specific GO categories enriched in up and downregulated genes (Blanco et al., 

2010). Several similitudes to our analysis are remarkable. GO terms related to the 

upregulation of genes involved in stress and immune response and regulation of the 

transcription or the downregulation of genes related to RNA processing are conserved. 

In contrast, this study shows downregulation of genes involved in cytoskeleton 

organization, biogenesis and cells proliferation during the first steps of regeneration, 

categories that are overrepresented amongst the upregulated genes in puc-GFP cells in 

our analysis. In an opposite way, helix-loop-helix transcription factors [HLHm5, 

HLHm7 and E(spl)] are upregulated during regeneration, while we observe their 

downregulation in puc-GFP specific cells during early healing. These observed 

differences between both analyses are most probably due to the fact that either study 
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tackles a different paradigm. While our experiments were done on an in vitro cultured 

model and we defined an early wound healing expressing profile by sorting away cells 

actively involved in healing from those not involved siblings, Blanco et al analyzed late 

regeneration in vivo by implanting wounded imaginal discs in the abdomen of adult flies 

and analyzed the expressing response of whole discs not distinguishing 

healing/regenerating engaged from unengaged cells.  

An interesting characteristic we observed when analyzing our transcriptome profiles 

was that some of the genes sharing the same expression behavior during healing were 

closely located within the genome and could be co-regulated as clusters. We identified 

several cluster of genes in both SOLAR and LIMMA analysis. Some of the identified 

clusters were fully represented in the microarray datasets (SOLAR upregulated cluster 

26 or SOLAR downregulated cluster 4), while most others clusters were only partially 

represented, probably due to the strict selection criteria applied. 

In many cases, clustered genes shared common functions identified by specific GO 

terms that in some cases applied to the entire set. Interestingly, several clusters are 

related to defense and stress response (Tetraspanins – SOLAR upregulated Cluster 15; 

Cysteine Proteases inhibitors – SOLAR upregulated Cluster 26; Glutathione Transferase 

– LIMMA downregulated Cluster 4), which have been previously described as 

important factors for immunity during wound healing (Kopal et al., 2007; Penas et al., 

2000). Further, they have also previously linked to JNK signaling activity (Hong et al., 

2005; Kandil et al., 2010). Amongst the downregulated clusters is worth to point to the 

SOLAR downregulated Cluster 16 in which 5 genes of the enhancer of split [E(spl)] 

transcription factor complex are downregulated in puc-GFP expressing cells at early 

healing stages. 

 

Functional analysis of “healing” genes.  

 

The potential impact that a particular gene may have in tissue repair will depend on its 

function. Genes with differential expression in healing-engaged cells does not ensure 

their significance as regulators or structural elements participating in the healing 

process. They will only show to become relevant after characterizing its activity. For 

that reason a screening based on the Gal4-UAS system was performed for those genes 

that appear modified in the analysis.  
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An initial screening was developed analyzing during pupariation the natural process of 

thorax closure by wing imaginal discs. This led to identify 72 genes (approximately 

50% of tested ones) in which their upregulation or downregulation promote a thorax 

closure phenotype. These results probably underscore the real number of potential 

positive regulators amongst the tested candidates as many of the employed RNAi lines 

(not ever tested before) might not be efficiently knock down gene expression. The 

scored phenotypes were segregated into different classes: bristles defects, weak cleft, 

medium cleft, big cleft, pupal lethality and embryonic lethality. Those lines that 

reproducible yielded stronger phenotypes were considered for further investigation 

through an in vitro wound healing assay in imaginal discs. Several differences are 

obvious between these different tests and a full correlation was not expected. As stated 

above, these differences arise from the basic nature of the assays (wound healing occurs 

as a response to injury and loss of tissue, while imaginal discs fusion and closure is a 

natural morphogenetic process) and from the properties and behavior of the cellular 

elements that participate in the different processes. Thus, the cells from the peripodial 

epithelia are in charge of the sheet movement and fusion in thorax closure, while in 

imaginal discs healing create heterotypic contacts with the columnar epithelia and 

mainly support the imaginal epithelia fusion. Further, thorax closure occurs through 

spreading of contralateral edges over the larval epidermis while the edges fusion during 

healing requires active pulling and zippering by an actin-rich purse string present in 

imaginal cells without any sliding over a cellular substrate. The analysis of the 

secondary disc healing screen is preliminary and further studies will be performed in the 

future. In many instances, the thorax fusion phenotypes caused by interference in some 

genes expression do not hold during wound healing. 

Different categories are represented amongst the genes whose knock down result in 

strong closure defects and eventually wing discs healing failures. 

One of them includes, as expected, a set of genes highly related to the activation or 

transduction of JNK signaling. Interference in the expression of genes previously 

related to JNK function, including GTPase activity regulators (loco) or JAK/STAT 

signaling elements (os) (Belacortu, 2011; Schäfer, 2007), show extreme closure and 

healing defects. More interestingly, non-previously identified regulators or mediators of 

JNK activity were also identified through interference as mediators of closure or 

healing. A representative member of this class is CG1703, a member of the ABC-F 
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subfamily of ABC proteins, which lacks a trans-membrane domain (Dean et al., 2001). 

ABC-F proteins are ATPases, which recently have been shown to play distinct roles in 

the regulation of translation (Andersen et al., 2006). The downregulation of CG1703 

results in closure failure as a result of the detachment and rounding of leading edge 

cells, a phenotype highly reminiscent of that observed upon upregulation of the JNK 

signaling pathway (Pastor-Pareja, 2004). Considering that the release of intracellular 

ATP or Ca2+ by damage or signals secreted by inflammatory cells may participate in 

JNK activation (Kushida, 2001) is tempting to speculate that CG1703 may somehow 

regulate the activity of the JNK signaling cascade at the level of translation. 

Transcriptional activators (AP-2, mirror, ara, or capu) or negative regulators of 

transcription (Ssb-c31a or rept) constitute a second category of genes highly represented 

amongst those whose misregulation result in strong closure and healing phenotypes. In 

this scenario, it is worth noticing that mirror, ara and capu belong to the Iroquois 

complex, which has been previously linked to the activity of different signaling 

cascades like those mediated by Notch, Wg or TGF-β (Gomez-Skarmeta et al., 1996; 

Kankel et al., 2007). 

Genes involved in intracellular communication, as cytokines and growth factors, 

previously reported as mediators of healing completion (Braddock, 2001; Singer, 1999; 

Werner, 2003) are also highlighted in the functional screening. Indeed, as stated above, 

interference in the expression of pvf1, which codes for a PDGF and VEGF related 

factor, during the healing process results in an absence of actin accumulation and 

filopodia at the leading edge and healing failure. Recently, Pvf1 and Pvr, its tyrosine 

kinase receptor, have been shown to be required for larval epidermal wound closure 

(Wu et al., 2009). In this model, Pvf1 and Pvr activate the intracellular actin 

polymerization machinery allowing the extension of actin-rich processes in the direction 

of the wound gap. Pvf and Pvr are necessary for the apical assembly of the actin 

cytoskeleton (Rosin et al., 2004) and are also required for other diverse developmentally 

programmed processes, including thorax closure during metamorphosis and border cell 

migration during oogenesis (Cho et al., 2002; Ishimaru et al., 2004; McDonald et al., 

2003). 

The regulators of actin cytoskeleton dynamics are also enriched amongst those genes 

identified in the transcriptomic screening whose function appear to be essential for 

closure and healing. In the gene ontology analysis, this class constitutes a highly 
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overrepresented category. As previously discussed, actin reorganization and 

accumulation, regulated (or not) by the JNK signaling pathway, are essential processes 

for wound healing. Emission of filopodia and actin accumulation in the leading edge 

cells are necessary to complete the healing process in all Drosophila models (Abreu-

Blanco, 2012; Belacortu, 2011; Bosch, 2005; Galko, 2004b). Relevant genes of this 

class include T-cp1ζ or l(1)1Bi (CG6189). Interference with the expression of T-cp1ζ, 

the zeta subunit of the T-cp chaperonin, results in both closure and healing phenotypes 

most probably related to its role in actin and microtubules cytoskeleton reorganization 

described in humans and yeast (Dobbelaere et al., 2008; Hughes et al., 2008; Liang and 

MacRae, 1997; Quinta et al., 2011). Interestingly, interference in the expression of other 

subunits of the complex (also upregulated in the healing transcriptome) results in 

equivalent phenotypes. This analysis is currently been extended in the laboratory. On 

the other hand, the downregulation of l(1)1Bi (CG6189) during closure results in actin 

hyperaccumulation and extreme changes in the shape of leading edge cells that detach 

from the epithelia. It does affect both cell migration and cells adhesion. Remarkably, its 

vertebrate homologue, MYBBP1A, has been linked to the control of cell migration in 

squamous carcinoma cells (Acuna Sanhueza et al., 2012). 

A final class of genes functionally relevant for closure and healing is that including 

Transglutaminases and Serpins, highly related to the immune and inflammatory 

response. Tg, is a protein-glutamine gamma-glutamyl transferase previously identified 

in microarray analysis as an important factor for hemolymph coagulation (Johansson, 

2005). Its downregulation during thorax closure produces a phenotype in which several 

cells at edges round up and actin expression and filopodia are lightly affected in most 

anterior positions but strongly at the most posterior part of the imaginal fusing borders. 

Importantly, this seems to be a JNK-independent effect as in this condition puc 

expression is not altered. Remarkably, interference on its expression in a larvae wound 

healing model does not result in any phenotype (Lesch, 2010). Thus, tg seems to be a 

specific modulator of imaginal closure that does not seem to be involved in directed cell 

migration, the primary mechanism of larval wound healing (Wu et al., 2009). Although 

actin accumulates at larval wound margins during healing (Kwon et al., 2010; Wu et al., 

2009), this experimental model displays notable differences in cytoskeletal dynamics 

with thorax imaginal fusion. Henceforth, one might expect noteworthy differences in 

the set of genes required to regulate healing in these different scenarios. Yet, several 

studies in vertebrates have demonstrated a role for transglutaminases during healing 
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affecting the stability of the extracellular matrix (Telci and Griffin, 2006; Verderio et 

al., 2005) and probably actin organization. Conversely, Serpins in vertebrates regulate 

the activity of the serine proteases of the immune system, playing a role in many 

processes including migration and phagocytosis, limiting tissue damage and 

unwarranting cell death (Mangan et al., 2008). In humans, many serpins regulate the 

functions of proteases involved in the body’s response to injury, including roles in 

coagulation, fibrinolysis, inflammation, wound healing, and tissue repair. Recently it 

has been described that the SerpinA1 has therapeutic potential as a wound-healing agent 

(Congote et al., 2008). In Drosophila, the serpin55B was previously identified as a gene 

related to the immune response (Irving et al., 2001) and, importantly, upregulated in the 

transcriptome profile of regenerating wing discs (Blanco et al., 2010). In fact, we found 

that, upon wounding, the downregulation of this gene results in healing defects.  In the 

absence of serpin55B, healing progresses almost normally but the distal completion of 

closure and the final relaxation of the sealed tissue (by downregulation of actin 

accumulation) are never achieved.  

 

Vertebrate homology 

 

One of the main objectives we aimed to tackle at the initiation of this project was to 

identify new genes involved in healing in Drosophila that could be of crucial 

importance for wound healing across species by a comparison to genes regulated by 

injury in different model systems.  

A large variety of studies have been focused in the regulation of wound healing by 

growth factors and cytokines in different species (Werner, 2003). These studies have 

highlighted the importance of several signaling pathways in the wound response, 

including the JNK, Wnt, Notch, JAK/STAT or Grh amongst others (Belacortu, 2011; 

Schäfer, 2007). Further, a variety of different microarray analyses of murine and 

humans have identified characteristic profiles of gene expression at the wound site 

(Cole, 2001; Cooper, 2005). Still, these studies have only provide a very partial and 

descriptive view of the genetic make up of the healing process and very few functional 

analysis addressing the role of genes potentially involved in healing regulation have 

been performed. 
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Comparative studies between vertebrates and invertebrates should be instrumental for 

the identification of conserved genes relevant for wound healing across species. 

Drosophila presents many advantages when compared with other animal models of 

wound healing. It is a comparatively simple organism with less genetic redundancy than 

vertebrates that present a high degree of conservation of fundamental cellular functions 

genes and signaling pathways when comparing to vertebrates. Furthermore, the 

availability of powerful genetic tools makes this organism an ideal model to study 

wound healing. Henceforth, data obtained from comparative analyses using Drosophila 

as a model allows extensive and deep studies of gene function that can be applied to 

wound healing analysis.  

In collaboration with other groups within a STREP EU project, we performed a 

comprehensive comparison of genes potentially involved in healing in Drosophila to 

data obtained from different transcriptomic profiles obtained to the early phase of 

healing in humanized skin (Escámez, 2004) and mouse. Those genes that change their 

level of expression during healing in both humans and mouse were used to search for 

Drosophila homologues using different tools. Due to the vertebrate complexity it is 

important to notice that one Drosophila probe/gene could be homologue or quasi-

homologue to more than one human/mice gene and that many Drosophila probe/genes 

could be homologue or quasi-homologue to one human mice gene. Different genes 

combinations were performed (Figure 26) and a final number of 93 genes, that seems to 

be conserved through phylogeny (41 upregulated and 52 downregulated), appear 

modified in all the systems and in the same manner. In this final signature we found, 

amongst others, genes involved in cytoskeleton regulation (like ACTC1, CCT6A, 

ARPC1B or TWF1), extracellular matrix remodeling proteins (like MMP10, MMP3 or 

TIMP) (McCawley, 2001; Stevens, 2012), transcription factors (like MYBBP1A, SUB1 

or ELK3) and different members of the JAK/STAT signaling pathway (like STAT3 or 

IL4R) (Dauer et al., 2005; Schäfer, 2007).  

Upregulated genes were functionally tested in an in vivo analysis using RNAi lines in a 

thorax fusion screen. Those yielding thorax fusion defects represent functional 

candidates with a potential role across species and we hope to analyze them further in 

the near future. In parallel, an in vitro scratch assay analysis in human cells using 

sdRNA in order to interfere with this 41 upregulated genes was done. A final number of 

26 genes knockdowns were producing healing defects. 
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Three genes have been studied in more detail and preliminary results are highly 

encouraging.  

One gene essential for wound healing completion in both Drosophila and the human 

cultured cells model is the chaperonin TCP1 subunit 6A (zeta 1) (CCT6A), homologous 

to the Drosophila gene T-cp1ζ. This is a subunit of a highly conserved chaperonin 

complex (CCT). The CCT is known in humans and yeast as a molecular chaperone of 

mainly tubulin and actin amongst many other proteins. Recently, different subunits of 

the CCT have been shown to be involved in actin organization (Chen et al., 2011) 

affecting fibroblast motility and contractility (Satish et al., 2010). CCT has also been 

suggested as a potential regulator of wound healing (Koulikovska et al., 2005; Satish et 

al., 2011). In Drosophila the downregulation of this gene block peripodial movement 

leading to healing failure.  

The tryptophanyl-tRNA synthetase (WARS), whose homologue in Drosophila is Aats-

trp is essential for wound healing in both flies and human cells. Tryptophanyl-tRNA 

synthetases are crucial for survival affecting the cellular metabolism and are highly 

conserved. Interestingly, this protein has been described as involved in angiogenesis 

(Park et al., 2008), and in fact, tryptophanyl-tRNA synthetase-derived-polypeptides are 

in trial in the study of angiogenesis during wound healing.  

Lastly, another gene under study necessary for healing completion in human cells and 

Drosophila is the MYB binding protein (P160) 1a (MYBBP1A), whose homologue in 

Drosophila as lethal(1)1Bi. These genes code for transcriptional regulators. The 

downregulation of lethal(1)1Bi (CG6189) result in cell migration and cells adhesion 

defects. In fact, it has been described that its homologue in vertebrates is involved in 

cell migration, not only in cell lines, but also in knockout mice, where also affects cell 

growth (Acuna Sanhueza et al., 2012).  

The comparative studies of Drosophila and vertebrates have provided us with conserved 

transcriptomic profiles pointing to specific candidates for deeper and extensive 

functional analysis. Drosophila stands as an ideal model to address novel biological 

question related to wound healing that could help in the diagnosis, prevention and 

treatment of human diseases.  
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CONCLUSIONS 

 

• I have set an in vitro culture system for imaginal discs allowing wound-healing 

studies. 

• Using this in vitro culture system and by flow cytometry we sorted cells actively 

involved in healing (expressing a GFP transgene under the control of puckered 

regulatory elements) from cells not actively involved in healing in imaginal 

discs.  

• Microarray analysis of sorted cells has allowed to generate the expression profile 

of genes involved in healing and to distinguish them from non-healing cells and 

those endogenously expressing GFP from puckered regulatory elements.  

• Gene Ontology analysis has allowed identifying overrepresented molecular 

functions, biological process and cellular components during wound healing. 

• Cluster analysis has allowed identifying genes in the transcriptome from the 

same family with potential similar functions and located in the same 

chromosomal positions.  

• Downregulation by RNAi overexpression has lead to identify new genes 

functionally important for thorax closure and wound healing. 

• A comparative study between vertebrates and Drosophila transcriptomes has 

identified genes involved in healing conserved through phylogeny. 

• Functional analysis of conserved genes between vertebrates and Drosophila 

brings out potential candidates for translational studies. 
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INTRODUCCIÓN 
 

La morfogénesis epitelial es uno de los eventos mas importantes durante las etapas 

tempranas del desarrollo, pero también es responsable de la posterior organización de 

muchas estructuras en vertebrados y de completar la forma externa de los invertebrados. 

La morfogénesis epitelial en ocasiones se realiza en varios pasos, los cuales están 

cuidadosamente integrados.  Entre otros encontramos: la especificación, mediada por 

factores de transcripción,  de distintos destinos celulares que conllevará la 

diferenciación a diferentes tipos celulares con diferentes comportamientos; los cambios 

en el comportamiento celular, tanto individual como colectivo promovidos por 

diferentes señales; y patrones específicos de proliferación y muerte celular.  

Amplias reorganizaciones, muerte celular y división celular están ligados a estos 

procesos de una manera coordinada para regular las adhesiones célula-célula, célula-

matrix y los movimientos del citoesqueleto. Posteriormente, las células de un epitelio 

pueden delaminarse, sufrir transiciones epitelio-mesénquima, cambiar su forma o 

tamaño, intercalarse, migrar o fusionarse. Todos estos procesos están coordinados en 

muchos movimientos morfogenéticos tanto en vertebrados como en invertebrados.  

Una de las principales funciones de cualquier epitelio tanto durante el desarrollo como 

en el organismo adulto es proteger del exterior. La fusión epitelial esta conservada 

evolutivamente y participa en diferentes eventos del desarrollo.  

En vertebrados nos encontramos con diferentes modelos de fusión epitelial: el cierre del 

tubo neural, en el que el ectodermo se engrosa apicobasalmente formando una placoda, 

que mas tarde y mediante movimientos de extensión convergente se estrecha medio 

lateralmente y se elonga rostro caudalmente, formando así los pliegues neurales. 

Finalmente, éstos se plegaran fusionándose en la zona dorsal media, formando así el 

tubo neural. Otro de los modelos de fusión en vertebrados es la formación del paladar, 

necesario para separar la cavidad oral de la cavidad nasal. En humanos 1 de cada 800 

nacimientos conlleva el fallo durante este proceso de fusión, provocando la enfermedad 

denominada labio leporino/paladar hendido.  

Otro de los importantes procesos de fusión de epitelios en vertebrados es la 

cicatrización.  La función principal de la piel es servir como barrera protectora frente al 

ambiente que la rodea. La perdida de grandes porciones de piel puede provocar serios 

problemas que conducen a graves enfermedades e incluso la muerte. Así, debido a la 
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función protectora de la piel cualquier daño causado en ella debe ser rápidamente y 

eficientemente reparado mediante una serie de complejas cascadas que restablecerán la 

función protectora de la piel.  

Clásicamente la cicatrización se ha dividido en 3 etapas: la fase inflamatoria, la fase de 

granulación, con síntesis de nuevo tejido conectivo y cierre de herida, y finalmente la 

fase de remodelación. Durante la cicatrización se observa un proceso rápido de 

inflamación en la zona dañada. Además las heridas producen rotura de vasos sanguíneos 

produciendo la formación de una costra. Todos estos procesos van acompañados por la 

secreción de diversos factores de crecimientos como Platelet-Derived Growth Factor 

(PDGF), Transforming Growth Factor β (TGF-β), Vascular Endothelial Growth Factor 

(VEGF), los cuales son necesarios para la cicatrización. Las plaquetas, además de los 

fibroblastos y queratinocitos son también esenciales en el proceso de cicatrización.  

Estudios recientes en biología molecular y celular han ampliado los conocimientos en 

relación al proceso biológico de la cicatrización pero aun hay muchos factores que son 

desconocidos.  

En Drosophila melanogaster el modelo de estudio utilizado en esta tesis también son 

importantes los procesos morfogenéticos de fusión de epitelios.   

Uno de los procesos de fusión de epitelios mas estudiados es el cierre dorsal del 

embrión de Drosophila. Justo al final de la gastrulación la extensión de la banda 

germinal sobre la superficie dorsal y su consiguiente retracción produce un agujero en la 

parte dorsal del embrión. Una capa de células llamada amnioserosa es la encargada de 

cubrir este hueco. El proceso encargado de fusionar los dos bordes epiteliales 

reemplazando la amnioserosa es el denominado cierre dorsal. Este proceso tiene una 

serie de características como la acumulación de actina y miosina por parte de las células 

del borde y la emisión de filopodios entre ambos epitelios que ayudaran a la fusión.  

Otra de las características de este proceso es la implicación de la cascada de 

señalización JNK en el proceso. Las células del borde expresan una diana de la via 

denominada puckered (puc) y que actúa a modo de retroalimentación negativa 

inhibiendo la vía. Mutantes para cualquier componente de la cascada producen fallos en 

el cierre dorsal.  

Otro de los procesos de fusión de epitelios en Drosophila es la denominada fusión del 

tórax. Durante la metamorfosis de la mosca los discos imaginales, que posteriormente 

formaran las estructuras adultas, deben evaginar y fusionarse. En el caso del torax los 
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discos imaginales del ala evaginan y posteriormente migran sobre la capa de células 

larvaria fusionandose en la zona media dorsal. Este proceso, al igual que en el cierre 

dorsal, se caracteriza por acumulación de actina y la emisión de filopodios por parte de 

las células del borde. También existe una reorganización celular necesaria para una 

correcta fusión. Al igual que el cierre dorsal, este proceso también esta controlado por la 

vía de señalización de las JNK. Algo característico en ambos es la expresión en las 

células del borde de puc. Los discos imaginales del ala se caracterizan por la presencia 

de dos epitelios, el columnar y el peripodial. Durante la fusión de tórax la expresión de 

puc no solo se observa en las células del borde, sino que también se observa en el tallo y 

las células peripodiales, las cuales son esenciales para el proceso de eversión y fusion. 

Finalmente, otro de los procesos en los que esta implicado la fusión de epitelios es la 

cicatrización. En Drosophila se han descrito diferentes sistema para estudiar la 

cicatrización: la cicatrización embrionaria, la cicatrización larvaria, la cicatrización en 

discos imaginales y la cicatrización de adultos. Todos estos procesos tienen en común, 

al igual que los anteriormente mencionados cierre dorsal y fusión del tórax, la 

acumulación de actina y emisión de filopodios por las células del borde y la activación 

de la via JNK en estas mismas células.  Así, las células del borde implicadas 

activamente en la cicatrización expresan puc. Este trabajo se centra en el estudio de la 

cicatrización de discos imaginales, Hasta ahora la cicatrización de discos imaginales se 

ha estudiado mediante el corte de un fragmento del disco y la implantación de éste en el 

abdomen de una hembra adulta. Esto le permitía, no solo cicatrizar, sino también 

regenerar. Durante los primeros estadios de cicatrización se observa un importante 

aumento de la expresión de puc en las células del borde así como una acumulación de 

actina y emisión de filopodios por parte, no solo del epitelio columnar, sino también del 

epitelio peripodial. Durante los primeras fases las células del borde del epitelio 

peripodial recubren al columnar acumulando a su vez actina y emitiendo filopodios.  
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OBJETIVOS 

 

En esta tesis se ha realizado un analisis genomico para identicar nuevos genes 

implicados en las fases tempranas de cicatrizacion de discos imaginales. Objetivos 

específicos se detallan a continuación: 

1. Establecer un nuevo sistema que permita la cicatrización mediante 

cultivo in vitro. 

2. Estudiar los perfiles de expresión de las células implicadas activamente 

en la cicatrización frente aquellos que no están implicadas de forma 

activa.  

3. Identificar nuevos genes implicados en la fusión de torax y cicatrización 

4. Identificar genes relacionados con la cicatrización y que estén 

conservados.  

 

RESULTADOS Y DISCUSIÓN 

 

Como se ha mencionado anteriormente, comenzamos a entender los procesos 

implicados en la cicatrización pero aun queda mucho por comprender en los procesos 

que provocan que algunas heridas no cicatricen. Organismos como Drosophila no 

reproducen todo el proceso de cicatrización en vertebrados, como la inflamación o 

fibrosis, pero pueden ayudar a investigar ciertos aspectos de la cicatrización: cuales son 

las señales que regulan la migración y proliferación, cuales son las señales de 

transducción responsables de la remodelación de actina en las células del borde, que 

adhesiones celulares se ven afectadas, o cuales son las señales inhibitorias que cancelan 

la maquinaria encargada de cicatrizar cuando ésta ya esta completa.  Para responder a 

estas y otras preguntas es necesario la identificación sistémica y funcional de genes 

específicos para la cicatrización.  

El estudio de patrones de expresión empleando técnicas de microarray ha sido utilizado 

para identificar genes implicados, o de potencial relevancia, en muchas enfermedades. 

Por ello, y para definir el programa transcriptómico e identificar vías de señalización y 

genes críticos para la cicatrización, se llevo a cabo un perfil de expresión completo del 
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genoma durante el proceso de cicatrización en Drosophila. Hasta el momento la técnica 

utilizada para estudiar la cicatrización y regeneración de discos imaginales en 

Drosophila ha sido la implantación de discos heridos en el abdomen de una mosca 

adulta. Sin embargo realizar un estudio transcriptómico y genómico utilizando esta 

técnica resultaría muy tedioso y llevaría mucho tiempo. Por ello se decidió establecer un 

nuevo método para cultivar discos imaginales in vitro que permitiera la cicatrización de 

los mismos. Para ello, discos imaginales en estadio L3 se extraían de las larvas, se les 

infería una herida y se cultivaban posteriormente en un medio MM3 enriquecido que les 

permitía cicatrizar. Una vez puesto a punto este método se observo que recapitulaba 

todos los aspectos anteriormente descritos en cicatrización de discos imaginales como la 

acumulación de actina e emisión de filopodios por parte de las células del borde así 

como la implicación de la vía de señalización de la JNK (fig 1). Sin embargo el proceso 

se ve un poco retrasado, probablemente debido al tiempo necesario para que el disco se 

adapte al nuevo ambiente, a la falta de señales o a la falta de componentes celulares 

implicados en los primeras fases.  

 

 

 

 

 

 

 

 

 

 

Figura 1. Cultivo In vitro de disocos imaginales  

Disocs imaginales son cultivados en medio enriquecido durante 16-18 horas. La actina se muestra en rojo 

(faloidina) y la expresión de puc se muestra en verde (puc-GFP). A) Discos imaginales antes de 

producirles una herida. A´) Discos imaginales tras producirles una herida. B) Discos imaginales del ala 

que casi han acabado de cicatrizar tras 16 horas en cultivo. C) Ampliacion de la zona de la herida donde 

se observa la acumulación de actina en las células involucradas en la cicatrización (puc-GFP). C´) 

Marcaje con faloidina donde se muestra el cable de actina en la zona en cicatrización. 

 

!

A C  

C´ 

A´ B 
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Anteriormente se han realizado screenings genéticos de la cicatrización en diferentes 

modelos en Drosophila. En todos ellos se estudian diferentes mutantes para vías 

especificas o se analiza el proceso de cicatrización estudiando todas las células del 

organismo. Sin embargo en ningún caso se estudió las diferencias existentes entre 

células activamente involucradas en el proceso de cicatrización frente a sus vecinas. 

Utilizando la línea pucE69-A-Gal4/UAS-GFP, la cual expresa puc GFP en las células del 

borde de la herida, se definió el programa transcriptómico de las células implicadas 

activamente en la cicatrización (JNK-positivas) versus las células no implicadas en 

cicatrización (JNK-negativas) mediante el cultivo de discos imaginales heridos. Una vez 

cultivados los discos, se separaron mediante FACS aquellas células implicadas 

activamente en la cicatrización (puc-positivas) de aquellas no implicadas en la 

cicatrización (puc-negativas). A las células separadas se les extrajo el RNA y se realizó 

una hibridación en chips de affymetrix.  

Los datos obtenidos se analizaron mediante dos tipos diferentes de análisis estadísticos. 

En el análisis SOLAR se comparó globalmente los datos obtenidos mostrando una 

visión general de los genes modificados durante la cicatrización en las células del borde 

con respecto a sus vecinas. Con un p-value menor a 0,05 se obtuvieron 302 genes 

regulados positivamente y 209 genes regulados negativamente cuyo “fold change” se 

encontraba por encima o por debajo de 2 y -2 respectivamente.  

Sin embargo, durante el desarrollo normal de un disco imaginal puc se expresa en las 

células peripodiales y del tallo (necesario para el proceso de eversión y fusión de 

discos). Estas células que también expresan puc-GFP no se encuentran en cicatrización 

y es imposible eliminarlas de nuestra muestra de células puc-GFP. Esto nos podría 

inducir a errores en nuestros datos. Por ello se decidió realizar un segundo análisis 

estadístico en el que se incluían no solo discos heridos sino también discos sin herir 

(ambos cultivados el mismo tiempo y de la misma manera). Esto nos permitió hacer 

análisis estadísticos duales que nos ofrecían información sobre la expresión de los genes 

en todos los tipos celulares, identificando el comportamiento de los genes en cada una 

de las poblaciones analizadas. Se distinguieron 3 subpoblaciones: la subpoblación 

dw1_dnw1_dd1, en la que aparecen 634 genes modificados en las células puc-GFP 

tanto de discos heridos (399 regulados positivamente y 235 regulados negativamente) 

como de discos no heridos (431 regulados positivamente y 203 regulados 

negativamente) pero con diferentes tipos de expresión; la subpoblación dw1_dnw0_dd1, 
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en la que aparecen 293 genes regulados positivamente y 137 genes regulados 

negativamente en las células puc-GFP pero tan solo en los discos heridos, y la 

subpoblación dw0_dnw1_dd1, en la que aparecen 1174 genes modificados en las 

células puc-GFP pero solo en los discos no heridos. Así, los genes que aparecen 

modificados en la población  dw1_dnw0_dd1 serán genes exclusivamente necesarios 

para el proceso de cicatrización. Los genes pertenecientes a la subpoblación 

dw0_dnw1_dd1 serán exclusivamente importantes durante el proceso de eversión y 

fusión de tórax. Sin embargo los genes que aparecen modificados en la subpoblación 

dw1_dnw1_dd1 son genes necesarios para ambos procesos. 

Con los datos obtenidos se realizó un estudio de la ontología génica (GO) en los genes 

que aparecían modificados en todos los análisis, lo que nos permitió ver que procesos 

biológicos (BP), funciones moleculares (MF) o componentes celulares (CC) estaban 

sobre-representados en nuestros datos. Los análisis estadísticos muestran como genes 

implicados en la regulación de la actina, la adhesión celular o la comunicación celular, 

así como el movimiento celular o factores de activación de la transducción o implicados 

en la respuesta inmune se encuentran regulados positivamente. De manera interesante 

encontramos muchos genes relacionados con las mitocondrias y con su función, lo cual 

nos induce a pensar la necesidad de regulación metabólica que implica el proceso de 

cicatrización. Por otro lado también encontramos genes regulados negativamente, 

mayoritariamente relacionados con la diferenciación celular y procesos relacionados 

con el desarrollo o con la matriz extracelular.  

Una vez realizados los análisis estadísticos se procedió al análisis funcional de aquellos 

genes que aparecían modificados. Realizar un cribado en cicatrización es un proceso 

largo y tedioso por lo que se decidió hacer un cribado previo utilizando el modelo de 

fusión del tórax. Como se ha dicho anteriormente éste proceso es muy similar al proceso 

de cicatrización ya que en ambos es necesaria la activación de puc en las células del 

borde y la acumulación y emisión de filopodios por parte de éstas. Por ello se sobre-

expresaron RNA de interferencia mediante un driver que digiere su expresión a la zona 

dorsal del tórax, pudiendo determinar si la interferencia en genes específicos provocaba 

algún tipo fenotipo durante la fusión del tórax y por tanto pudiendo ser candidatos a un 

posterior análisis en el proceso de cicatrización.   
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206 lineas UAS-RNAi se utilizaron para disminuir la expresión de 123 genes que 

aparecían regulados positivamente en el análisis. A su vez también se utilizaron 21 

lineas UAS para sobre-expresar aquellos genes que aparecían regulados negativamente.  

Se obtuvieron diferentes tipos de fenotipos que iban desde pequeños problemas de 

fusión hasta muerte embrionaria. Así se obtuvieron 89 lineas UAS-RNAi 

correspondientes a 54 genes que producían un fenotipo cuando se regulaba 

negativamente su expresión durante la fusión del tórax. Por otro lado 18 de la líneas 

UAS correspondientes a 11 genes producían fenotipo cuando aumentábamos su 

expresión durante el proceso de fusión del tórax. Aquellos genes que producían 

fenotipos mas fuertes estaban relacionados con factores de transcripción o con la 

regulación de los mismos, lo cual indica la importancia de la regulación del proceso de 

transcripción y la inducción de vías de señalización. También se encuentran genes cuya 

función esta relacionada con la regulación de la actina o las adhesiones celulares, lo cual 

es esperable ya que ya se ha descrito previamente la importancia de la regulación del 

citoesqueleto durante la cicatrización.   

De manera preliminar se hicieron estudios en profundidad de varios genes durante el 

proceso de fusión del tórax. Se observo como algunos de los genes eran necesarios para 

una correcta regulación de la actina (necesaria, a su vez, para una correcta fusión del 

tórax) como por ejemplo el gen Tg o el lethal (1) 1Bi. En otros se observó la 

implicación de estos genes en la regulación de las propiedades adhesivas de las células y 

probablemente la implicación de estos en la regulación de la vía de señalización JNK 

como el gen CG1703.  

De forma preliminar aquellos genes que producían fenotipos mas acusados fueron 

estudiados durante el proceso de cicatrización, identificando nuevos genes implicados 

en el mismo. Por ejemplo la interferencia en genes como pvf-1 o CG8231 produce 

defectos en la cicatrización debido a una regulación defectuosa de la actina. En otros 

casos no solo existen problemas en la regulación de la actina sino también problemas 

con la relajación del tejido tras la fusión de los bordes de la herida, como ocurre con el 

gene Serpin 55B. En otros casos no encontramos defecto alguno tras la interferencia con 

el gen, como ocurre con el gen Nopp140. Esto puede ser debido a que la línea de 

interferencia no funcione correctamente o a que este la función de este gen en concreto 

no sea necesario para el proceso de cicatrización, aunque su expresión se haya visto 

modificada en nuestro análisis.  
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Homología en vertebrados 

 

Por otro lado se realizó un estudio comparativo entre vertebrados y Drosophila. Al 

mismo tiempo y en colaboración con otros laboratorios, se realizaron análisis de 

cicatrización en ratones y en piel humanizada de ratón mediante microarrays. Un total 

de 715 genes aparecían modificados en ambos ensayos de vertebrados, de los cuales 588 

se expresaban de la misma forma tanto en ratones como en piel humanizada. Una vez 

obtenidos estos datos se realizó una búsqueda de homólogos en Drosophila utilizando 

diferentes herramientas. Se encontraron 981 homólogos en Drosophila para 510 genes 

en vertebrados. Cabe decir que un mismo gen en vertebrados puede tener diferentes 

homólogos en Drosophila y que a su vez un mismo gen en Drosophila puede ser 

homologo de diferentes genes en vertebrados. Finalmente se obtuvieron 93 genes que 

aparecían modificados tanto en vertebrados como en Drosophila y que además se 

comportaban de la misma manera. Así se llego a lo que denominamos “healing 

signature” en la que 41 genes aparecían regulados positivamente y 52 regulados 

negativamente tanto en los dos modelos diferentes de vertebrados como en Drosophila.  

Una vez obtenidos los datos de homología se decidió realizar análisis funcionales de los 

genes regulados positivamente, tanto en vertebrados, mediante ensayos de “scratch 

assay” en colaboración con la universidad Marie Curie de Francia, como en Drosophila 

mediante sobreexpresión de RNA de interferencia. En humanos se obtuvo que 26 de los 

43 genes que aparecen regulados positivamente producían fenotipos en cicatrización 

cuando se realizaban experimentos de interferencia mediante “scratch assay”. De forma 

preliminar  y similar al cribado realizado en el estudio realizado en Drosophila, se 

analizaron 25 genes mediante sobreexpresión de líneas de interferencia durante la fusión 

del tórax. 16 de los genes testados produjeron fenotipos, mientras que 9 de ellos no 

dieron ningún tipo de fenotipo. Entre los genes que producen fenotipos en ambos 

sistemas encontramos genes relacionados con la regulación de la actina (como ACTC1, 

CCT6A, ARPC1B o TWF1), la remodelación de la matrix extracellular (como MMP10, 

MMP3 o TIMP), factores de transcripcion (c MYBBP1A, SUB1 o ELK3) (fig 2).  

Como ya se ha indicado este estudio es preliminar y se están realizando análisis de los 

genes que han dado fenotipo en el tórax en el modelo de cicatrización de Drosophila. 

Además, un análisis mas profundo de los genes que producen fenotipos tanto en 

vertebrados como en Drosophila será necesario para poder identificar nuevos genes que 
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son esenciales para el proceso de cicatrización, que están conservados en la filogenia, y 

que podrían ser de utilidad para luchar contra enfermedades y problemas relacionadas 

con este proceso en humanos.  

 

 
Figura 2. Tabla de genes conservados filogenéticamente  

En la tabla se muestran los genes que aparecen conservados filogenéticamente. En la columna de la 

izquierda se muestran los genes en  Drosophila. En la columna de la derecha se muestran los homólogos 

en vertebrados. Cada color representa un fenotipo diferente durante la cicatrización.   
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